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Part A 
 
Introduction 
 
 
 
 
1. Photovoltaic energy 
 
After the discovery of the photovoltaic effect in 1839 by Becquerel, various successive 
scientific and technological milestones led to development of the first silicon solar cell 
based on a diffused p-n junction at Bell labs in 1954.1 The use of solar cells in areospace 
applications stimulated rapid technological developments and the energy conversion 
efficiency would soon reach 14%. Now, after more than 50 years of research and 
development, the market for solar energy is no longer a niche market. Tremendous progress 
has been made pushing the efficiency above 20% while continuously cutting costs. For the 
technological advancement of solar cells, progress in the understanding, development and 
implementation of thin functional films—the central theme of this thesis—has been crucial. 
 
The potential for photovoltaic (PV) electricity production is immense—the sun is a virtual 
unlimited source of energy. PV holds the promise of clean and decentralized energy for the 
developed and developing world. The people in the developing world may benefit by 
gaining access to cheap electricity for the first time, especially given the abundance of 
sunlight in most of these areas. This may contribute to eradicating poverty. Yet, in Sub-
Saharan Africa, 70% of the population has no access to electricity.2 Despite its huge 
potential, PV and other renewable energy sources remain a fraction of the worldwide 
electricity production with a share of ~20% in 2010 or a mere ~3%, when excluding 
hydroelectricity.3,4 PV accounts for only 0.2% at present. While the world appears to be 
addicted to hydrocarbon energy (oil, gas and coal), the extraction of these limited resources 
has reached peak levels. As a consequence, the emission of greenhouse gasses in the 
atmosphere, most notably CO2, is on the rise and causes global-warming.5,6 Scientists agree 
that rapid climate change can have dire future consequences for all life on the planet. Yet, 
the energy consumption is projected to increase significantly in the coming decades and 
may double by 2050.2 To generate the capacity needed, and at the same time avert global 
warming, a huge opportunity for the deployment of renewable energy lies ahead. The scale 
of adjustment required to move from a hydrocarbon to a renewable energy economy is 
tremendous. Given the urgency of this challenge, the scale-up of renewable energy 
production in the coming decades is a topic that deserves great attention in science, 
business and politics and demands for vision and concerted action.  
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While the global PV capacity in 2010 was only about 40 GW, or the equivalent of ~25 
coal-fired plants, the growth in production volume keeps on increasing quite 
significantly.7,8 In fact, solar energy is the fastest growing renewable energy source with 
about 40% growth annually. Figure 1 shows the increase in the production of solar cells 
(expressed in GW) over the last decades. It is forecasted—undoubtedly using an optimistic 
scenario—that the production may exceed a terawatt by 2030, which may lead to an 
installed capacity that could account for ~5% of electricity consumption.2 In the last few 
years, production has largely shifted from Europe to Asia and the dominance of Europe in 
the production of solar cells appears to be over (inset, Fig. 1). However, Europe and most 
notably Germany remain the largest market. Europe was responsible for 80% of the total 
PV capacity (16.6 GW) installed in 2010. This points to the important fact that 
governmental support schemes (such as Feed-in Tariffs) as implemented by some countries 
in Europe remain essential for realizing significant growth. At the same time, the cost 
reduction due to (technological) innovation and economies of scale has been spectacular: 
the costs associated with solar power have dropped by ~20% each time world PV energy 
supply has doubled.7 At present, the average factory-gate module price is approximately 
€1.5/Wp. It is expected that grid-parity, a point in time at which the costs to finance solar 
electricity are equal to the market price of electricity from the grid, may be reached in a 
number of (European) countries already by 2015.8,9 

Figure 1: Drastic increase in the global solar cell production over the last decade. The insets show the 
location where the cells are produced and the technology mix in the year 2010.8 
 
Regarding the technology, the commercially available solar cells fall into two categories: 
wafer-based silicon photovoltaics and thin film technologies. Wafer based Si solar cells use 
monocrystalline or multicrystalline Si wafers. These c-Si cells had, and still have, the 
largest market share with currently over 80% of the total production volume (inset, Fig. 1). 
It is expected that this dominant position will be maintained for at least a decade. The most 
important commercial thin film alternatives are CdTe, Cu(In,Ga)Se2 (CIGS) and Si thin 
film. The benefit of these thin films technologies is especially related to the potential for 
(very) low-cost manufacturing. The amount of absorber material required is typically a 
factor 100 less than for wafer-based Si cells. Given the terawatt challenge that lies ahead, 
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low-costs manufacturing is essential. This is also the reason for the interest in organic solar 
cells,10 and explains recent efforts in finding unconventional earth-abundant solar cell 
materials (e.g. FeS2, CuO).11 However, another important figure of merit is the solar cell 
efficiency, . This is a factor that also directly influences costs per Wp, or electricity price 
per kWh. Table 1 shows an overview of the record energy conversion efficiencies for 
research-scale photovoltaic devices and large-scale modules. The highest efficiencies are 
found among crystalline Si solar cells, also after integration in modules (approaching or 
exceeding  = 20%). The significantly lower efficiencies obtained for thin film Si in 
conjunction with the rapidly falling prices for c-Si  have led to a (perhaps temporal) less 
compelling potential for this thin film technology. For CIGS and CdTe, the promising cell 
efficiencies achieved so far do not easily translate into production efficiency. Then again, 
we may expect considerable developments in this field in the near future.  
 
For Si cells, the main challenge is probably the development and implementation of novel 
technologies that increase the efficiency of large-area cells but are, at the same time, 
compatible with mass production at low costs. This also appears to be an area of significant 
scientific challenge—which can arguably compete with research on advanced next-
generation concepts for photovoltaics—as this thesis may illustrate. Only by fundamental 
understanding of the mechanisms involved can the optimal technology be developed and 
implemented. In the end, what will have the largest impact? A 4 cm2 cell with a record-
efficiency of 25.5% or GW production of 22% cells at competitive costs? 
 
To further provide context for the work in this thesis, the next section will discuss the 
fundamental processes that determine the solar cell efficiency and will address some recent 
technological developments in the field of c-Si cell technology. 
  
 
Table 1: Record solar cell and module efficiencies at present.13 

c-Si  CIGS  a-Si / µc-Si  CdTe  

cell  module  cell  module cell  module  cell  module  

25% 
 

21.4% 1; 
18.1-18.2% 2 

 
20.3% 3 

 
15.7% 11.9% 10.8% 4 16.7% 12.8% 

(1999) (2011) (2011) (2010) (2010) (2011) (2001) (2010) 

1 Mono c-Si module by SunPower; 2 Multi c-Si module by Q-Cells and Schott solar; 3 Ref. 14;  
4 stabilized efficiency, www.oerlikon.com 
 
 
2. Solar cell efficiency, loss mechanisms and surface passivation 
 
For a silicon solar cell, the maximum energy conversion efficiency that can be achieved 
theoretically is approximately ~29% (operating under 1 sun illumination).15-19 This 
efficiency limit is due to fundamental loss mechanisms that are intrinsically related to the 
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fact that semiconductors have band gaps (1.1 eV in case of Si). The fundamental losses 
include the thermalization losses due to the excess energy of above-band gap photons and 
the transmission losses due to the transparency of semiconductors to photons below the 
band gap.19 Thermalization and transmission losses reduce the efficiency by about ~55% 
absolute. Radiative- and especially Auger recombination of charge carriers represent the 
additional fundamental losses which reduce the efficiency further to the aforementioned 
~29% limit. 
 
The highest conversion efficiency demonstrated to date for an actual Si solar cell is η = 
25% (PERL-cell, UNSW Sydney),20,21 which is fairly close to the theoretical maximum. For 
large area cells, the record has recently been set to 24.2% by Sunpower.22 The gap in 
efficiency between actual devices and the theoretical limit can be attributed to additional 
technological loss processes in the solar cell, as discussed below. Compared to the record-
efficiencies, conventional mass-produced Si solar cells exhibit lower efficiencies of 
typically 15-17% for multcrystalline Si and 16-18% for monocrystalline Si. By transferring, 
adapting and implementing the technology developed for high efficiency cells, the 
performance of mass-produced solar cells can be further improved.  
 
The quest for higher cell efficiencies is directly related to the ongoing reduction of the costs 
per Wp. Other recent technological trends to curb production costs are the ongoing decrease 
in the Si wafer thickness and the reduction in the amount of expensive silver used for the 
metallization (for example, by using electroplated copper in the future). 
 
Over the years, a multitude of high-efficiency solar cell device architectures has been 
designed and many different strategies have been developed to mitigate technological 
losses. A large share of the work described in this thesis is concerned with one of such “loss 
minimization” strategies: surface passivation. Surface passivation stands for the reduction 
in carrier recombination through the defect states that are abundantly present at pristine 
surfaces. Effective surface passivation is a prerequisite for obtaining high energy 
conversion efficiencies. Due to various recent developments, the implementation of (rear) 
surface passivation schemes in (conventional) solar cells has a prime position on the 
technological roadmap of many solar cell manufactures. To provide a context for surface 
passivation, some of the other key strategies to mitigate solar cell losses will be briefly 
discussed next. 
 
 
Mitigating fundamental and technological losses 
 
The fundamental and technological loss mechanisms are schematically depicted in Figs. 2a 
and 2b. Whereas technological losses can be reduced to some extent by engineering and 
optimizing a given solar cell concept, to overcome the fundamental losses, disruptive novel 
“next generation” technologies are required. For instance, to reduce thermalisation losses, 
hot carrier solar cells have been proposed.23 These cells should feature energy selective 
contacts in order to utilize the excess energy of the photon before it thermalises to the band 
gap. An approach to reduce the transmission losses is photon upconversion.24 By the 
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application of an upconvertor material, which typically exhibits Er3+ ions, sub band gap 
photons are combined to form a high energy photon that can be absorbed by the solar cell. 
Other approaches include use of photon downshifting materials or tandem cells. Although 
these next generation concepts hold the promise of high solar cell efficiencies and are an 
exciting field of research, the technological feasibility, let alone the cost-efficiency, has not 
been demonstrated in most cases at present.  
 

Figure 2: (a) Band gap diagram illustrating fundamental losses: (1) Transmission; (2) thermalisation 
and (3) Auger and radiative recombination. Fig. (b) Technological losses illustrated for a standard p-
type Si cell: Optical losses including (a1) Reflection; (a2) Shading; (a3) Parasitic absorption; (b) 
Electronic recombination in emitter, base and at front and rear surfaces; (c) Resistive losses. Fig. (c) 
High-efficiency PERL cell (Passivated emitter rear locally diffused) cell design to reduce surface 
recombination by implementation of surface passivation schemes, local (diffused) p+ rear BSF, 
selective emitter and high-aspect ratio front contacts. Fig. (d). High-efficiency back-junction back 
contacted cell design with n-type Si base, eliminating shading losses completely. 
 
 
It is instructive to discuss the technological losses by using a standard industrial Al-BSF 
solar cell as an example (Frame 1). Recombinative losses (bulk, emitter and surface) 
represent the main technological loss mechanism in such solar cells (Figs. 2b and 3). More 
specifically, Glunz et al. have estimated that roughly one-third of the efficiency gap 
between a ~16.6% and a 22.3% solar cell (based on p-type Cz Si) can be ascribed to bulk 
recombination.25 Another one-third of the gap can be bridged by the improvement of the 
rear side and a reduction of the front surface and emitter recombination. Even for high-
efficiency PERL cells, Aberle et al. estimated that about 25% of the efficiency loss at 
maximum power point can be ascribed to surface recombination effects.26 As illustrated in 
Fig. 3, the resistive and reflection losses typically account for a smaller fraction of the 
efficiency gap. In general, the optical losses in a solar cell can be unravelled in reflection 
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from the front surface, shading by front metallization and parasitic absorption (e.g. in rear 
metallization). Finally, resistive losses are associated with the contact and series 
resistances.  
 
At the front side, the reflection losses are effectively reduced by a (multilayer) a-SiNx 
antireflection coating and (wet-chemical) surface texturing. Furthermore, one strategy to 
reduce the front side recombination is the implementation of a selective emitter, which 
features a low sheet resistance below the metal contact and a higher sheet resistance in the 
non-contacted areas (Fig. 2c). This allows for the effective decoupling and independent 
optimization of the metalized and non metalized areas. Surface passivation becomes of 
increasing importance in the non-contacted areas with relatively lower doping 
concentration. To engineer selective emitters, a large number of techniques have been 
developed and are currently in various stages of commercialization.27 The shading losses at 
the front side can be effectively suppressed by narrowing down the front contact fingers 
and the bus bars. This can lead to a substantial efficiency improvement when the contact 
resistance is not compromised. As an alternative or addition to screen printing, plating of 
the front contacts has been a promising technology which offers more control over the 
contact aspect ratios while enabling the contacting of emitters with lower sheet resistances. 
These and other advanced metallization schemes can simultaneously reduce resistive losses. 
Other approved concepts to reduce the shading losses are employed in the metal- and 
emitter wrap through (MWT/EWT) cells where the contacts are (partially) moved to the 
rear. Also in the back-junction back-contacted solar cell concept of Sunpower, the shading 
losses are removed completely (Fig. 2d).  These backjunction concepts require (novel) local 
doping, alignment and contacting approaches. Ion implementation may play an important 
role in these developments. 
 

 
Figure 3: (a) Relative contribution of fundamental and technological losses in determining the solar 
cell efficiency, after Swanson.28 (b) Bars representing the energy conversion efficiency. To bridge the 
efficiency gap, the technological, industrial and economic feasibility are factors to consider. To reach 
above the limit of ~29%, novel “next generation” processes are being extensively researched.  
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Frame 1 

 
Schematic of a conventional solar cell featuring a full Al-BSF (left side of image) and a 
PERC (passivated emitter and rear) cell (right side of image). The Al-BSF solar cell 
consists of a p-type Si base of either mono- or multricrystalline Si and a diffused 
phosphorous emitter on the front side. Metallization is done by screen printing, and co-
firing. During the co-firing step, the front metallization etches through the SiNx 
antireflection coating and at the same time an Al back surface field (Al-BSF) is formed 
when the Al paste forms an alloy with the Si. The Al-BSF is a highly doped p-type 
region, which lowers the contact resistance and provides some surface passivation by 
shielding minority carriers of the surface. An example of a typical fabrication sequence 
for an Al-BSF cell is shown. The PERC-cell features a dielectrically passivated rear with 
local point or line contacts. The first production steps are similar as for the Al-BSF cell. 
Subsequently, two possible routes involving laser fired contacts (LFCs) or laser ablation 
are shown. The quality of the Al-BSF below the contacts together with the surface 
passivation quality of the thin film after processing are key factors in determining the 
cell efficiency. Compared to a full Al-BSF cell, the PERC cells exhibits reduced optical 
losses at the rear side (enhanced reflection) and reduced recombination losses. The 
efficiency gain can be above 1% absolute. Q-Cells and Schott Solar have recently 
demonstrated record efficiencies of 20-20.2% for industrial PERC cells (passivation 
materials undisclosed). 
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p- vs n-type 
 
Bulk recombination through defects can be significant in affecting the minority carrier 
diffusion length especially in multicrystalline- and p-type Cz- Si base material. For the 
latter, the recombination is due to the formation of boron-oxygen complexes during 
illumination. Although this detrimental process is fairly well understood,29,30 
technologically feasible ways to overcome the bulk lifetime degradation are currently not 
available. Floatzone Si does not suffer from light-induced degradation but its high cost has 
limited its use to laboratory type cells. Therefore, the use of n-type Si (Cz) base material, 
which does not suffer from light induced degradation and is less sensitive to common metal 
impurities, has become an attractive option for the realization of high solar cell efficiencies. 
Although the mainstay in the PV industry is still p-type Si, the best cell performances are 
found among the “early-adopters” of n-type Si (e.g., Sanyo, Sunpower, Yingli). However, 
alternative device architectures and novel technologies (such as p+ emitters) are required 
for such n-type cells (see Part B, Section 6). Therefore, the increased complexity is only 
profitable when the superior electrical base properties of n-type Si can be effectively 
exploited and translated into a significant performance advantage relative to simpler p-type 
Si alternatives. 
 
 
Surface passivation 
 
Given the large surface to volume ratio, surface and interface effects play a dominant role 
in the performance of solar cells. Over the years, various materials and material stacks have 
been investigated for surface passivation purposes of the cell’s front and rear side.31 Related 
to differences in the underlying passivation mechanisms (Part B, Section 1), the 
performance of the passivation materials tend to vary with doping type and sheet 
resistances of the (diffused) Si surface. Moreover, the suitability of a passivation scheme 
also depends on other factors such as the thermal-, UV-, and long-term stability, the optical 
properties (i.e. parasitic absorption, refractive index) and the processing requirements (e.g. 
surface cleaning, available fabrication methods). Silicon nitride (a-SiNx:H) is an important 
material in Si photovoltaics as it is used in virtually all (laboratory and industrial) solar cells 
as antireflective coating. a-SiNx:H also provides (some) surface passivation and, for 
multicrystalline Si, it provides bulk passivation by hydrogenation of bulk defects. 
Traditionally, thermally-grown SiO2 has been used as effective passivation scheme in high-
efficiency laboratory cells, for instance in the 25% PERL cell.20 Thermal-oxidation 
generally leads to excellent passivation properties irrespective of doping type and surface 
concentration.32-35 Another widely-investigated material is amorphous Si (a-Si:H). The 
combination of intrinsic and doped a-Si:H nanolayers (< 10 nm) has been successfully 
applied in (commercial) hetero-junction solar cells.36 
 
 
Aluminum oxide synthesised by atomic layer deposition 
 
Al2O3 has recently emerged as an alternative passivation material. Although not 
outstanding yet, the passivation properties of Al2O3 were already reported in 1989 by Hezel 
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and Jaeger.37 Nonetheless, their publication was written for posterity. Al2O3 technology 
gained momentum only after its reintroduction—this time synthesized by atomic layer 
deposition—in 2006.38,39 The level of passivation that was demonstrated for Al2O3 on lowly 
doped Si and p+ emitters was at least as good as obtained by thermally-grown SiO2.

40 
Compared to other investigated materials, a distinguishing property of Al2O3 appeared to be 
the field-effect passivation induced by negative fixed charges.37,41 But why exactly has 
Al2O3 caused so much excitement in the field of photovoltaics in recent years? 
 
Two trends in photovoltaics play an important role in the popularity of Al2O3. Firstly, the 
PV industry has recently been looking to improve the rear side of conventional screen 
printed p-type Si solar cells by replacing the Al-BSF by a dielectrically-passivated rear 
(Frame 1). These developments are inevitable concerning the demand for higher 
efficiencies and to maintain the constant reduction in wafer thickness. While the availability 
of (laser-) processes to produce local rear contacts was not a (prominent) bottleneck 
anymore, the availability of suitable passivation schemes was. Due to parasitic shunting, a-
SiNx:H was not a suitable candidate for the rear. Due to reasons of costs, complexity and an 
adverse impact of high temperatures on the bulk quality (when considering multicrystalline 
Si), thermal oxidation was also not a first choice. Although plasma deposited SiOx/SiNx 
stacks were considered as alternatives,42 the focus shifted to Al2O3 (and Al2O3/SiNx stacks) 
as a solution for the p-type Si rear side. Secondly, for the development of various n-type 
solar cell concepts a suitable passivation solution of the p+-emitter was required. The 
negative charges of Al2O3 are an ideal match for the passivation of such emitters. 
Moreover, since these charges are located close to the interface, ultrathin films of Al2O3 
could be used for the passivation while the optical (antireflection) properties could be 
adjusted by a SiNx capping layer. To date, the application of Al2O3 on p+ emitters and on 
the p-type Si rear has resulted in enhanced solar cell efficiencies up to 23.9% (Part B, 
section 6.).43  

Figure 4: (a) Alternating nanolayers of ALD SiO2 and Al2O3; (b) High-k oxide in NMOS transistor 
(Panasonic, electroiq.com); (c) Inline spatial ALD reactor (Levitech). Al2O3 is deposited layer-by-
layer while the wafer moves through zones in which Al(CH3)3 and H2O reagents are injected; (d) An 
array of Si nanowires for envisaged photovoltaic applications (UC San Diego). 
 
Along with the introduction of Al2O3 came the introduction of atomic layer deposition 
(ALD) in the field of Si PV. ALD differs from conventional (plasma-enhanced) chemical 
vapour deposition methods by the strict separation of the process precursors in two half-
cycles during deposition. As the precursors can only react with the wafer surface (in a self-
limiting way), film growth proceeds layer-by-layer. The hallmark of ALD is precise 
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thickness control (Fig. 4a), and very uniform and conformal deposition over large area 
surfaces. It is a technique recently introduced for the synthesis of high-k nanolayers (such 
as HfO2) in the semiconductor industry (Fig. 4b). Due to the low deposition rates of 
conventional ALD processes, there was considerable scepticism regarding its deployment 
in high-throughput environments. However, this also stimulated the surprisingly rapid 
developments in designing spatial ALD equipment that could meet the throughput 
requirements of the PV industry (Fig. 4c). Besides Si PV, ALD has been employed in 
nearly all other segments of photovoltaics research (e.g. CIGS and organic PV).44 Examples 
include the use of ALD for the synthesis of encapsulation films, buffer layers, photoanodes 
and transparent conductive oxides. ALD is also expected to play an important role in 
current and future developments in the use of nanomaterials for solar cells (Fig. 4d). 
 
In a broader perspective, progress in the understanding of Si interface properties by e.g. 
Al2O3 nanolayers has also implications for the continued advance and miniaturization of Si-
based technology in micro-, nano and optoelectronics. Conversely, much of our knowledge 
pertaining to film growth, interface defects, charge trapping, annealing treatments, etc., 
daily applied in Si photovoltaics, has been derived from the developments in 
microelectronics. A key research topic in microelectronics remains the replacement of the 
SiO2 gate dielectric by high-k alternatives. These oxides must also form high quality 
interfaces with Si as the current flows in the Si channel below this interface. Understanding 
and engineering interface properties can therefore contribute to advances in both PV 
technology as well as in the broader field of electronics. 
 
 
3. Framework and goal of this research 
 
As outlined in the previous section, atomic layer deposited Al2O3 represented an interesting 
novel technology with significant potential for the enhancement of solar cell efficiencies by 
reducing surface recombination losses. After the publication of the first solar cell 
results,43,45 also the interest of the photovoltaics industry was captured. However, the 
potential of Al2O3 and atomic layer deposition for industrial solar cells was not obvious 
(yet). At the beginning of the work described in this thesis, various important open 
questions remained pertaining to the compatibility of ALD and Al2O3 with industrial 
processes. In addition, the preceding research sparked many scientific questions and more 
fundamental insight into the properties of Al2O3 was desired. With the sudden appearance 
of Al2O3 on the PV stage, other related processes, materials and innovations were 
anticipated. 
 
To address both the technological as well as scientific questions, a project was initiated in 
July 2008 in collaboration with the solar cell and module manufacturer Q-Cells. A fair 
share of the work described in this thesis has been the result of the successful collaboration 
with Q-Cells and other collaborators. This thesis provides a good example of a “joint 
research venture”, carried out at the interface between science and industry. Especially in 
the dynamic field of photovoltaics, such collaborations are important. The active exchange 
of knowledge shapes the research framework and adds research questions to the scientific 
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agenda. While a PV firm taps into a large pool of scientific knowledge, gains access to new 
technologies and outsources certain R&D activities, the university gains private knowledge, 
obtains the necessary research funding, and gets instant feedback on the implications and 
directions of the research. The latter is important for stimulating trend setting research and 
developing new ideas. 
 
The goal of the project was essentially twofold:  

(1) Investigation of the compatibility of novel processes and materials for 
(industrial) photovoltaic applications; 
(2) Gain fundamental understanding of the mechanisms underlying the synthesis 
and surface passivation properties of various nanolayer passivation schemes. 

 
Understanding of the properties of thin films, interfaces and the associated implications for 
device performance provides the basis for controlling and manipulating these properties. 
Moreover, it helps to determine what structures or methods might exhibit certain 
characteristics more strongly or more usefully.  
 
A number of the key topics addressed in this thesis is listed in Table 2. In some cases, the 
research was driven by scientific curiosity, but had unexpected technological implications. 
On the other hand, many of the technological issues addressed in the collaboration with 
industrial partners sparked new scientific questions. Chronologically, the project was 
designed with an initial focus on various open questions related to the compatibility of 
Al2O3 with industrial processes. Examples include the thermal stability of Al2O3, the use of 
SiNx capping layers and the general process parameter window for optimal performance. 
Subsequently, more time was devoted to the development of new processes and passivation 
schemes and to study the relevant underlying mechanisms.  
 
To study thin films and interfaces, access to a large set of (complementary) diagnostic 
techniques is essential. Moreover, in situ diagnostics proved to be indispensable to optimize 
and control thin film growth. In this work, conventional diagnostics such as spectroscopic 
ellipsometry, capacitance-voltage (C-V) measurements and photoconductance decay were 
used to study bulk- and electronic interface properties. In addition, a corona-charging setup 
has been developed and installed to manipulate and measure passivation properties.  
Moreover, a number of less-traditional diagnostics were employed. Second-harmonic 
generation spectroscopy (SHG) was used as an advanced all-optical and contactless probe 
for the properties of (buried) interfaces as it is extremely sensitive to small variations in the 
fixed charge density associated with thin films and interfaces. More details on electric-field 
induced SHG will be published in due time in another PhD thesis.46 In addition, the use of 
thermal effusion experiments on Al2O3 was explored for the first time.  
 
Since the first publications and conference presentations in 2008, the field of “Al2O3 for 
PV” has expanded rapidly. Many solar cell institutes and universities (e.g., ISFH, 
Fraunhofer ISE and the University of Konstanz) acquired atomic layer deposition tools. In 
addition, plasma enhanced chemical vapour deposition processes and novel technologies 
such as spatial ALD were developed for the synthesis of Al2O3 specifically for the PV 
industry. A timeline of the rapid developments since 2006 is shown in Figure 5 with some 
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important technological milestones indicated. The scientific progress related to the surface 
passivation properties of Al2O3 has not been indicated in this timeline, but are well reflected 
by the scientific topics listed in Table 2. 
 
Table 2: A number of research topics explored in this thesis 
 

Technologically driven 
 Compatibility of Al2O3 nanolayers with screen printed metallization processes 
 Properties of Al2O3/SiNx stacks 
 Reduction of Al2O3 film thickness 
 Long term stability 
 Comparison with other relevant passivation materials 
 Compatibility with- and potential for high-throughput manufacturing: PECVD, spatial ALD, 
alternative precursors (together with Air Liquide, ASM and Levitech) 
 Passivation by SiO2/Al2O3 stacks 
 Passivation schemes for various type of solar cell surfaces 
Etc… 

Scientifically driven 
 Differences between (interface) properties of plasma and thermal ALD Al2O3 
 Relation between bulk material properties and surface passivation 
 Influence of annealing on chemical and field-effect passivation 
 Role of hydrogen in the chemical passivation (together with research centre Jülich) 
 Effect of Al2O3 composition on hydrogen diffusion 
 Role of the interfacial oxide in fixed charge density 
 Luminescence and material properties of Er-doped Al2O3 thin films (together with 
Translucent Inc.) 
Etc… 
 
 
 
4. Outline of this thesis 
 
The remainder of this thesis is divided in section B and C. Part B provides an overview of 
the research and recent developments in the field of Al2O3 for Si surface passivation. It 
aims to place into context and summarize the results as presented in chapters 1-8 in Section 
C. At some occasions, new experimental results have been included. The discussion ranges 
from the progress in understanding of the passivation properties to the industrial 
compatibility and the implementation of Al2O3 in various high-efficiency cell concepts. 
 
Section C consists of twelve journal papers. The chapters are divided in three categories: 
 

I) Technological aspects (Chapters 1-4);  

II) Fundamental understanding (Chapters 5-9); 

III) Other related materials and processes (Chapters 10-12). 
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Figure 5: Time line of developments in the field of Al2O3 surface passivation since 2006. 
 
 
5. Summary in 10 points  
 
The ten main messages of this thesis are listed below. 
 

1. Excellent passivation properties (with values of the surface recombination velocity 
as low as Seff ~1 cm/s) are obtained over a relatively wide range of Al2O3 material 
properties and annealing temperatures, although best performance is obtained for 
films deposited between 150 and 250oC and annealed between 350 and 450oC. The 
passivation induced by Al2O3 thin films is sufficiently stable during i) deposition 
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of SiNx capping layers, ii) high-temperature firing processes, iii) during UV 
illumination and iv) over time. Al2O3 can be deposited using batch ALD, spatial 
ALD or PECVD processes, without compromised performance. 
 

2. The passivation properties of Al2O3 are affected by the oxidant (O3, O2-plasma, 
H2O) used during atomic layer deposition. Annealing mainly improves the field-
effect passivation for H2O-based ALD, while the high defect density (Dit) is 
reduced by a few orders of magnitude for plasma ALD and O3-ALD Al2O3 during 
annealing. Regardless of the method, Dit < 1011 cm-2 eV-1 are achievable after 
annealing. 

 
3. The Al2O3 film thickness can be reduced down to 5-10 nm without loosing 

passivation performance. Below that threshold, the chemical passivation is 
impaired. 

 
4. SiO2 films deposited at low temperatures by PECVD or ALD are compatible with 

Seff values < 5 cm/s (n-type Si) and defect densities < 1011 cm-2 eV-1 when 
combined with ultrathin capping layers of Al2O3. 

 
5. The thickness of the interfacial SiO2 between Si and Al2O3 controls the negative 

fixed charge density associated with Al2O3. 
 

6. The use of (thermally-grown) SiO2 interlayers between Si and Al2O3 or between Si 
and SiNx strongly reduces the field-effect passivation. This avoids phenomena 
related to the formation of an inversion layer such as a strong injection-level-
dependence of the effective lifetime. 

 
7. The hydrogen intrinsically present in Al2O3, mainly incorporated as OH groups, 

plays an important role in the passivation of defect at the Si interface. Evidence is 
provided that atomic H may play a role in the interface hydrogenation. The 
structural properties of Al2O3 strongly affect the effusion of hydrogen, with 
implications for the thermal stability at high annealing temperatures.  
 

8. Plasma-enhanced ALD using H2Si[N(C2H5)2]2 as Si precursor leads to high-
quality and conformal SiO2 films over a wide range of substrate temperatures. 
 

9. Pulsing the precursor during plasma-enhanced chemical vapour deposition 
(PECVD) of Al2O3 leads to enhanced control over the deposition process and 
corresponding material properties. This novel approach to PECVD can also be 
applied to other materials and reactors. 
 

10. Er3+-doped Al2O3 synthesized by thermal ALD exhibits photoluminescence and 
upconversion luminescence when irradiated by infrared light. However, high 
annealing temperatures are required to remove OH groups which quench the Er3+ 
luminescence signals. This impairs the surface passivation quality of the films. 
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Part B 
 
ALD Al2O3 for Si surface passivation, an overview*  
 

 

 

 

Preface  

 
In this Part B, the recent progress in the development and understanding of Al2O3-based 
surface passivation schemes and the related technology will be presented. The aim is to 
provide a broad overview of the relevant topics investigated in this field since 2006 and 
place into context the work described in this thesis. In doing so, relevant literature is 
reviewed, including aspects described in Chapters 1-8, but also some new experimental 
results are included. 
 
Section 1 provides a basic introduction and discusses some theoretical aspects of surface 
passivation as well as its influence on solar cell performance on the basis of simulations. In 
addition, the key properties of various passivation materials will be compared. In Section 2, 
the material properties of Al2O3 are addressed and the relevant synthesis methods are 
introduced. Next, the ALD process of Al2O3 will be discussed in detail in Section 3 with a 
focus on surface chemistry and the influence of process parameters on film growth. In 
Section 4, the surface passivation properties of Al2O3 are discussed along with the 
underlying passivation mechanisms. Various issues related to the industrial compatibility of 
Al2O3 and its implementation in silicon solar cells are discussed in Section 5. This includes 
the stability, the use of film stacks, but also high-volume deposition methods such spatial 
ALD. Next, Section 6 reviews progress in various high-efficiency p- and n-type Si solar 
cells featuring Al2O3 surface passivation.  
 

 
 
  
 

 

 
*An adapted version of this chapter will be submitted for publication  
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1. Surface passivation: basics and applications 
 
1.1 Surface passivation mechanisms 
 
Surface passivation stands for the reduction in electronic surface recombination. The rate of 
surface recombination, Us, can be derived from the Shockley-Read-Hall (SRH) 
formalism.1,2 It can be expressed as a function of the interface defect density (Nit, expressed 
in cm-2), the hole and electron capture cross sections (σp/n) and the hole and electron 
densities at the surface (ps and ns, respectively): 2-5 
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The parameter vth represents the thermal velocity of the electrons, n1 and p1 statistical 
factors, ni the intrinsic carrier concentration, and Sn/p = n/pvthNit. For sake of the discussion 
here, the energy dependence of the parameters (n/p, n1,2 and Nit) is neglected by assuming a 
single defect at mid gap. In reality, the energy levels associated with surface defects (e.g. 
dangling bonds) are distributed throughout the band gap due to slight variations in structure 
and bond angle. Therefore, formally, Us should be expressed by the extended SRH 
formalism with an integral over the band gap energies while replacing Nit by Dit (in units of 
eV-1 cm-2).3,5 However, the defects near mid gap tend to be dominant recombination 
centers. The driving force in surface recombination processes is the term (nsps - ni

2), which 
describes the deviation of the system from thermal equilibrium under illumination. 
Equation 1 shows that Us can be decreased by a reduction in Nit (or Dit) which is referred to 
as chemical passivation. In a recombination event both electrons and holes are involved. It 
is notable that the highest recombination rate is achieved when ps/ns ≈ n/p,

6 with the ratio 
of the cross sections being dependent on the passivation scheme. Consequently, another 
way to reduce the recombination is by a significant reduction in the density of one type of 
charge carrier at the surface by an electric field. This is called field-effect passivation.6-8  

Figure 1 shows the influence of a negative surface charge of 2×1012 cm-2 on the 
simulated electron and hole density near the surface for p-type and n-type Si. The surface 
charge leads to band bending (Fig.1c). For p-type Si, the increased majority carrier density 
leads to accumulation conditions, whereas the n-type Si surface is inverted. In both cases, a 
decrease in recombination can be expected as ns is strongly reduced. However, for the 
inversion conditions, the electron and hole density become equal a distance away from the 
interface. This phenomenon can be expected to enhance recombination in the subsurface 
when bulk defects are present. The experimental implications of inversion conditions will 
be addressed in Section 4.1.  
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Figure 1: (a, b) Electron and hole density below the Si surface, under influence of a negative fixed 
surface charge of Qf = 2×1012 cm-2; (c) band bending under influence of Qf. Data simulated by PC1D 
for 2 ·cm p-type Si wafers under illumination. 
 
 
A measure which reflects the level of surface passivation is the surface recombination 
velocity S: 
 

n

U
S s


        (1b) 

 
with Δn the injection level. It is possible to deduce an effective surface recombination 
velocity, Seff, from the effective lifetime of the minority carriers in the Si substrate. The 
effective lifetime is measured by the photoconductance decay technique (Appendix A) and 
is controlled by bulk- and surface recombination processes:9-12 
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Eq. 2a illustrates that both intrinsic (Auger and radiative recombination) and extrinsic 
recombination processes determine bulk recombination. Extrinsic recombination via bulk 
defects is also known as Shockley-Read-Hall SRH recombination. Impurities, such as Fe,13 
lattice faults, and dangling bonds at grain boundaries (multicrystalline Si) can all represent 
bulk defect states. In addition, for monocrystalline p-type Si grown by the 
Czochralski method, boron-oxygen complexes are prominent recombination centers that 
can limit the maximum bulk lifetime (light-induced degradation).14-17 On the other hand, for 
high quality floatzone Si, Auger and radiative recombination are generally more important 
processes than recombination through bulk defects, especially at high injection levels. As 
an example, the injection-level-dependent lifetimes associated with these various 
recombination processes are shown in Figure 2. 
 
For a symmetrically passivated wafer with sufficiently low Seff values, Eq. 2a can be 
expressed as: 
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with W the wafer thickness. The relative error in Seff is typically below 4% for S values < 
250 cm/s.3,9 For poorly passivated surfaces, a term accounting for the diffusion of minority 
carriers toward the surface is required to improve the accuracy as described by the 
following expression: 

 

           (2c)  

            
 

with Dn the diffusion coefficient (with a typical value of 30 cm2/s). To calculate the exact 
value for Seff by Eq. 2b, the bulk lifetime—which is generally not known—is required as an 
input parameter. Some authors use the general parameterization by Kerr et al. for wafers 
with various resistivities to obtain a measure for the bulk lifetime.18 However, it should be 
noted that these values represent an approximation (derived under the assumption that Seff 
was 0 cm/s). In fact, Benick et al. have reported τeff values above the “intrinsic Auger limit” 
as derived by Kerr et al., suggesting that the intrinsic lifetime can be higher in reality.19 In 
addition, τbulk may vary significantly from wafer to wafer due to the presence of SRH 
recombination. Alternatively, we may as well calculate an upper level of Seff by assuming 
that recombination only occurs at the wafer surfaces (i.e. τbulk = ∞):  
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Seff,max is a good approximation for the actual value of Seff when the passivation properties 
are evaluated on Si wafers with high bulk lifetimes (>> 1 ms). On the other hand, for an 
excellent surface passivation quality, with the surface recombination approaching 0 cm/s, 
the effective lifetime becomes dominated by intrinsic recombination processes which will 
limit the minimal value of Seff that can be experimentally determined. For completeness, 
note that when very small values of τeff are measured (~1-15 μs), Eq. 2b tends to 
underestimate the very high Seff values (> 103 cm/s) by not taking into account the time it 
takes for the minority carriers to diffuse towards the surface (typically also a few μs). In 
fact, this limits the maximum value of Seff that can be experimentally evaluated from the 
effective lifetime measurements. However, also when the interface quality is poor, Eq. 2d 
may still provide a reasonably accurate value for the “order of magnitude” of Seff. 
Alternativaly, Seff can be calculated using Eq. 2c. 
 
The influence of the chemical and field-effect passivation on the surface recombination 
velocity is illustrated by the simulations in Fig. 3. The trend of Seff was derived by using Eq. 
1a in conjunction with a Poisson solver (PC1D) to obtain values for ns and ps under 
illumination. Seff is observed to decrease linearly with a reduction in Nit, which directly 
follows from Eq. 1. Moreover, it is observed that an increase in Qf induces a strong 
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Figure 2: Effective lifetime curves determined by radiative, Auger, SRH recombination or by the 
combined effect of these three. Auger parameterization based on Ref. 18. SRH recombination 
simulated using electron and hole capture time constants of τn = 1 ms and τp= 10 ms.3 Doping density 
was 5×1015 cm-3 (n-type). 
 
 
reduction in Seff, which is especially prominent for Qf values > 1011 cm-2. The simulations 
suggested that a twofold increase in Qf produces a fourfold decrease in Seff (i.e., Seff ~ 1/Qf

2, 
for sufficiently high Qf values).20 

Next, it is relevant to address the influence of the capture cross section ratio. It is 
observed that the trend between Seff and Qf changes significantly when the value of n/p is 
increased from 1 to 102. In the latter case, a maximum appears in Seff at Qf = ~2×1011 cm-2, 
which coincides with the condition for maximum recombination (ps/ns=n/p=102). In 
addition, higher Qf values > 4×1011 cm-2 appear to be required to activate the field-effect 
passivation. It is notable that, for the case of Al2O3, a value of n/p >> 1 is probably more 
realistic than n/p = 1. As will be discussed later, the Si/Al2O3 interface is essentially 
“Si/SiO2”-like.21 The value of n/p = 103 that Aberle et al.22 reported for thermally-grown 
SiO2 surfaces may therefore be a more realistic assumption for the Si/Al2O3 interface.  

Also the values for Seff,max, which is the experimentally accessible parameter, are given 
in Fig. 3. Seff,max was derived by Eq. 2d and τeff, where the latter was obtained by substituting 
Seff  and a bulk lifetime of 10 ms in Eq. 2b. Figure 3 shows that for a very high level of 
surface passivation, Seff,max becomes limited by the bulk lifetime. In that case, Seff,max does 
not reflect the actual (extremely low) Seff values anymore. This implies, for instance, that 
significant variations of Qf > 1×1012 cm-2 are not expected to lead to drastic changes in the 
measured Seff,max values. 
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Figure 3: Simulated Seff and Seff,max values using Eq.1 and the relation between negative Qf and np and 
ns using PC1D. The values used for the defect cross-sections (σn = σp = 10-16 cm-2) are somewhat 
arbitrary but of a typical order of magnitude. Note that these values affect the scaling between Seff and 
Nit (y-axis) and not the qualitative picture. For ratio of σn/σp = 102, values of σn = 10-15 cm-2; σp=10-17 
cm-2 were used. Other values included a bulk resistivity of 2 Ω cm p-type Si (doping of 7.2×1015  
cm-3) and an injection level of Δn = 5×1014 cm-3. To calculate Seff,max, a value of τbulk = 10 ms was 
used. 
 
 

1.2 Surface passivation materials 
 
The most important surface passivation materials used in photovoltaics include SiO2, a-
SiNx:H and a-Si:H. Al2O3 can now certainly be added to this list.  
 
SiO2—The high quality interface between thermally-grown SiO2 and Si contributed 
significantly to the dominance of Si in the microelectronics industry23,24 and is also 
responsible for high solar cell efficiencies.25-28 Thermal SiO2 leads to very low surface 
recombination velocities (Seff < 10 cm/s) after forming gas annealing or alnealing (using a 
sacrificial Al layer).28-31 The hydrogen that is introduced during the annealing process 
passivates the electronically active defects such as the prominent Pb-type defect which 
constitutes a Si dangling bond (≡Si◦). This leads to typical defect densities of the order of 
1010 cm-2  eV-1.23,32 An important benefit of thermal SiO2 is the high level of passivation that 
can be achieved for both n- and p-type Si surfaces over a wide range of relevant doping 
levels. Thermal oxidation can be carried out in a H2O-vapor (T ~850-900oC) or O2 
atmosphere (T ~950-1000oC).27,28,31 The former “wet” thermal process is generally 
preferable for the synthesis of thick oxide layers, as the growth rate is significantly higher 
than for the “dry” process. Apart from thermal oxidation processes at elevated temperatures 
(> 800oC), various methods have been explored for developing SiO2 surface passivation 
films at low temperatures. Low-temperature processing can be technologically interesting 
as it opens up the possibility of using materials which are less thermally stable. In addition, 

109 1010 1011 1012 1013
10-1

100

101

102

103

N
it
 = 1011 cm-2

N
it
 = 1010 cm-2


n
/

p
=1

 

 

S
eff,max

N
it
 = 1011 cm-2, 

n
/

p
=1

N
it
 = 1012 cm-2, 

n
/

p
=1

S
e

ff
 &

 S
e

ff
,m

a
x (

cm
/s

)

Q
f
 (cm-2)

S
eff,max

 limited by 
bulk

S
eff


n
/

p
=102



Part B 

 

 27

high temperature oxidation is not always desirable as it can for instance impair the bulk 
lifetime of multicrystalline Si. The most widely investigated low-temperature method is 
plasma-enhanced chemical vapor deposition (PECVD) which also allows for high-rate 
deposition.33-35 In this thesis, also a novel ALD process for SiO2 is developed and studied as 
an alternative low-temperature route (Chapter 11). Another option for the synthesis of SiO2 
is a chemical oxidation of the Si surface for example using HNO3.

36 A drawback of this 
method is the fact that the maximum SiOx thickness is typically limited to a few 
nanometers. In general, the level of passivation induced by single layer SiO2 synthesized at 
low temperatures is seriously lower than obtained by thermal oxidation processes.33-35 In 
Chapters 4, 7 and 10, it will be discussed that the passivation properties associated with 
low-temperature SiO2 can be improved significantly by using capping layers of Al2O3 and 
SiNx. These stacks lead to Seff values that are at least equivalent to those obtained by 
thermally-grown SiO2.

35,37 

Figure 4: Structural properties of a-SiNx:H films as a function of refractive index. The films were 
deposited in a Roth&Rau MW-PECVD reactor. The atomic densities were obtained by Rutherford 
backscattering spectroscopy and elastic recoil detection. The inset shows some possible bonding 
configuration of Si (with dangling bonds) where N3≡Si- represents the amphoteric K-center which is 
typically positively charged. 
 
 
a-SiNx:H—The working horse thin film material in photovoltaics is a-SiNx:H (for brevity, 
SiNx) synthesized by PECVD.38-44 Owing to the fact that the optical properties of the 
material can be varied in a wide range, SiNx is the standard for antireflection coatings in 
solar cells. Figure 4 shows the material composition in terms of the atomic H, Si and N 
density as a function of the refractive index. Films with a comparatively high nitrogen 
content exhibit refractive indices of approximately 2, which results in optimal antireflection 
properties when applied on the front side of a solar cell. The films also contain a relatively 
large amount of hydrogen of ~10-15 at.%. The hydrogen released during firing plays an 
important role in the bulk passivation of multicrystalline Si.44-46 Depending on film 
composition, the films provide a reasonable to effective level of passivation. Optimal 
surface passivation is generally achieved for relatively Si-rich films. However, the nitrogen-
rich films exhibit a superior thermal and chemical stability  and can be useful as a capping 
layer on Al2O3. The passivation mechanisms of the a-SiNx:H films strongly depend on the 
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nitrogen content. When the nitrogen content is relatively low, the films exhibit amorphous 
Si-like properties. In this case, the high level of passivation is mainly governed by chemical 
passivation. On the other hand, for high [N], the films induce a significant amount of field-
effect passivation with fixed charge densities of the order of 1012 cm-2, as shown below. 
This is related to the so-called K-center (a Si atom back bonded with 3 N-atoms) that can be 
charged positively (see inset Fig. 4).47-49 It is important to note that a significant positive 
charge density leads to inversion conditions for p-type Si surfaces. Inversion is 
characterized by transport properties parallel to the interface which can compromise the 
solar cell performance when using a-SiNx on the rear side of a p-type Si solar cell, by the 
so-called parasitic shunting effect.50 In chapter 10, it is discussed that the use of SiO2/SiNx 
stacks can reduce this detrimental effect.  
 
a-Si:H—Hydrogenated amorphous Si (a-Si:H) leads to excellent passivation properties 
with Seff as low as 2 cm/s.51-57 The growth related material properties of PECVD a-Si:H 
have been studied in depth for applications such as thin film Si solar cells.58-62 This 
knowledge is also useful for the optimization and understanding of the a-Si:H properties for 
crystalline Si technology. Especially heterojunction solar cells have attracted considerable 
attention in recent years.53,63 For this type of solar cell, high temperature dopant diffusion 
processes can be replaced by the deposition of doped a-Si:H films. In general, drawbacks of 
the a-Si:H technology are parasitic absorption effects and the lack of thermal stability 
during high-temperature processes. 

Figure 5: Seff,max versus deposited corona charge density for a-SiNx:H (after firing) and PECVD SiOx 
and Al2O3 films after annealing at 400oC. 
 
 
Significant differences exist between the level of chemical and field-effect passivation 
afforded by the various passivation schemes. Thermal SiO2 and intrinsic a-Si:H do not 
provide a high level of field-effect passivation, whereas this mechanism is quite significant 
for N-rich SiNx and Al2O3. To illustrate the differences in the passivation mechanisms of 
the materials, corona charging experiments are useful (Appendix A). In Figure 5, Seff,max is 
plotted as a function of the corona charge density, ranging from negative to positive, 
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deposited on ALD Al2O3, N-rich SiNx and SiO2 films synthesized by PECVD. The 
maximum in Seff,max is a measure for the chemical passivation because at this point the effect 
of intrinsic charge in the passivation scheme is nullified by the deposited corona charges. It 
is observed that the chemical passivation induced by Al2O3 is better than obtained by the 
SiNx or SiO2 films. In addition, Figure 5 illustrates that the SiO2 and SiNx films exhibit a 
positive fixed charge density, whereas Al2O3 leads to a significantly higher and negative Qf.  
 

Figure 6: The effect of Sfront, Srear, and the rear reflection R on the internal quantum efficiency IQE. 
Emitter sheet resistance of 60 Ohm/sq (n+) was used. Simulation (PC1D) serves to show general 
trends only. 
 
 

1.3 Surface passivation in high efficiency solar cells 
 
To gain insight into the effect of surface passivation on the device level, the internal 
quantum efficiency (IQE) provides a lot of information. The simulation in Figure 6 shows 
the effect of the front and rear surface passivation on the IQE of a conventional solar cell 
with a p-type-base and n+-emitter. The improvement in passivation quality on the front side 
leads to an IQE increase in the short wavelength range: Less charge carriers, created by the 
high-energy photons absorbed near the front side of the solar cell, are lost by 
recombination. The surface passivation quality at the rear side is observed to influence the 
IQE values in the long wavelength region (i.e. > ~800 nm). It is furthermore observed that 
an improvement in the internal reflection at the rear side results in an increase in IQE at 
wavelengths between 1-1.2 µm. 

Now the question arises how the solar cell efficiency is affected by the implementation 
of a surface passivation scheme. Here, we consider a conventional p-type Si solar cell as an 
example to illustrate the effect of rear surface passivation. The standard for such cells is a 
screen printed Al back surface field (BSF). By using an Al2O3 film as dielectric in 
combination with local contacts (PERC-type cell), the solar cell efficiency can be 
significantly higher than obtained with a full Al-BSF. This is related to i) lower Seff values 
and ii) the enhanced rear reflection that can be achieved with Al2O3.  
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The absorption characteristics of a solar cell comprising an Al2O3 film (100 nm) at the 
rear is shown in Figure 7, as determined with simulation software.64 As a reference, a solar 
cell with typical rear reflection properties for an Al-BSF is included. It is observed that a 
100 nm Al2O3 film leads to a significantly enhanced absorption in the Si bulk for near-band 
gap photons with wavelengths in the range of 1 – 1.2 μm compared to the Al-BSF cell. The 
improved reflectivity can be attributed to interference effects in the dielectric, similar to the 
working principle of an antireflection coating on the front side. The simulated optical 
characteristics are used as an input for the PC1D program to simulate solar cell 
performance. The input parameters are listed in Table 1. The enhanced photon absorption 
for the solar cell with dielectric rear is demonstrated by an increase in the energy 
conversion efficiency in Fig. 8 (i.e. a vertical shift from the dashed to the solid line) which 
can be attributed to improved short-circuit current Jsc. The relative increase in Jsc is 
approximately 0.6 – 1.1 mA/cm2, depending on the choice for the reflection R = 80% - 65% 
of the Al BSF reference. On the other hand, the open-circuit voltage Voc is mainly sensitive 
to (surface) recombination processes, as follows from the expression:65  
 









 1ln
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I

q

nkT
V L
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      (3) 

 
With n the (diode) ideality factor, k the Boltzmann constant, T the temperature, IL the light 
generated current and I0 the saturation current. I0 is a measure for the (surface) 
recombination processes in a solar cell. As I0 can vary by orders of magnitude, it is the 
main parameter affecting Voc. 

The simulations demonstrate that a reduction in Srear has a dramatic impact on the solar 
cell efficiency as it gives rise to an increase in both Voc and Jsc. A decrease of Srear from 500 
cm/s to 50 cm/s, for instance, results in an estimated efficiency improvement of 
approximately 1% absolute (Fig. 8). Due to synergistic effects, the influence of Srear can be 
even more pronounced for cells with an improved front side. For increasingly low Seff < 100 
cm/s, the solar cell efficiency levels off. Note here that the minimum effective Srear values 
associated with a typical Al-BSF are considerably higher than those corresponding to Al2O3 
films. Nonetheless, Fellmeth et al. have recently shown that values as low as Seff ~ 300 cm/s 
can be reached for an Al-BSF.66 For Al2O3, the effective Srear is not only determined by the 
Al2O3 covered surface (typically ~95% of the rear) but also by recombination under the 
metal point or line contacts (i.e. local Al-BSF). Therefore, the Srear values in a solar cell 
also depend on the quality of the local Al-BSF and will therefore be intrinsically somewhat 
higher compared to the Seff values obtained for lifetime samples. For increasingly good 
surface passivation, recombination losses associated with the local contacts will become of 
increasing importance.67 It is also illustrated in Figure 8 that, apart from surface 
recombination, the bulk lifetime of the minority carriers in the Si plays an important role in 
the overall efficiency. A discussion of recent experimental results for solar cells with 
implemented Al2O3 passivation is provided in Section 6. 
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Figure 7: Simulated absorption in the Si bulk 
as a function of the wavelength for a n+/p-type 
silicon solar cell (thickness 200 µm), with on 
the rear side a 100 nm Al2O3 film covered by 
Al (with n, k and layer thickness as input 
parameters, i.e. no assumption for the 
reflection properties was required). As a 
reference, a solar cell with reflection 
properties for an Al BSF (reflection ~65%) is 
shown. The cells included a textured front 
surface with a-SiNx:H antireflection coating.  
 

Figure 8: Simulated efficiency as a function 
of the surface recombination velocity at the 
rear, Srear, of a p-type silicon solar cell with 
100 nm Al2O3 / Al rear or an Al BSF. A Si 
bulk lifetime of 500 and 50 µs was used. 
Simulations were performed with PC1D 
using the absorption characteristics as 
displayed in Fig. 7, and the parameters listed 
in Table 1. The simulations only serve to 
show general trends.  
 

 
Table 1: Input parameters corresponding to the results in Fig. 8.  
 

Parameter Value 
n+ emitter doping 60 Ω / sq 
Sfront 105 cm/s 
Wafer thickness 200 µm 
Wafer resistivity 1 Ω cm p-type 
Si bulk lifetime 50 or 500 µs 
Srear 0 – 105 cm/s 

 
 
 

2. Al2O3 properties and synthesis techniques 
 
2.1 Synthesis methods 
 
Atomic layer deposition – The virtue of ALD is the control of the deposition process at the 
atomic level by self-limiting surface reactions during the alternate exposure of the substrate 
surface to gas-phase precursors.68-70 Each surface chemical reaction occurs between a gas 
phase reactant and a surface functional group. These reactions automatically stop when all 
available surface groups have reacted (i.e. self-limiting reactions). A standard ALD process 
uses 2 precursors (A and B), and growth proceeds by alternating the precursors in an 
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ABAB… fashion. After reaction of precursor A with the surface groups, the remaining 
precursor and the volatile reaction products are pumped away, and precursor B is 
introduced. This leads to the deposition of a second element through reaction with the new 
surface functional group. Also the initial surface groups are restored. This reaction 
sequence forms one ALD-cycle and results in one or less than one atomic layer of film 
growth, typically 0.5Å – 2.0 Å per cycle. The ALD-cycle can be repeated until the desired 
film thickness is reached. Unlike chemical vapor deposition, the deposition rate of ALD is 
not proportional to the “precursor” flux on the surface. Therefore, the same amount of 
material is deposited everywhere on the surface, even on non-planar surfaces, provided that 
the precursor exposure times are sufficient. 

Al2O3 deposited by ALD is a well understood process and most commonly uses 
trimethylaluminum (Al(CH3)3 or TMA) as the aluminum source.71-85 Water, ozone or 
oxygen radicals from a plasma can serve as the oxidants. Processes with water (illustrated 
in Fig. 9) and ozone are referred to as thermal ALD while the process employing a plasma 
is referred to as plasma ALD. Each ALD cycle consists of Al(CH3)3 dosing followed by a 
purge, then oxidant exposure followed by a purge. For Al2O3 typically 0.9 Å to 1.5 Å is 
deposited in each of these cycles depending on the deposition temperature and the oxidant 
used.76,77 The choice of oxidant depends on the application. In general oxygen radicals 
generated by a plasma source are more reactive than H2O. The increased reactivity of 
plasma ALD can give improved film quality with lower impurity levels, in particular also 
for low substrate temperatures.70 However, the industrial scale up of plasma ALD might be 
somewhat more complicated as it is necessary to incorporate plasma sources into the 
deposition equipment. In batch ALD processes, O3 is often used as it exhibits good 
reactivity and is relatively easy to purge.83,87,88 

ALD is suitable for depositing a whole range of different materials, including (noble) 
metals, oxides and nitrides. A few examples include: ZnS, Pt, TiO2, HfO2, ZrO2, SiO2, 
ZnO, TiNx, TaN, Ta2O5 and Er2O3.

68,70 Also mixed oxides, such as SrTiO3 and ZnO:Al, can 
be readily synthesized by ALD.89,90 Various ALD processes and materials have been 
investigated for virtually all types of solar cells.91 This includes CI(G)S, CdTe, organic- and 
dye-synthesized cells. Various materials (e.g. ZnSe, ZnO) have for instance been tested as 
buffer layers for CI(G)S thin film solar cells.92-95 Another example is Al-doped ZnO as a 
transparent conductive oxide,90 which can be applied in thin film solar cells. Moreover, 
ALD Al2O3 has been used for example as encapsulation layer in CI(G)S and organic 
cells.96-99 

Benefits of ALD over PECVD and PVD are the excellent uniformity that can be 
achieved on large substrates, the relatively low substrate temperatures used in the process 
(temperature window typically 100-350°C), and the fact that ALD can readily produce 
multilayer structures. On the other hand, due to the purge steps, the ALD cycle times are 
typically in the order of 4-10s (single-wafer reactor) which leads to low deposition rates for 
temporal ALD. However, the throughput can be significantly enhanced using ALD batch 
reactors or a novel approach based on the spatial separation of the ALD precursors. These 
options for high-volume manufacturing are discussed in detail in Section 5.3. 
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Figure 9: Schematic of ALD cycle comprising two precursor dosing steps and two purge steps. 
 

 
PECVD—Plasma-enhanced chemical vapour deposition (PECVD) is not a traditional 
synthesis method for Al2O3 and the amount of technologically-relevant literature available 
on this topic is limited. Nevertheless, before Al2O3 became of interest for solar cell 
applications, some PECVD processes were reported using Al-precursors such as Al(CH3)3 
and AlCl3.

100-102 In the last few years, additional PECVD processes have been developed for 
the synthesis of Al2O3 surface passivation films with the incentive to mitigate the 
drawbacks of temporal ALD. Miyajima et al. were the first to report on PECVD Al2O3 for 
surface passivation applications.103,104 They used a capacitively-coupled plasma with an 
excitation frequency of 60 MHz and a substrate temperature of 200oC. Al(CH3)3, H2 and 
CO2 were used as the process gasses introduced into the system by mass flow controllers. 
Furthermore, a PECVD process was developed in an industrial inline reactor which is 
already widely used for a-SiNx:H deposition (Roth&Rau).105 The plasma was created via a 
linear antenna by 2.45 GHz microwave pulses. N2O, Al(CH3)3, and argon were used as 
process gasses. Deposition rates of 100 nm / min could be achieved. Roth&Rau now offers 
a new tool which enables the deposition of Al2O3 and a-SiNx:H without vacuum break. In 
this thesis, an alternative PECVD process is described where the Al(CH3)3 precursor was 
pulsed. The differences between pulsed-flow PECVD and plasma ALD or conventional 
PECVD processes will be explored in Chapter 12. Collectively; the various reports have 
shown that for optimized PECVD processes the passivation quality of the deposited 
aluminium oxide films can be quite comparable to that achieved by ALD. 
 
Other synthesis methods—The first report on Al2O3 for surface passivation used 
atmospheric pressure CVD of aluminum-triisopropoxide.106 Very recently, good results 
were reported using a large-scale deposition tool based on the APCVD method.107 Physical 
vapour deposition, i.e. sputtering, has also been applied for the synthesis of Al2O3 
passivation layers. RF magnetron sputtering of an aluminum target in an O2/Ar mixture led 
to deposition rates of ~4 nm/min in a laboratory system.108 Although preliminary, sputtering 
appears to lead to Al2O3 with a lower level of passivation compared to ALD or PECVD. 
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2.2 Material and interface properties of Al2O3 on Si 

 
The material properties of amorphous Al2O3 vary with deposition method. A prominent 
factor influencing the Al2O3 composition is the incorporation of other elements than O and 
Al, such as carbon and most notably hydrogen. For ALD processes, the Al2O3 properties 
and the hydrogen content are primarily controlled by the substrate temperature during 
deposition Tdep.

76,77 Infrared absorption measurements have indicated that hydrogen is 
incorporated as OH-groups, and that also some CHx may be present.109 In addition, the 
presence of carbonates was observed for Al2O3 films deposited by plasma ALD. Both the 
hydrogen and carbon content were observed to decrease with increasing deposition 
temperature. More details on substrate temperature dependence of the material properties 
can be found in Chapter 3. 

 
Table 2: Properties of Al2O3. 

Physical property ALD Al2O3 (Tdep = ~200oC) 

Phase 
Resistivity 
Dielectric constant 
Mass density 
Hydrogen content 
Optical band gap 
Refractive index 
RMS roughness 

Amorphous up to ~850oC (Refs. 110, 111) 
~1016 Ω cm (Ref. 90)                     
7-9 (Refs. 74, 76, 79)                            
~3.0 g/cm3 
~2-4 at.% 
6.4 eV 
1.64 (at 2 eV) 
 2Å on polished Si(100)* 

* verified with atomic force microscopy for 15 nm films, using O2 plasma, O3 or H2O as oxidants 
 

Table 2 lists the important material properties of ALD Al2O3. For the optimum range of 
Tdep = 150-250oC, both thermal and plasma ALD Al2O3 exhibited a comparable mass 
density and refractive index. However, the hydrogen content for thermal ALD Al2O3 (~3.6 
at.%) was higher than for plasma ALD (~ 2.7 at. %) at Tdep = 200oC. We verified with 
Rutherford backscattering spectroscopy (RBS) and XPS that the carbon content in the films 
deposited at a temperature of ~200oC was negligible [C] < 1 at.%. Having a large band gap, 
the Al2O3 films are transparent for the wavelength region which is relevant for silicon solar 
cells. In Figure 10 data is shown for the refractive index, n, and extinction coefficient, k, as 
determined for plasma ALD Al2O3 films from spectroscopic ellipsometry. Annealing at 
400oC did not change the optical properties of the film significantly and thermal ALD with 
H2O gave similar results. From the dielectric function ε2, an optical band gap of Eopt = 6.4 ± 
0.1 eV was determined for both the as-deposited and annealed films. Note that this 
experimentally determined value for (amorphous) Al2O3 films, is lower than the value of 
~8.8 eV representative for crystalline Al2O3. The Al2O3 films crystallize at temperatures 
above ~850oC.110,111 Nevertheless, parasitic absorption in the amorphous Al2O3 films will 
not occur in the relevant range for photovoltaics as only light with λ < ~200 nm is absorbed 
by the Al2O3 films. This is in contrast to e.g. a-SiNx:H films, with typical Eopt = 3-3.5 eV. 

Apart from the bulk properties, the properties of the interface between Al2O3 and Si are 
obviously also of crucial importance for surface passivation. It was found that a thin (~1-2 
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nm) SiOx layer is present at this interface.112-114 This interfacial SiOx is formed during the 
deposition process, even on H-terminated Si (e.g. after HF treatment). Figure 11 shows a 
high-resolution transmission electron microscopy image of the interfacial region of Al2O3 
on Si(100). The presence of SiOx was corroborated by FTIR by the detection of the Si-O 
stretching vibration around ~1000 cm-1.20,109 In addition, we verified by X-ray photon 
spectroscopy (XPS) that the SiOx layer is formed during the first few cycles of the 
deposition process (Section 4.4). Hoex et al. reported a possible (very small) increase (~0.3 
nm) of the SiOx thickness during annealing (~425oC).112 The XPS measurements also 
suggested that the SiOx thickness is only slightly affected by annealing at moderate 
temperatures (~400oC).  

 

Figure 10: Refractive index, n, and extinction coefficient, k, as a function of the photon energy. Data 
obtained by spectroscopic ellipsometry. 

 

Figure 11: High resolution transmission electron microscopy (TEM) image of Al2O3 deposited on 
Si(100). The presence of an interfacial SiOx layer is clearly visible.112 
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Figure 12: Schematic representation of typical plasma and thermal ALD cycles for Al2O3. 
 
 

3. Atomic layer deposition of Al2O3 
 
Surface chemistry 
 
The growth mechanism of Al2O3 is well understood,68,72,115,116 and often used to exemplify 
the working principle of ALD in general. A schematic representation of a thermal and 
plasma ALD cycle is given in Fig. 12. In the first ALD half cycle, the Al(CH3)3 precursor 
reacts through ligand exchange with the hydrogen in the surface hydroxyls under formation 
of methane and O-Al bonds. This reaction is very efficient due to the formation of the 
strong O-Al bond.68 The reaction between Al(CH3)3 and the surface can be 
monofunctionally, but also bifunctionally in which case two methyl groups react with 
(neighbouring) OH groups. The latter becomes more important at low substrate 
temperatures because of the higher density of surface OH groups. The surface chemistry 
during the first half-cycle is similar for plasma- and thermal ALD, and can be described by: 
 
Al-OH*+ Al(CH3)3 (g)  AlO-Al(CH3)2*+ CH4 (g)   (1) 

During the subsequent oxidation step, the surface changes from methyl-terminated to 
hydroxyl-terminated. For plasma ALD, the oxidation reaction can be described by:75,85 

 

AlO-AlCH3* + O (g)  AlOAl-OH* + H2O (g) + COx (g)  (2) 

 
Note that the formation of the H2O byproduct during the plasma step can give rise to a 
secondary reaction pathway.75 For thermal ALD, methane is produced during the oxidation 
half cycle: 
 
AlO-AlCH3*+ y H2O (g)  AlOAl-OH* + CH4 (g)   (3) 
 
In addition to H2O and an O2 plasma, also O3 can be used as oxidant. The reaction 
chemistry during O3-based thermal ALD appeared to be different and more complex than 
the H2O-based process (see for example Refs. 83-85). 

Depending on the length of each of the steps in the ALD cycle (Fig. 12), sub-saturated 
growth, true ALD growth, or ALD growth with an additional chemical vapour deposition 
(CVD) component takes place. The latter refers to a growth process that is not self-limiting. 
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A true, saturated ALD process is obtained when the increase of the duration of the 
precursor and oxidant exposure times in conjunction with sufficiently long purge steps, will 
not produce higher GPC. Under such circumstances, the deposition is highly uniform and 
conformal. Figure 13 shows that the thickness increases linearly with the number of cycles 
without significant growth delay for deposition on Si(100). The associated growth rates 
were 1.0 (thermal ALD) and 1.1 Å/cycle (plasma ALD) for Tdep= ~250oC. 

 

Figure 13: Al2O3 film thickness as a function of the number of ALD cycles. 
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Figure 14: Growth rate per cycle, GPC, as a function of the length of successive ALD steps, for (a) 
thermal ALD and (b) plasma ALD. 
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ALD process parameters 
 
The influence of the relevant ALD parameters on the GPC of Al2O3 is shown in Fig. 14, 
comparing thermal ALD and plasma ALD. The TMA dosing time had virtually no effect on 
the growth process in our reactor configuration (Oxford Instruments OpAL). For dosing 
times of 10 ms and above, saturated ALD growth was observed for both methods. 
However, the purge time after the Al(CH3)3 dosing strongly influenced the growth process. 
Figure 14 shows that purge times < ~3s, gave rise to higher GPC values for plasma and 
thermal ALD. In addition, short purge times led to a decrease in refractive index (n = ~1.61 
vs 1.64 for a true ALD process) and corresponding decrease in mass density of the Al2O3 
films. A CVD growth component also produces film nonuniformity, as discussed below, 
and is expected to impair the conformality of ALD. The minimum purge times required 
after the Al(CH3)3 precursor injection are closely related to the gas residence time. For short 
purge times, a fraction of Al(CH3)3 precursor remains in the reactor and can react with the 
oxidant introduced in the subsequent oxidation half-cycle.  

Whether CVD reactions occur, can be detected by optical emission spectroscopy 
measurements during plasma ALD. Figure 15 shows the presence of CO*, H* and OH* 
emission in the plasma. When the spectrum is recorded after a sufficiently long purge time, 
the emission associated with C and H fragments can only originate from a monolayer of -
CH3 ligands at the growth interface. However, when reducing the purge time below 3.5s, 
we observe an increase in the emission of CO*, H* and OH* as shown in Fig. 15b. This is 
indicative of the dissociation of residual Al(CH3)3 in the plasma and corresponds well with 
the observed increase in GPC.  

Regarding the oxidation half-cycle, the H2O dose time and the plasma time were 
investigated for thermal and plasma ALD, respectively. A saturated ALD process was 
obtained already for short H2O dosing times (~10-20 ms) which also led to high refractive 
index values of ~1.64. A slight increase of the GPC was, however, observed for longer H2O 
dosing times. This is typically observed for thermal ALD at relatively low substrate 
temperatures and is referred to as “soft saturation”.73 The plasma time had a more 
pronounced effect on the growth process. A plasma time < 2s clearly led to sub-saturated 
growth. Under these circumstances, the total flux of oxygen radicals during the oxidation 
half-cycle is insufficient to remove all the precursor ligands and restore the surface with 
OH groups. The plasma time can therefore be associated with the rate of the surface 
chemical reactions. The refractive index was also observed to drop for short plasma times, 
which is indicative of the incorporation of impurities into the material. Moreover, it was 
observed that sub-saturated growth led to a significant deterioration of the thickness 
uniformity especial at the edges of the substrate holder. The final purge step in the ALD 
cycle serves to remove the traces of the oxidant and reactions products left in the reactor. 
Figure 14 demonstrates that significant purging after plasma exposure was not required, 
while after H2O dosing, purge times ≥ 1s were important to avoid CVD reactions. This 
implies that the very small amount of H2O produced during the O2 plasma step was 
insufficient to cause significant reactions with the Al(CH3)3 precursor introduced in the 
subsequent step. This may change at lower deposition temperatures, for which generally 
longer plasma purge times are required. 
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Figure 15: (a) Optical emission spectroscopy spectrum recorded during plasma ALD. (b) Emission 
intensity of OH, H* and CO* as a function of the preceding Al(CH3)3 purge length. Every data point 
represents a separate measurement during the initial stages of plasma operation. Note that for the 
purge time of 0 s, the plasma was switched on directly after the precursor dose. 
 
 
Thickness uniformity 
 
The thickness uniformity resulting from the optimized ALD processes in the OpAL reactor 
is shown in Figure 16 for large area substrates. The thickness pattern obtained for plasma 
ALD were concentric circles, while for thermal ALD the film thickness was more 
uniformly distributed. The thickness patern can be attributed to a radial nonuniformity of 
the plasma species, i.e. a fluctuation in the flux. When important, such effects can be easily 
avoided by over-sizing the plasma source with respect to the substrate size. For thermal 
ALD, a slightly higher thickness was obtained near the H2O inlet. For the optimized 
processes, nonuniformities of 1.5% and 4.3% were obtained for thermal and plasma ALD 
(Table 3). The nonuniformity of plasma ALD is improved significantly < 1%, when using 
smaller wafers (< 8 cm radius). Further, a decrease in purge time from 5 to 2.5s after the 
Al(CH3)3 dose compromised the uniformity by an increase from 1.5% to 3.0% (thermal 
ALD). This effect can be attributed to CVD reactions between Al(CH3)3 and H2O in the 
oxidation half cycle. We verified that the effect of the TMA dose (20-50 ms) and the H2O 
dose (20-50 ms) was less prominent with a maximum variation in the nonuniformity of 
~0.5%.  
 
Table 3. Nonuniformity for thermal and plasma ALD processes of Al2O3 on a ~20 cm wafer. The 
films were deposited in the OpAL reactor. The nonuniformity is defined as (dmax - dmin) / 2daverage × 
100%, with d the film thickness. Other parameters for thermal ALD: TMA dose = 20 ms; H2O dose = 
20 ms; H2O purge = 5 s. Parameters for plasma ALD: TMA dose = 20 ms; plasma time = 4 s; plasma 
purge = 0.5 s. The film thickness was approximately 50 nm.  
 
Method Al(CH3)3 purge Nonuniformity 
Thermal ALD 
Thermal ALD 
Plasma ALD 

2.5s 
5s 
5s 

3.0 % 
1.5 % 
4.3 % 
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Figure 16: Thickness uniformity for Al2O3 films deposited by (a) plasma ALD and (b) thermal ALD 
on 8 inch (~ 20 cm) Si wafers. The data correspond to nonuniformities of 4.3 and 1.5% (Table 3). 
 
 
Substrate temperature 
 
The substrate temperature is the most important parameter affecting the growth rate and, as 
discussed in Section 2.2, the material properties of ALD Al2O3 films. Figure 17 shows that 
the influence of Tdep on film growth is markedly different for plasma and thermal ALD.76,77 
For plasma ALD, the GPC and the number of Al atoms deposited per cycle decreases with 
increasing Tdep. This trend can be attributed to a lower OH surface coverage at higher Tdep, 
due to thermally-activated dehydroxylation reactions under formation of H2O.71 For thermal 
ALD, an increase in the growth rate was observed for increasing Tdep up to ~250oC, 
whereas for Tdep > 250oC the trend was similar to plasma ALD. This difference between 
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Figure 17: Influence of the substrate temperature on the growth per cycle in terms of (a) film 
thickness and (b) Al atoms deposited. The latter was determined by RBS measurements. 
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thermal and plasma ALD at low Tdep can be explained by a lower reactivity of H2O at low 
substrate temperatures. In contrast, the surface oxidation by the O2 plasma is not controlled 
by the temperature. From a technological point of view, it is important to note that the 
purge times to remove the H2O reagent from the reactor increase drastically with decreasing 
Tdep. Regarding low-temperature applications (< 150oC), plasma ALD is therefore generally 
preferred over thermal ALD.  
 
 
4. Surface passivation by Al2O3 
 
4.1 Passivation performance 
 
Very low surface recombination velocities Seff < 5 cm/s have been reported for Al2O3 on 
low-resistivity p-type and n-type Si (typically, 1-4 Ohm cm) after annealing at moderate 
temperatures.19,112,117-119 In addition, ALD Al2O3 resulted in exceptionally low emitter 
saturation current densities of J0e ~10 fA/cm2 and 30 fA/cm2 for >100 and 54 Ω / sq sheet 
resistances, respectively, for boron doped emitters.120 This level of passivation exceeded 
that of thermal SiO2 and a-Si:H. Also on screen printed Al-p+-emitters low J0e values have 
been obtained using Al2O3 passivation.121 For n+ emitters, it is expected that the negative Qf 
will not contribute to optimal passivation properties, especially for low sheet resistances. 
Preliminary measurements have indeed revealed a significantly higher J0e for Al2O3 (~170 
fA/cm2) than for SiNx (~62 fA/cm2) on 62 Ohm/sq n+-emitters.122 However, for higher 
sheet resistances the difference between Al2O3 and SiNx became smaller. A recent report 
has also shown that implied Voc’s of ~680 mV can be achieved for sheet resistances of 
~100 Ohm/sq using plasma ALD Al2O3.

123 
To activate the passivation, annealing temperatures in the range of 350-450oC were 

found to be optimal.118 Annealing can be simply carried out in N2 environment, as a gas 
mixture containing H2 (i.e., forming gas annealing) did not make a difference. Annealing 
times between 10-30 minutes are generally applied. However, we found a fast saturation 
behavior and annealing times of ~1-2 minutes can already be sufficient to fully activate the 
passivation performance of the films. 

Figure 18 shows the injection-level-dependent effective lifetime for Al2O3 films 
deposited on p-type and n-type Si, comparing plasma and thermal ALD. The films were 
deposited in a saturated ALD regime at Tdep=200oC, which falls in the range of 150-250oC 
for optimal passivation (Chapter 3).77 In the as-deposited state, thermal ALD affords a 
reasonable level of surface passivation with Seff < ~30 cm/s (Δn = 1015 cm-3) in marked 
contrast with plasma ALD Al2O3 (Seff ~103 cm/s). After annealing at ~400oC (N2, 10 min), 
very high levels of surface passivation with Seff < 5 cm/s (p-type Si) and Seff < 2 cm/s (n-
type Si) were obtained for both ALD methods. Nevertheless, the plasma ALD process led 
to a slightly higher level of passivation than the thermal ALD process, which can be related 
to small differences in the level of chemical and field-effect passivation (Section 4.2). 
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Figure 18: Injection-level-dependent effective lifetime for plasma and thermal ALD Al2O3 before and 
after annealing (N2, 400oC, 10 min) on (a) ~2 Ω cm p-type c-Si and (b) ~3.5 Ω cm n-type c-Si. 
 
 
Regarding the injection level dependence, the effective lifetime is observed to decrease at 
high injection levels > 1015 cm-3, which mainly reflects the Auger recombination. At low 
injection levels, the effective lifetime remains approximately constant for p-type Si. This is 
important for solar cells, as they often operate under relatively low illumination levels (e.g. 
Δn = 1012-1014 cm-3). In contrast, for n-type c-Si, the effective lifetime is observed to 
decrease significantly below injection levels of 5×1014 cm-3. The decrease in lifetime has 
been explained by enhanced (bulk) recombination in the inversion layer induced by the 
negative Qf.

7,20,124 In Chapter 7, this hypothesis is corroborated by demonstrating that 
effective lifetime under low illumination conditions could be improved by a significant 
reduction or the complete removal of Qf.

125   
 
 
Influence of deposition parameters 
 
The influence of the ALD process parameters on the passivation quality of as-deposited and 
annealed Al2O3 films is shown in Figure 19. The passivation performance appeared to be 
insensitive to variations in the process parameters, with the exception of the plasma time. 
Interestingly, a reduction in plasma time led to a significant decrease in the Seff values for 
as-deposited plasma ALD Al2O3. In Chapter 5, we demonstrate that the associated lower 
interface defect densities can be attributed to a reduced detrimental impact of the VUV 
radiation.88 Furthermore, it is important to note that the results imply that an ALD growth 
mode is not necessary for obtaining optimal passivation. For example, the reduction in the 
Al(CH3)3 purge times led to significantly higher growth rates (GPC values > 1.8Å) without 
compromising the passivation performance. Nonetheless, conditions outside the ALD 
growth window are expected to lead to an increased thickness nonuniformity of the 
deposited films (see Table 3). 
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Figure 19: Influence of ALD Al2O3 process parameters on refractive index n, growth per cycle GPC 
and maximum surface recombination velocity Seff,max. The passivation properties were evaluated on 
both p- and n-type c-Si wafers, for thermal and plasma ALD processes, before and after annealing. 

 
 
4.2. Effect of annealing on chemical and field‐effect passivation 
 
Figure 20 shows data with respect to the surface passivation mechanisms of Al2O3 films, 
before and after annealing at 400oC. The influence of the oxidant on Qf and Dit is displayed, 
comparing plasma ALD and thermal ALD. The data were extracted from capacitance-
voltage (C-V) measurements (Chapter 5).  

The key effect of annealing is the increase of Qf for thermal ALD Al2O3, whereas for 
plasma ALD the chemical passivation improves dramatically during annealing. The 
relatively low Dit value of ~3×1011 eV-1 cm-2 for as-deposited thermal ALD Al2O3 is 
consistent with the moderate level of surface passivation obtained prior to annealing 
(compare Fig. 18). This is in sharp contrast with plasma ALD which did not provide 
passivation in the as-deposited state despite the high value of Qf. It has been shown that the 
high Dit values for as-deposited plasma ALD Al2O3 are related to the exposure to VUV 
radiation which is present in the plasma.88,126 After annealing, both ALD processes resulted 
in low Dit ≤ 1×1011 eV-1 cm-2. Note here that the sensitivity of the CV measurements to 
small variations in defect density drops for very low Dit (i.e., < 1011 eV-1 cm-2). Similar Dit 
values of ~1011 eV-1 cm-2 have been reported in other recent studies for plasma and thermal 
ALD Al2O3 after annealing.127,128 Also for films deposited by PECVD, similar low defect 
densities were found. These results indicate that the improvement of the chemical 
passivation during annealing is vital to obtain excellent surface passivation properties for 
Al2O3 films. 

Regarding the field-effect passivation, it is notable that the thermal ALD Al2O3 films 
exhibited very low Qf values of the order of 1011 cm-2 prior to annealing, in contrast to 
plasma ALD with Qf of the order of 1012 cm-2. Also after annealing, generally higher Qf 
values were observed for Al2O3 synthesized by plasma ALD than by thermal ALD (Figure 
21). Table 4 lists the Qf values for Al2O3 surface passivation films synthesized by a variety 
of methods as reported in the literature. Collectively, the data show a range of Qf values 
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between 2 and 13×1012 cm-2, after annealing at moderate temperatures. It was verified that 
Qf was not critically dependent on the annealing temperature (T = 300-600oC), see Fig. 21. 
While an initial increase is observed between T = 300-400oC, Qf appeared to be relatively 
independent of the annealing temperature for T ≥ 400oC. Similar observations were 
reported by Benick et al.127  

It is important to note that the films listed in Table 4 corresponded to Seff values < ~10 
cm/s, regardless of the value of Qf. This implies that the observed variations in Qf are not 
expected to have dramatic implications for device performance. On the other hand, the 
cause responsible for the variation in Qf is not known. It may be related to variations in 
material properties, such as film density, induced by the differences in deposition 
conditions. In addition, the formation of the interfacial oxide may be different from process 
to process. As described in Section 2.2, the deposition temperature is an important 
parameter that influences the material properties. In fact, we have recently reported that a 
variation in Tdep between 150-300oC gave rise to a variation in Qf between 6-3.5 ×1012  
cm-2.129 The film synthesized at Tdep = 300oC also exhibited a lower level of chemical 
passivation. 

Figure 20: Influence of annealing (400oC, N2, 10 min) on the negative fixed charge density, Qf, and 
interface defect density at mid gap, Dit, for plasma- and thermal ALD Al2O3 films. Data was obtained 
by C-V measurements.  

Figure 21: Negative fixed charge density Qf vs annealing temperature (10 min) for plasma- and 
thermal ALD Al2O3 films. Qf was determined from C-V measurements. 
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Table  4: Fixed charge densities, Qf, reported for Al2O3 thin films after annealing.  
 
Deposition method Negative Qf 

(×1012 cm-2) 
Tdep 
(oC) 

Anneal Reference 

Thermal ALD H2O 
H2O spatial (Levitech) 
H2O spatial (SoLayTec) 
 O3 (ASM) 

1-3 
4 
4 

3.4 

~200oC 
~200oC 

- 
150-200oC 

400oC, 10 min 
400oC, 10 min 
350oC, 15 min 
400oC, 10 min 

Ref. 117,88 
Section 5.3 

Ref. 130 
Ref. 88 

Plasma ALD 
 

13 
6 
3 

8-10 

~200oC 
~200oC 
~300oC 
~180oC 

425oC, 30 min 
400oC, 10 min 
400oC, 10 min 

350-550oC, 25 min 
(ambient) 

Ref. 131 
Ref. 88 
Ref. 129 
Ref. 127 

MW-PECVD 
PECVD 
PF- PECVD 

2.1 
1.7 
6 

~300oC 
~200oC 
~200oC 

350-500oC, 25 min 
400oC, - 

400oC, 10 min 

Ref. 105 
Ref. 104 
Ref. 77 

Sputtering 
APCVD (pyrolysis) 

3.4 
3.2 

~25oC 
~460oC 

500oC, 30 min 
510oC, 15 min 

Ref. 108 
Ref. 106 

“-“ = not specified 
 
 
4.3 Effect of film thickness 
 
A key benefit of ALD is the ability to deposit ultrathin films. The influence of the film 
thickness on the surface passivation performance has been investigated for thermal and 
plasma ALD films. For thermal ALD, a correlation between film thickness and as-
deposited surface passivation performance was found.118 This effect may be attributed to a 
small in situ annealing effect taking place in the ALD reactor (at a deposition temperature 
of 200oC) during prolonged processing time. More interesting is the thickness dependence 
after annealing. A high level of surface passivation could be maintained down to 5 and 10 
nm, for plasma and thermal ALD, respectively (Chapter 2).118,128 To investigate the cause of 
the deterioration of the passivation for films below these thresholds, second-harmonic 
spectroscopy (SHG) and corona charging experiments were carried out. The electric-field 
induced second-harmonic generation signal (EFISH) was found to remain constant within 
the thickness range investigated (2-30 nm) for plasma ALD Al2O3 films.132 The EFISH 
signal scales with the electric field and is a measure for Qf. The observation that the EFISH 
signal was constant down to at least to 2 nm is consistent with the fixed negative charges 
being located at the interface. Similar conclusions have been drawn from C-V 
measurements.133,134 Given these results, the reduced surface passivation performance for 
ultrathin films cannot be attributed to changes in the field-effect passivation. Instead, a 
deterioration in chemical passivation is responsible for the thickness dependence of the 
passivation quality. 

The effect of film thickness on the level of chemical passivation can be demonstrated by 
corona charging experiments. Figure 22 shows results for the thickness dependence (5-30 
nm) of the chemical and field-effect passivation for films deposited by thermal ALD. As 
discussed previously, the Seff value measured at the point where Qf is nullified by the 
deposited corona charges (Qtotal = Qcorona + Qf = 0), can be used as an approximate measure 
for the chemical passivation. At this compensation point, the field-effect passivation is 
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rendered inactive. While Qf remained constant in the thickness range investigated (Fig. 
22c), the results indicate that the level of chemical passivation strongly deteriorated for 
films of 5 nm (Fig. 22b). For these films a value of Seff < ~ 100 cm/s was obtained (for Qtotal 
= 0), which can be attributed to the chemical passivation only. The thickness dependence of 
the chemical passivation has also been measured for plasma ALD and PECVD Al2O3 
films.128,135  

  
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 22: The effect of the film thickness on the chemical and field-effect passivation. (a) Seff,max as a 
function of the deposited corona charge density Qcorona. (b) Chemical passivation in terms of the value 
of Seff,max for which Qf is exactly balanced by positive corona charges (i.e., Qtotal ≈ 0) for film 
thicknesses in the range of 5-30 nm. (c) Virtually constant negative Qf values for the thickness range 
investigated. Films were deposited by thermal ALD and were annealed at 400oC (N2, 10 min). Lines 
serve as a guide for the eye. 
 

 
4.4 Fundamental mechanisms 
 
Defect passivation 

 
While capacitance-voltage or deep-level transient spectroscopy (DLTS) can readily probe 
and quantify electronic (interface) defects, these techniques are incapable of assessing the 
microscopic origin of the defects. To detect the physical and chemical nature of the 
interfacial defects, electron spin resonance (ESR) has proven to be a powerful technique. 
Stesmans et al. have reported that Si/Al2O3 interface exhibits Pb-type defects  (Pb0 and Pb1). 
This is also the case for the Si interface with other “high-k” dielectrics such as HfO2 and 
ZrO2. The Pb-type defect is a trivalently bonded Si atom (Si3≡Si◦), which represents the 
prominent electronically active defects characteristic of the Si/SiO2 interface.137,138 
Electronically, the Si/Al2O3 interface can therefore be regarded as Si/SiO2-like. The Pb-
center density is a criterion for technological interface quality. The similarity between 
Si/Al2O3 and Si/thermally-grown SiO2 was recently also corroborated by a DLTS study.139 
The observations are in line with the formation of an interfacial SiOx layer (Section 2.2). 

To investigate the nature of the defects in plasma ALD Al2O3 in the as-deposited state 
and after annealing, electrically detected magnetic resonance (EDMR) measurements were 
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performed on our samples.140-142 Compared to ESR, EDMR measurements are more 
sensitive to small defect densities (but they lack the quantitative information). In fact, to 
obtain sufficient sensitivity with ESR in the work of Stesmans et al, the Si/thermal-ALD 
Al2O3 samples were exposed to VUV radiation to depassivate the interface.136 From the 
determined g-factors in the EDMR spectra (Fig. 23), it was possible to identify the Pb0 
center as the main trapping center for the as-deposited plasma ALD Al2O3. In addition, an 
isotropic center with g=2.0055, typical of amorphous Si, and an E’-like defect with g=1.999 
were observed. The E’-like defects are associated with the SiOx interface (O≡Si◦). After a 
standard annealing step (400oC), EDMR did not reveal the presence of remaining defect 
states. This corresponds well with the low Dit values  1011 cm-2 eV-1 after annealing (Fig. 
20).  

It is well known that the trivalent Si interface trap is chemically active and can be 
passivated by hydrogen. For SiO2, the Pb-type defect density is typically ~1×1012 cm-2 after 
oxidation and can be reduced < 1010 cm-2 after annealing in H2 ambient.23,32,137 The 
passivation of Pb-type defects in H2 is quite efficient as the activation energy for 
passivation  (~1.5 eV) is significantly lower than the energy for dissociation of Si-H (~2.8 
eV) in the range of optimal annealing temperatures.137 With isotope labeling using 
deuterated Al2O3, we have recently shown experimentally that hydrogenation of the 
interface plays an important role in the chemical passivation of the Al2O3 films (Chapter 
6).143 The diffusion of hydrogen in Al2O3 was found to critically depend on the annealing 
temperature and the Al2O3 film density, as described in Chapter 8. The relation between the 
mass density and the diffusion processes was corroborated by effusion experiments of 
implanted He and Ne atoms. While the diffusion of the comparatively large Ne atoms was 
impeded by the dense Al2O3 structure, the diffusion of He could take place already at 
relatively low annealing temperatures. Furthermore, a correlation was found between 
passivation of interface defects and hydrogen effusion under variation of the annealing 
temperature. For films that exhibited either a very low initial hydrogen content or a high 
porosity, the passivation was less thermally stable at temperatures of ~600oC compared to 
films with intermediate properties.  

Finally it is noted that, apart from the interface hydrogenation, the chemical passivation 
may also be influenced by film relaxation, Si-O bond rearrangements and some additional 
interfacial oxide growth during annealing. Although stress in the film and its relaxation 
during annealing may play a role in the chemical passivation of Al2O3, this remains subject 
of speculation. In this respect it is also interesting to note that the influence of stress in the 
vicinity of the Si/SiO2 interface on Dit could not be established for thermally-grown SiO2.

144 
Furthermore, it is notable that the observation of a defect density which is below the 
detection limit of EDMR is in contrast with an ESR study on Si/ALD Al2O3 samples. Jones 
et al. reported that a significant decrease in defect density was not observed after annealing 
(550oC).145 These observations were tentatively attributed to a spread in the passivation 
activation energies due to interface stress. As a consequence, it was argued that defects with 
high activation energies would not be effectively passivated during the anneal applied.145 
Our measurements suggest that annealing at 400oC was very effective in eliminating 
defects and that possible stress in the interfacial SiOx appeared to have no dramatic effect 
on the passivation efficiency (within the sensitivity of the experiment).  
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Figure 23: EDMR spectrum for sample orientation H  [011] obtained for plasma ALD Al2O3 films 
deposited on Si(100).  
 
 
Negative charge formation 
 
The microscopic origin of the defect states in the Si-Al2O3 system that lead to negative Qf 
has not been clearly established (see discussion in Ref. 20). Moreover, dedicated theoretical 
or experimental work on this topic has not been carried out yet in the context of field-effect 
passivation. However, in a broader context, defects in Al2O3, and especially in other (high-
k) metal oxides, have been studied for their important role in metal-oxide-semiconductor 
applications. This is related to the fact that fixed charges and trapping centers in gate stacks 
give rise to unwanted effects in MOS applications such as a shift of the threshold voltage 
and scattering of charge carriers. It is well established that the origin of the charge traps are 
(ionized) point defects,21,146-148 with candidates such as (oxygen or metal atom) vacancies 
and interstitials. The latter may also include extrinsic defects, such as interstitial 
hydrogen.149 The defects in these ionic metal-oxides are different from those in thermally-
grown SiO2. 

For the discussion of fixed charges, it is important to distinguish between defects that 
produce energy levels in or near the Si band gap and those that do not. The first class of 
defects can be electronically active. For Pb-type defects, which are physically located at the 
Si surface, it is well known that this can lead to charge trapping/recombination. In most 
high-k metal oxides the oxygen vacancy defect (Vo) has been identified as a prominent 
intrinsic defect with energy levels in the vicinity of the band gap of the semiconductor (e.g. 
Si).148 Defects in proximity to the interface can lead to charge trapping phenomenon during 
device operation. On the other hand, the defects that produce levels outside the range of 
possible Fermi energy levels of the semiconductor-dielectric system can be responsible for 
fixed charges. 
 Various simulation studies have identified the point defects in Al2O3, i.e. the oxygen 
vacancy, the oxygen interstitial, the Al vacancy and the Al interstitial, and their energetic 
positions in the band gap.146,150-152 Liu et al. have provided evidence that the oxygen 
vacancy is responsible for transport and trapping properties.146 However, it is not likely 
responsible for negative charge. In a simulation study, Matsunaga et al. have reported that 
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the Al vacancy (VAl) and the oxygen interstitial (Oi) can be charged negatively.150 VAl was 
found to be stable in the -3 state, and Oi in the -2 state.150,151 Using more advanced 
simulations, Weber et al. have recently analyzed the defects in Al2O3 in the context of III-V 
electronics.151 They found that VAl and Oi produce levels in the Al2O3 band gap below mid 
gap. Both defects are therefore likely candidates to trap negative fixed charge in e.g. the 
InGaAs/Al2O3 system which has a valence band off set of Ev ~3 eV compared to the Al2O3 
valence band maximum. As Ev ≥ 3 eV for Si,146,153,154 we may expect that the negative fixed 
charge in the Si/Al2O3 system has a similar origin. Figure 24 shows a sketch of the band 
gap diagram of Si/Al2O3 with the defect levels as taken from Ref. 151 indicated. Given a 
maximum Fermi energy of approximately the Si conduction band edge, it is observed that 
the oxygen vacancy cannot be negatively charged.  

 

Figure 24: Schematic band diagram of Si/Al2O3 system. Energy levels and fixed charge for native 
point defects Vo, Oi and VAl sketched (based on Ref. 151). Note that these levels were calculated for 
kappa-Al2O3 (with band gap of ~8 eV) and may therefore be positioned slightly differently for 
amorphous Al2O3. 

 
 
The question arises whether these simulations are in line with expectations or 

experiments pertaining to the structural properties of (amorphous) Al2O3. Experimentally, 
however, it is difficult to determine unambiguously the presence and type of point defects 
in the bulk of ultrathin films, let alone at their interfaces. Point defects have, for instance, 
not been observed in Al2O3 with ESR.21 Other methods that have been applied with more 
success include (time-resolved) photoluminescence, optical absorption and electron energy 
loss spectroscopy.147 However, the concentration and type of defects that form near the 
Si/Al2O3 interface may differ from the bulk. For HfO2, for instance, it was predicted that the 
Hf ions near the SiO2 interface exhibited an oxygen undercoordination relative to ions in 
the bulk of HfO2 due to fundamental differences in bonding between O in SiO2 and in 
(ionic) HfO2.

147 The Hf ions near the interface could give rise to mid gap states. For Al2O3, 
a slightly oxygen-rich structure in proximity of the Si interface could imply the presence of 
VAl and Oi defects. In agreement with this, Shin et al. have demonstrated that negative fixed 
charges were indeed correlated with the presence of an O-rich region near the interface for 
InGaAs/Al2O3 MOS structures.152 Also for the Si/Al2O3 system, depth-dependent structural 
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properties have been reported by Kimoto et al.155 Both tetrahedrally and octahedrally 
coordinated Al atoms exist in Al2O3, but the former appeared to be more dominant near the 
surface.  

Regarding the stoichiometry of our films, an O/Al ratio very close to ~1.5 was 
determined by RBS for a film deposited using 250 ALD cycles (Tdep ≥ 200oC). However, 
due to the presence of a small amount OH groups (~1-3 at.%) we may expect that the films 
are slightly O-rich. To investigate whether the stoichiometry of Al2O3 is thickness 
dependent, XPS spectra were recorded for films grown using 10 cycles (~1.2 nm) and 100 
cycles (~12 nm). The Al 2p peak is sensitive to structural variations in the Al2O3 films, and 
it was found to consist of multiple contributions for the ultrathin 1.2 nm film. The most 
prominent contributions can be assigned to an Al2O3 structure (~74.4 eV) and the presence 
of Al-OH bonds (~75.6 eV), see Fig. 25b. At the surface, also carbon was detected (Fig. 
25c) which also appears in the Al 2p spectrum. To obtain a semi-quantitative analysis of the 
atomic Al and O density for ultrathin Al2O3 films, the O contribution originating from the 
carbonates on the surface and from the interfacial oxide is significant and has to be 
corrected for. Moreover, an adsorbed H2O layer on the surface may also contribute.156 This 
leads to an inherent uncertainty in the O/Al ratio for very thin films. Also for thicker films, 
a sensitivity factor is required to calibrate the O/Al ratio as determined by XPS to the more 
precise value determined by RBS. However, Figure 25d shows that small variations in the 
stoichiometry near the interface, most likely a higher oxygen concentration, may exist. 
Recently, Werner et al. reported that the stoichiometry of Al2O3 changes dramatically when 
approaching the Si interface with the O/Al ratio reaching ~8 (as they inferred from XPS 
measurements).128 On basis of our careful XPS analyses, we can exclude that such a 
structure exists near the interface.  

Moreover, it is easy to show that the number of defects that is required to account for Qf 
is relatively small. Using atomic densities obtained by RBS, we can estimate the number 
density of “Al2O3” units to be approximately 7×1014 units/cm2 at the SiOx/Al2O3 interface. 
Therefore, for a fixed charge density of 7×1012 charges/cm2, we find that only one “charge” 
is present for every 102 Al2O3 units. A large deviation from stoichiometry appears therefore 
not to be a prerequisite to account for the typical fixed negative charge densities observed. 

Another important issue is the role of charging of defect states. The charge state of an 
(ionized) defect can be changed by electron (or hole) injection into the conduction (or 
valence band) of the dielectric and by tunneling from the dielectric into the substrate or 
from the dielectric surface into the metal gate.157,158 For the Si/Al2O3 system, there are some 
indications that charge injection from Si into Al2O3 may play a role in the formation of the 
negative Qf. Second-harmonic generation experiments have demonstrated that Qf can 
increase under influence of laser irradiation.154 This is consistent with (multi-) photon-
induced charge injection from Si into preexistent defect states at the SiOx/Al2O3 interface. 
This phenomenon may also explain why plasma ALD, with VUV present during 
deposition, led to some negative Qf in the as-deposited Al2O3 films, in contrast to thermal 
ALD. In addition, we have observed a hysteresis during corona charging experiments that is 
consistent with a charge injection phenomenon. For annealed Al2O3 samples, the fixed 
charge density was observed to increase by 1-2×1012 cm-2 after deposition of positive 
corona charges (~1013 cm-2) on the Al2O3 surface. The net positive charge may attract 
electrons from the Si conduction band into defect states at the SiOx/Al2O3 interface. In 
addition, we have demonstrated that an increase in the SiO2 interlayer thickness gave rise to 
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a decrease in negative Qf.
125 The effective charge density reduced to virtually zero for a 

SiO2 interlayer thickness of ~5 nm (Chapter 7). The simplest explanation is that the SiO2 
acts as a barrier, reducing charge injection from the Si substrate into defect states at the 
SiO2/Al2O3 interface. This could point to a trap-assisted tunneling mechanism. 

In conclusion, simulations and experiments have provided evidence that the negative 
charge at the SiO2/Al2O3 interface may be related to VAl and Oi (which can be considered as 
“O-dangling bond” defects in analogy with SiO2). Charge injection phenomenon across the 
interface may play a role in the formation of the negative charge associated with these 
defects. It is expected that charge injection can occur during thermal annealing, during UV 
exposure and under influence of electric fields. It is important to point out that also other 
mechanisms can contribute to negative charges, and that more research is required to draw 
final conclusions. 

Figure 25: (a-c) X-ray photoelectron spectroscopy (XPS) applied to an ultrathin Al2O3 film 
synthesized using 10 plasma ALD cycles on HF-last Si(100). (d) Estimate of the O/Al ratio for films 
deposited using 10 and 100 cycles (XPS measurement) and 250 cycles (Rutherford backscattering 
spectroscopy measurement). 
 

 
5. Implementation in solar cells 
 
5.1 Stability  
 
UV stability 
 
The UV stability of a passivation layer is important when applied at the front side of a solar 
cell. With an optical band gap of ~6.4 eV, Al2O3 is transparent for the UV radiation in the 
solar spectrum. Nonetheless, the surface passivation induced by Al2O3 was not found to 
degrade during the UV exposure of a Hg lamp (~254 nm). In fact, the effective lifetime of 
Al2O3-passivated wafer exposed to UV light was even observed to increase by ~40%.159 
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This was tentatively explained by an increase in Qf by photon-induced charge injection 
from the Si substrate. Other reports have shown that during light soaking, the passivation 
performance was found to remain stable.160 
 
 
Firing stability 
 
When Al2O3 surface passivation films are implemented in screen printed solar cells, the 
thermal stability of the films during high temperature firing processes is crucial. Although 
the firing recipe can vary significantly from process to process, peak temperatures 
exceeding 800oC are generally required to obtain good contact resistance between the metal 
paste and the (highly-doped) Si.  
 The influence of direct firing and firing after a preceding low-temperature annealing 
step on the passivation properties of Al2O3 have been evaluated.159,161,119,19 Relatively low 
values of Seff < 14 cm/s were reported for Al2O3 and Al2O3/SiNx stacks on n-type c-Si after 
annealing (400oC) and subsequent firing in a belt line furnace.159 Benick et al. demonstrated 
that the firing stability was strongly dependent on the maximum temperature reached (T = 
700-850oC) during the process, with the level of passivation decreasing for higher 
temperatures.19 In contrast to the results of Dingemans et al., a preceding low-temperature 
anneal (at 440oC or 550oC) appeared to have no positive effect on the thermal stability 
compared to direct firing. For p-type Si, a Seff value of ~20 cm/s could be achieved after 
direct firing at 750oC. In addition, Schmidt et al. reported a Seff value of approximately ~40 
cm/s for 30 nm Al2O3 on p-type c-Si after annealing and subsequent firing (830oC).119 Also 
for spatial ALD Al2O3 a good firing stability was reported.162 For instance, ultrathin films 
of 5 nm synthesized by spatial ALD led to Seff < 25 cm/s (p-type Si) after annealing and 
subsequent firing in industrial belt line furnace (Section 5.4). Moreover, a good thermal 
stability was obtained for the passivation of p+ emitters which also appeared to be less 
sensitive to the peak temperature than the passivation of low resistivity Si wafers.19,163,164 
For instance, the level of passivation of a 90 Ω/sq. p+ emitter was compatible with open-
circuit voltages > ~695 mV after firing at 825oC.19 Furthermore, a significant improvement 
in thermal stability for Al2O3/SiNx stacks relative to single layer Al2O3 has been reported, 
when ultrathin films < 20 nm were considered. For uncapped 3.6 nm thick Al2O3, very high 
Seff values of ~300 cm/s were obtained after firing (830oC), while a corresponding stack 
comprising 75 nm SiNx resulted in a significantly lower value of Seff < 44 cm/s.119 In 
addition to these results, also for Al2O3 synthesized by PECVD a good thermal stability has 
been reported.165 The results on lifetime samples have recently been corroborated by a good 
thermal stability for Al2O3 films implemented in screenprinted solar cells. For example, 
Gatz et al. have extracted an Seff value of 70±30 cm/s (contact pitch 1 mm) for an 
Al2O3/SiNx stack at the rear side of a screenprinted p-type PERC solar cell leading to an 
efficiency of 19%.166 A comprehensive overview of other solar cell results is provided in 
Section 6. 

Taken the reports together, it can be concluded that in general the passivation by Al2O3 
exhibits a sufficient thermal stability for application in screenprinted solar cells. On the 
other hand, the exact level of passivation that can be expected after firing is strongly 
dependent on the peak temperature and the duration of the firing step. In addition, the 
structural Al2O3 properties (i.e. mass density and hydrogen content) can strongly affect the 
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thermal stability.  
The relative deterioration in passivation quality during firing can be attributed mainly to 

an increase in the interface defect density at high annealing temperatures, while the value of 
Qf was found to be less affected.163 The increase in Dit can be ascribed to the dissociation of 
interfacial Si-H bonds at elevated temperatures. Thermal effusion measurements revealed 
that hydrogen is released from the film up to high annealing temperatures (> 900oC). 
Furthermore, it was found that the firing induced degradation could not be improved 
significantly by subsequent annealing in forming gas.159 This contrasts the behavior of fired 
thermally grown SiO2, and can likely be related to the Al2O3 film acting as a barrier for the 
diffusion of H2 at the moderate annealing temperature of 400oC. 

Apart from the stability of the passivation, the physical and optical properties of the 
Al2O3 (bulk) material should, preferably, not deteriorate at high temperatures. While 
cracking of the Al2O3 films did not occur, very small blisters have sometimes been 
observed after high-temperature processing.167,168 The key parameters (e.g. synthesis 
method, film thickness, film density, hydrogen content, firing recipe, capping layer) that 
affect blister formation have not yet been conclusively identified, and it should be noted 
that in some cases no blistering was observed after firing. Figure 26 shows a SEM image of 
thin Al2O3 film that exhibited small, perfectly round blisters with a typical diameter of ~50 
µm. The figure clearly illustrates that blistering is associated with local film delamination, 
as was also reported by Richter et al.167 The formation of blisters can likely be attributed to 
the local accumulation and subsequent release of gaseous hydrogen from Al2O3 films. It 
should be noted that the passivation performance was not (strongly) affected by film 
blistering, which may be expected on basis of the typically low surface coverage of blisters 
(5-10%). More research is required to better understand the conditions that lead to film 
blistering. 
 

 
Figure 26: Example of an Al2O3 film with “blisters” formed after high-temperature annealing. The 
images were obtained by scanning electron microscopy (SEM). 
 
 
5.2 Surface passivation stacks 
 
Al2O3/a-SiNx stacks  
 
a-SiNx:H capping layers, synthesized by PECVD, have been applied on top of thin Al2O3 
films at the rear- and front side of solar cells.169-171,165 The application of a-SiNx:H films 



Al2O3 for Si surface passivation, an overview 

 54 

deposited at temperatures of ~400oC by PECVD did not compromise the surface 
passivation performance of Al2O3.

159 In fact, the thermal budget during a-SiNx:H deposition 
was sufficient to activate the surface passivation induced by Al2O3. As discussed before, the 
application of a SiNx capping layer can extend the process parameter window for screen 
printed solar cells in terms of Al2O3 film thickness and firing temperature.119,163 Richter et 
al. have recently reported that 5 ALD cycles of Al2O3 in combination with a SiNx capping 
layer already produces optimal passivation properties for p+-emitters.163 

An important reason for the use of Al2O3/SiNx stacks at the rear side of screenprinted 
solar cells is the improved chemical stability. It has been observed that the application of 
metal pastes directly on Al2O3 can disintegrate the material during firing. N-rich SiNx layers 
appear to be more robust and remain chemically stable and can therefore protect the Al2O3 
films from damage caused by metal paste. Moreover, when ultrathin Al2O3 films are 
considered at the rear side, a SiNx capping layer can be useful to increase the physical 
thickness (to ~100 nm) to improve the rear reflection properties of the solar cell.  

Regarding the underlying passivation mechanisms, a negative fixed charge density was 
associated with the stacks.163 This is consistent with the expectation that the positive fixed 
charge density in the SiNx capping layers is absent (or significantly lower) compared to 
SiNx applied directly on Si. 
 
 
SiO2/Al2O3 stacks  
 
A different approach is to use Al2O3 as a capping layer on SiO2 (Chapters 4, 6-8). These 
SiO2/Al2O3 stacks have significant technological potential as they lead to a considerable 
improvement in the passivation properties and stability of SiO2, regardless of the SiO2 
synthesis method. 35,37,125,143, 172,173 
 For stacks comprising thermally-grown SiO2, low Seff values < 5 cm/s were achieved 
after annealing in N2. The level of passivation induced by the stacks was generally 
somewhat higher than obtained for single layer SiO2 after forming gas annealing. Figure 27 
shows that an Al2O3 thickness of 10 nm and above is already sufficient to fully activate the 
passivation performance of the stacks. The Al2O3 capping layer was also responsible for a 
significant improvement in the firing stability of the SiO2 passivation. Low Seff values of ~ 
10 cm/s were obtained for the fired stacks, in contrast to the very high Seff values after firing 
single layer SiO2 (Figure 28).172  
 While SiO2 grown by oxidation at high temperatures (> 850oC) is not always desirable, 
low-temperature alternatives such as PECVD SiO2 generally lead to a significantly lower 
passivation level. It is therefore an important result that ultrathin Al2O3 capping layers led 
to a dramatic improvement in the passivation properties of SiO2 deposited at low 
temperatures. Seff values < 2 cm/s, on par with single layer Al2O3, were obtained for SiO2 
films (10-85 nm) synthesized by PECVD. Similar results were achieved for stacks 
comprising SiO2 synthesized by a novel plasma-ALD process (Chapter 11). Moreover, the 
stacks also exhibited an excellent firing stability, and did not appear to suffer from a poor 
long term stability as is sometimes observed for single layer SiO2. 
 With respect to the underlying passivation mechanisms, it was unexpected that the 
Al2O3 capping layers mainly influenced the chemical passivation at the remote Si/SiO2 
interface. The very low Seff values obtained for the SiO2/Al2O3 stacks can be attributed to 
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low interface defect densities Dit < 1011 cm-2 eV-1.35 The capacitance-voltage measurement 
on PECVD SiO2/Al2O3 stacks in Fig. 28 reveals an almost negligible frequency dispersion 
indicative of an excellent interface quality. In turn, the low defect densities can be 
attributed to the effective hydrogenation of the Si/SiO2 interface during annealing under 
influence of the Al2O3 capping layer. The effective passivation of interface defects induced 
by Al2O3 capping layers during annealing is reminiscent of the “alnealing” process where a 
sacrificial aluminum capping layer is used during annealing of the SiO2 layer. In fact, also 
the Al2O3 layer could be removed after annealing (by etching in diluted HF) without 
comprising the passivation properties.143 It has been hypothesized that the effective 
hydrogenation by alnealing is related to an oxidation reaction of Al (e.g. reaction with 
H2O) under formation of hydrogen and AlOx.

23 In Chapter 8, evidence is provided that 
atomic hydrogen may play a role for dense Al2O3 films at moderate annealing temperatures. 
This is another similarity with alnealing, which is also often linked with the diffusion of 
hydrogen in atomic form. 

Regarding the field-effect passivation, Figure 28 demonstrates a significant reduction of 
the flat band voltage shift for the stack comprising 10 nm PECVD SiO2 relative to single 
layer Al2O3. This indicates a drastically lower negative Qf for the stacks. Apparently, the 
negative fixed charge density associated with Al2O3 is strongly dependent on whether 
Al2O3 is directly deposited on H-terminated Si (with a thin interfacial SiOx layer formed 
during deposition) or on top of a (thicker) SiO2 interlayer. In fact, Qf was found to be very 
sensitive to the SiO2 thickness. By engineering the interface by ultrathin SiO2 interlayers 
synthesized by ALD (thickness resolution is ~1.2 Å), a marked decrease in Qf was found 
for increasing SiO2 thickness between 0 and ~5 nm. 

  

  
Figure 27: Surface passivation quality in 
terms of Seff,max of thermal SiO2/Al2O3 stacks as 
a function of Al2O3 capping layer thickness. 
The SiO2 thickness was ~200 nm. Annealing 
was performed at 400oC (N2, 10 min). Al2O3 
was synthesized by thermal ALD. 

Figure 28: Comparison between firing 
stability of thermal SiO2 and SiO2/Al2O3 
stacks. The thickness of SiO2 was ~ 200 nm. 
As substrates, ~12 Ω cm n-type c-Si FZ 
wafers were used. Annealing for the stacks 
was performed at 400oC (N2, 10 min), 
whereas SiO2 was annealed in N2/H2 at 400oC 
for 10 min. SiO2 was grown using a wet-
thermal process at 900oC. 
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Figure 28: Low and high-frequency capacitance-voltage (C-V) measurements for a PECVD 
SiO2/Al2O3 stack and single layer Al2O3. Evaporated Al was used for the contacts applied after 
annealing the samples at 400oC (N2, 10 min). As substrates, 2 Ω cm p-type c-Si wafers were used.  

 
 
The significant reduction in field-effect passivation by the implementation of a SiO2 

interlayer was also observed for SiNx (Chapter 10). Second-harmonic generation 
measurements revealed that the Al2O3 and SiNx stacks comprising thermally-grown SiO2 
with a thickness of 50 nm led to negligible Qf, with corresponding electric fields close to 
the detection limit of SHG (Figure 29). This was corroborated by Wolf et al.173 In marked 
contrast, stacks comprising (sufficiently thick, e.g. 30 nm in Fig. 29) SiO2 layers 
synthesized by ALD or PECVD gave rise to relatively higher Qf values with a positive 
polarity. This difference with stacks comprising thermally-grown SiO2 suggests that the 
positive charges are associated mainly with the low-temperature SiO2 layer. This is 
consistent with typically very low fixed charge densities (1010-1011 cm-2) in thermally 
grown oxides, while higher Qf are generally present in deposited oxides.  
 

Figure 29: Field-effect passivation for Al2O3 and SiNx films deposited on HF-last Si(100) or on SiO2 
interlayer(s), after annealing at 400oC (N2, 10 min). Film thickness of Al2O3 and SiNx was 30 and 50 
nm, respectively. Qf was determined by C-V and/or corona measurements for samples (1)/(2), or 
estimated on the basis of SHG measurements for samples (3). 
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5.3 Industrial‐scale ALD 
 
The traditionally low deposition rate of ALD has been regarded as the main obstacle for the 
use of ALD in photovoltaics where the throughput requirements are significantly higher 
than in the microelectronics industry. For our lab scale reactors, the deposition rate was for 
instance ~1-2 nm/min for cycle times of 4-7s. However, while the growth per cycle for 
Al2O3 is fixed at roughly ~1 Å for all ALD equipment, the duration of the cycle and 
therewith the deposition rate (i.e. thickness per unit of time), can vary substantially. With 
the incentive to overcome the throughput limitations of existing ALD Al2O3 methods, 
manufacturers such as Beneq and ASM have redesigned or adapted their ALD batch tools, 
which were originally designed for the semiconductor industry, to meet the throughput 
requirements of typically ~ 3000 solar cells/hour. Moreover, spatial ALD equipment has 
recently been developed specifically for the deposition of Al2O3 for PV applications. 

The concept of spatial ALD was already described in the original ALD patent of 
Suntola.174 Recently, technology to enable atmospheric spatial ALD has been explored by 
Levi et al.175 The difference between spatial- and temporal ALD pertains to the separation 
of the precursor and oxidation steps (Figure 30). In conventional temporal ALD processes, 
such as used in batch reactors, the precursor and oxidants are injected sequentially into the 
same reactor volume. In spatial ALD, the precursor and oxidants are separated spatially in 
different zones of the reactor. Two spatial ALD concepts have been commercialized by 
TNO/SoLayTec and by Levitech. Both concepts are quite similar with the main difference 
being the transport of the wafers (Fig 30.) The Levitech approach is based on an inline 
reactor (the Levitrack) where transport is controlled by an atmospheric gas bearing on 
which the wafer floats. While the wafer moves through the reactor, it is sequentially 
exposed to Al(CH3)3, N2, H2O and again N2. The precursor zones are repeated over the 
length of the track, apart from a heating and cooling zone in the initial and final part of the 
reactor. The system yields ~1 nm Al2O3 per 1 m system length in its current configuration. 
In the SoLayTec reactor, the wafer moves back and forth underneath TMA and H2O 
injection zones. As is the case in the Levitrack, wafer movement is fully controlled by gas 
flows. In the SoLayTec concept, the deposition rate depends on the number of injection 
slots integrated in the injector head and the number of passages of the wafer per second.  

In spatial ALD, the cycle time is ultimately dictated by the speed of the precursor 
reactions at the growth surface and not by the purge steps that avoid parasitic reactions 
between precursors. Both spatial ALD reactors lead to significantly higher deposition rates 
(e.g. 30-70 nm/min) than generally obtained by temporal ALD (e.g. ~2 nm/min). Other 
benefits of these reactors are that no vacuum pumps are required as the reactors are 
operated under atmospheric pressure conditions, and that only the wafer is coated (either 
single-side or double-side depending on the reactor design) and not the reactor walls. In 
addition, there are no moving equipment parts (e.g. ultra fast ALD valves) apart from the 
wafers. More details on spatial ALD and the systems can be found in Refs. 176-182. 

An important question was whether the scale-up of the ALD processes compromises the 
passivation properties of Al2O3 films in comparison with single-wafer laboratory systems. 
In the current work, the passivation properties of Al2O3 films that were deposited in an 
ASM ALD batch reactor and in the inline ALD reactor from Levitech were evaluated. 
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Figure 30: (a) Schematic representation of atomic layer deposition of oxides where the precursor 
dose step and the oxidant are (i) separated in time or (ii/iii) separated spatially. The precursor and 
oxidant are prevented to react with each other, either by purging the reactor or by their spatial 
separation involving purge flows in between the precursor inlets. (b) Schematic of an ALD batch 
reactor. (c) Spatial ALD setup as commercialized by Levitech,181 where the wafer moves through an 
inline reactor, see also (ii). Note that (iii) is the approach commercialized by SolayTec,182 where the 
substrate moves back and forth between two reactor zones. 
 
 
Batch ALD 
 
The surface passivation properties of Al2O3 deposited in the ASM ALD batch reactor were 
optimized for substrate temperature and precursor dosing times. O3 was used as the oxidant 
and the lifetime wafers were deposited at both sides simultaneously. On the other hand, the 
wafers can also be placed back-to-back which results in single-side deposition of twice the 
amount of wafers and, therefore, a higher throughput. The Al2O3 films afforded a low level 
of surface passivation in the as-deposited state. This is similar to the results for plasma 
ALD. The surface passivation was activated by annealing, resulting in very low Seff values 
< 6 cm/s for Al2O3 films with a thickness of ~ 15 nm for 2 Ω cm p-type Si wafers. This 
high level of passivation after annealing can be explained by a high fixed negative charge 
density of 3.41012 cm-2 and a low interface defect density Dit of ~11011 eV-1 cm-2 as 
determined by C-V measurements (Chapter 5).88 
 
 
Spatial ALD 
 
The Al2O3 films deposited in the Levitrack afforded some surface passivation in the as-
deposited state with Seff < 50 cm/s for a film thickness of ~15 nm. This is in agreement with 
results for thermal ALD (with H2O) in a lab scale reactor.118 After a standard anneal, the 
effective lifetime increased significantly to τeff = 2.5 ms, resulting in very low Seff < 6 cm/s 
(Fig. 31a). Furthermore, it was verified that also shorter annealing times of only 1 minute 
were sufficient to activate the surface passivation to the full extent. Reference samples 
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deposited with plasma ALD Al2O3 in a single-wafer reactor showed similar low Seff values. 
For annealed films, Seff decreased with increasing film thickness and saturated for 
thicknesses > ~10 nm. Interestingly, after a subsequent firing process in an industrial belt 
line furnace (T > 800oC), the thickness dependence disappeared. Ultrathin films of ~5 nm 
yielded relatively low Seff values < 25 cm/s after firing. Regarding the field-effect 
passivation, it was verified by corona charging experiments that the spatial ALD Al2O3 
films exhibited a high negative Qf of (4±0.5)×1012 cm-2 after annealing (Fig. 31b). 
 
The excellent passivation results for the spatial and batch ALD Al2O3 processes are 
comparable to those obtained for single-wafer reactors. This is also true for the Al2O3 films 
deposited in the spatial ALD tools of SoLayTec, which led to low Seff values of < 8 cm/s on 
low-resistivity p- and n-type Si.179,180 Therefore, no apparent compromised performance in 
terms of resulting passivation quality was observed when going to scaled-up ALD 
processes. To date, spatial ALD equipment has already been installed in pilot lines at a 
number of solar cell manufactures. 

Figure 31: Results obtained for the inline thermal ALD reactor of Levitech. (a) Thickness 
dependence of the passivation performance of Al2O3, for as-deposited films, after annealing (10 min) 
and after subsequent firing at ~850oC. The results are compared with plasma ALD reference samples. 
(b) Corona charging graph for an 18 nm Al2O3 film after annealing. A negative Qf of ~4×1012 cm-2 
was obtained. Wafers with a resistivity of ~2 Ω cm (p-type) were used as substrates. 
 
 
ALD or PECVD? 
 
PECVD is a serious contender for the deposition of Al2O3 in the PV industry. Good surface 
passivation properties (Seff < 10 cm/s, 1 Ω cm p-type Si), on par with ALD, have been 
reported for Al2O3 synthesized by PECVD in an industrial Roth&Rau reactor.105 A 
difference may be the refractive index of the PECVD deposited films which is generally 
somewhat lower (~1.60) compared to ALD (~1.64).77,105 This is indicative of a lower mass 
density and the incorporation of relatively more impurities. 

The PECVD and the ALD processes both have strengths and weaknesses. Hence, it is 
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likely that there are opportunities for both technologies depending on specific demands and 
applications. When ultrathin Al2O3 films are required (< 5 nm), the thickness control and 
uniformity of ALD may provide key benefits over PECVD. This will also be the case for 
concepts in which Al2O3 films are required on both sides of the solar cell, and for more 
advanced passivation schemes comprising stacks of ALD materials, nanolaminates, or 
perhaps doped-Al2O3 films and mixed oxides. However, when thick Al2O3 films (e.g. ~100 
nm) are required, PECVD may be the preferred option. In the end, cost-of-ownership 
considerations (such as operational costs, equipment down-time, precursor consumption, 
etc.) may be at least as important as the purely technological specifications of the system. 
 
 
5.4 Alternative precursors 
 
Solar grade TMA 
 
Highly purified “semiconductor grade” Al(CH3)3 is a relatively expensive precursor. Cost-
of-ownership for Al2O3 deposition technology could be reduced considerably when a lower 
purity, lower cost precursor can be used. The lower costs are directly related to the amount 
of purification steps required during precursor synthesis. Possible impurities that can be 
present in lower grade TMA include Ga, Zn, Cl atoms. Therefore we have compared 
Al(CH3)3 with two different purities to assess the possible influence of the purity level on 
the passivation properties of the Al2O3 films.172 Figure 32 compares the effective lifetime 
resulting from the use of semiconductor grade and “solar grade” Al(CH3)3. For both 
thermal and plasma ALD, no significant difference was observed between the two 
precursors in terms of resulting passivation performance. This holds for both p- and n-type 
silicon. It can therefore be concluded that the surface passivation is not compromised by the 
higher impurity level of solar grade Al(CH3)3. Note that the slightly higher lifetimes 
obtained with the thermal ALD process can most likely be attributed to differences in bulk 
lifetime for the wafers used. The demonstrated compatibility of the surface passivation 
process with solar grade Al(CH3)3 is crucial for large-scale production. 

Figure 32: Al2O3 films synthesized by plasma and thermal ALD using lower purity “solar grade” 
Al(CH3)3 and the high-purity “semiconductor grade” Al(CH3)3, after annealing (400oC, N2, 10 min). 
As substrates, 3.5 Ω cm n-type c-Si wafers were used.  
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[Al(CH3)2(O

iPr)], DMAI 
 

Figure 33: Precursor drawings showing the differences between the Al-precursors TMA and DMAI. 
 
DMAI 
 
As an alternative to Al(CH3)3, dimethylaluminium isopropoxide [AlMe2(OiPr)] can be used 
as Al precursor during ALD. This novel precursor (in brief DMAI), commercialized by Air 
Liquide, is less pyrophoric than TMA. DMAI is therefore safer to handle and store. In the 
DMAI molecule, the Al atom is bonded to an isopropoxide group and to two methyl groups 
(Fig. 33). It is likely that the precursor is dimeric in the gas phase, just like Al(CH3)3 at low 
temperatures, meaning that two molecules are connected by dative-bound oxygen bridges. 
DMAI can be used in combination with O3, H2O or an O2 plasma as oxidants. A saturated 
process was developed for plasma- and thermal ALD in our OpAL reactor.183 Slightly 
longer dosing times (~100 ms) were required for DMAI than for TMA, which can be  
attributed to a lower vapour pressure for DMAI (9 Torr at 66.5°C) than for TMA (9 Torr at 
16.8 °C). The plasma ALD process yielded a growth rate of 0.9 Å/cycle for Tdep = 200oC, 
which is lower than the 1.2 Å obtained when using TMA. In addition, the DMAI-Al2O3 
films exhibited a higher hydrogen content of ~7 at.% and, consequently, a lower mass 
density of ~2.6 g/cm3 (Tdep = 200oC) compared to TMA-Al2O3. These differences illustrate 
that a relatively small change to the precursor molecule can give rise to different growth- 
and material properties.  
 

Figure 34: Injection-level-dependent effective lifetime for Al2O3 films synthesized by plasma ALD 
using the alternative DMAI precursor for Al. Annealing was performed at 400oC (10 min, N2). Data 
for n- (3.5 Ω cm) and p-type (2 Ω cm) Si is shown. 

 

H3C Al
CH3

CH3

H3C Al
CH3

O

CH3

H3C

1013 1014 1015 1016

10-5

10-4

10-3

10-2

as-deposited

n-type Si
p-type Si

 

 

E
ffe

ct
iv

e 
lif

et
im

e 
(s

)

Injection level (cm-3)

annealed



Al2O3 for Si surface passivation, an overview 

 62 

The surface passivation performance of the DMAI-Al2O3 films is displayed in Fig. 34 
comparing results for n- and p-type c-Si. Before annealing, the passivation performance 
was very poor with Seff values of the order of 103 cm/s, as expected for plasma ALD. After 
annealing, the effective lifetime is observed to improve significantly. Seff values < 6 cm/s 
and < 3 cm/s were obtained for p- and n-type Si, respectively. These values are quite 
comparable to those reported for plasma ALD Al2O3 using Al(CH3)3.

112,118 
 

 
 
6. Solar cells featuring Al2O3 
 
Many different high-efficiency solar cell concepts are currently being investigated and 
developed and these research efforts have clearly intensified in the last few years. One key 
aspect of all these solar cells is the incorporation of effective surface passivation schemes 
on the front and/or rear side. The fact that Al2O3 proved to be an excellent passivation 
material, also applicable to p+-emitters, intensified the research on n-type Si solar cells. 
Figure 35 illustrates a selection of solar cell structures based on p-type and n-type Si base 
material. It is evident that the number of process steps required for the fabrication of the 
different cells varies widely and that the industrial standard screenprinted p-type Si solar 
cell exemplifies the simplest device structure (Fig. 35, i). The energy conversion efficiency 
of this type of solar cell can be increased by improving the front side (e.g. using a selective 
emitter). However, to achieve a significant increase in efficiency, it is necessary to also 
improve the rear side by the implementation of a passivated rear with local back surface 
field (PERC-type solar cell). The PERC-type solar cell design is compatible with high cell 
efficiencies,184,185 and, for what is known, is currently being introduced in mass-production. 
The adaptation from the standard Al-BSF cell to a PERC-type cell requires the deposition 
of a rear passivation film, local contact formation by laser processing,186,187 but also 
changes, for example, the requirements for the optimal Si bulk resistivity.188,189 Another 
route to realize high efficiencies is the use of n-type Si base material. An advantage of 
using single crystal Czochralski-grown n-type Si is the high bulk lifetime which does not 
suffer from light-induced degradation by the formation of boron-oxygen complexes as is 
the case for CZ p-type Si.188 This is one of the reasons why cells based on n-type Cz Si 
have a higher efficiency potential than those using Cz p-type Si. However, for n-type cells, 
a n+-BSF (or front surface field, n+-FSF) cannot be simply formed during the metallization 
process similar to the formation of the Al-BSF for p-type cells and therefore requires 
additional process steps. On the other hand, screen printing can be employed to create an 
Al-p+ emitter at the rear side (Fig. 35, vii). It is important to note, however, that elaborate 
cleaning steps are required to remove the Al and passivate the emitter. Obviously 
passivation of the emitter is more straightforward when using boron diffusion or ion 
implementation processes.190 Al2O3-based passivation schemes have been employed for 
various types of solar cells listed in Fig. 35. An overview of the results is presented in  
Table 5. 
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Figure 35: Various solar cell concepts based on p- and n-type Si wafers. (i) Full Al-BSF; (ii) 
Passivated Emitter and Rear (PERC) Cell; (iii) Back-Contacted Emitter Wrap Through (BC EWT) 
cell; (iv, v) Passivated Emiitter and Rear Totally diffused (PERT) cel; (vi) Passivated Emitter and 
Rear Locally diffused (PERL) cell; (vii) Back-Junction Al alloyed rear emitter (“BJ-Alp+”) cell; (viii) 
Back-Junction PERT cell; (ix) Bifacial cell; (x) Interdigitated Back Contacted Back Junction (IBC BJ) 
cell; (xi) Back-contacted Emitter Wrap Through cell (BC EWT) cell; (xii) Heterojunction (HJ) cell. 
 
 
p-type Si cells 
 
The first p-type PERC solar cell featuring Al2O3 surface passivation was reported in 2008 
by Schmidt et al.191 It was demonstrated on cell level that the passivation performance of 
Al2O3 can be on par or superior to alnealed thermally-grown SiO2. An effective surface 
recombination velocity of ~70 cm/s was deduced from the IQE measurements for Al2O3 
with a PECVD SiOx capping layer. The SiOx capping films were applied on top of the thin 
Al2O3 films to improve the rear reflection properties. Efficiencies of 20-20.6% were 
reported, which were later increased up to 21.4%.162 As expected, the Al2O3-passivated 
PERC cells did not suffer from parasitic shunting (by the formation of an inversion layer), 
as can be the case when SiNx is applied on the rear. By direct comparison, it was 
furthermore concluded that Al2O3 synthesized by sputtering led to a lower Voc and η 
compared to ALD Al2O3 films, which is consistent with the differences in passivation 
quality as deduced from effective lifetime measurements. Very similar efficiencies of up to 
21.5% have been reported for PERC cells by Saint-Cast et al.171 It was found that the 
passivation by PECVD AlOx led to similar solar cell performance as for plasma ALD. 
Moreover, the rear reflection properties for single layer Al2O3 with an optimal thickness of 
~100 nm were equivalent to those of SiO2 or Al2O3/SiOx stacks. The high open-circuit 
voltages > 675 mV clearly demonstrate the excellent rear surface passivation properties of 
the Al2O3 films. The front side of the PERC cells in Ref. 162 and 171 exhibited high-
efficiency n+ emitters of 100 and 120 Ohm/sq, respectively. In Ref 162, the emitter surface 
was very lightly oxidized (“tunnel oxidation”, leading to ~1.5 nm SiOx) to improve the 
front side contact resistance and therewith the fill-factor, FF, of the cells. Zielke et al. have 
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recently demonstrated that a few ALD cycles of Al2O3 on top the n+ emitter also had a 
positive impact on the cell efficiency and reproducibility.192 However, when more than 2 
ALD cycles were employed, a decrease in Voc and FF was observed which the authors 
ascribed to a decrease in tunneling probability. A similar front and rear passivation scheme 
was used by Petermann et al. for thin 43 µm epitaxial Si layer solar cells in combination 
with the porous Si layer transfer process.193 Partially due to the improved surface 
passivation, they were able to improve the efficiency of this type of solar cells from 16.9% 
to 19.1%. It is important to note that the laboratory-type PERC cells discussed before were 
based on high-quality FZ Si (B-doped, 0.5 Ωcm, ~4 cm2) with an evaporated Al 
backcontact. Either photolithography-based processes were used to create openings in the 
rear surface passivation scheme,191 or laser-fired-contacts (LFC) were implemented.171  

Results on industrially feasible PERC cells, based on Cz-Si and screenprinted 
metallization, have also been reported (Table 5). For these type of cells, a stack of Al2O3/a-
SiNx:H is used on the rear, instead of single layer Al2O3. This is chiefly related to the high 
chemical stability of N-rich SiNx when covered by metal paste. Lauermann et al. reported a 
~0.7% higher (absolute) efficiency for PERC cells (18.6%) compared to Al-BSF reference 
cells.194 The combination of increased surface passivation performance and enhanced rear 
reflection led to an increase of Jsc by 1.5 mA/cm2 compared to the references. These results 
demonstrate on a device level that the Al2O3/SiNx passivation scheme is sufficiently firing 
stable. Gatz et al. reported an energy conversion efficiency of 19.0% for large area Cz Si 
solar cells passivated by an Al2O3/SiNx stack.166 As expected, the Jsc (38.9 mA/cm2) and Voc 
(652 mV) were significantly higher than for the Al-BSF reference (η = 18.6%). 
Nevertheless, the PERC cells in Refs. 194 and 166 exhibited a significantly lower FF (77.2 
and 75.2%, respectively) than was obtained for the Al-BSF references (79.5 and 78.7%). 
An enhanced series resistance associated with the local (line or point) contacts is 
responsible for this difference. For PERC cells, the pitch and local contact size are critical 
parameters for optimizing the rear side which involves a trade-off between a low contact 
resistance (narrow pitch and large contacts) and low surface recombination velocities (wide 
pitch and small contacts). Apart from laser ablation (or etching) of the dielectric prior to 
metallization, another industrially-feasible option is to use LFCs at the rear side where 
structuring is done after the application of the metal paste.186  

Apart from PERC cells based on Cz-Si, excellent results were reported recently by Q-
Cells for industrially manufactured multicrystalline Si cells and Cz cells with improved 
front- and rear side. Using a dielectric rear side passivation (material undisclosed) and 
LFCs, Engelhart et al. demonstrated record-efficiencies of up to 19.5% (mc-Si) and 20.2% 
(Cz Si).189,200 The authors estimated that the improvement in Jsc due to enhanced rear 
reflection (ΔJsc ~1 mA/cm2) was almost as important as the reduction in electronic rear side 
recombination (ΔJsc ~1.2 mA/cm2) for the mc-Si cells. These solar cell results clearly 
demonstrate that rear side surface passivation is not only useful for monocrystalline Si cells 
but also has significant potential for cells based on lower quality Si substrates, which was 
previously unexpected. Moreover, these developments also suggest that the performance 
gap between industrially produced Cz-Si cells and cheaper multicrystalline Si cells can be 
reduced by the implementation of new technologies. 
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Table 5: A selection of solar cell results with implemented Al2O3 passivation films. The solar cell 
types refer to Fig. 35. 
 
Solar cell 

type 
Passivation layer(s) Cell 

efficiency 
Additional details Ref. 

p-PERC 
(ii) 

(rear) ALD Al2O3 + SiOx 
 

21.4% 
 

Al. evaporated contacts 
0.5 Ω cm FZ, 4 cm2 

191 
 
160 (rear) sputtered Al2O3 + 

SiOx 
20.1% 

p-PERC 
(ii) 

(rear) ALD Al2O3 + SiOx 

 
21.3% 

 
Al. rear, plated front contacts 
0.5 Ω cm FZ, 4 cm2 

171 

(rear) PECVD Al2O3 + SiOx 21.5% 

p-PERC 
(ii) 

(front) few ALD cycles 
Al2O3 + SiNx ARC 
(rear) Al2O3/SiNx stack 

21.7% 
 
 

Al. evaporated contacts 
0.5 Ω cm FZ, 4 cm2 
 

192 

19.1% 
 

43 µm thick, B-doped epitaxial Si,   
0.5 Ω cm FZ, 4 cm2 

193 

p-PERC 
(ii) 

(rear) Al2O3/SiNx stack 18.6% Screen printed metallization 
3 Ω cm Cz, 125 × 125 mm, 

194 

p-PERC 
(ii) 

(rear) Al2O3/SiNx stack 19.0% Screen printed metallization 
2–3 Ω cm Cz, 125 × 125 mm, 

165 

n-PERT 
(iv) 

(front) Al2O3/ SiNx 20.8% (FZ) 
19.4% (CZ) 

Full metalized n+ diffused rear side 
90 Ω/sq p+, 1 Ω cm FZ, 4 cm2 

195 

n-PERL 
(vi) 

(front) Al2O3/SiNx stack 
(rear) thermal SiO2 

23.9% Local diffused n+ BSF  
140 Ω/sq p+, 1 Ω cm FZ, 4 cm2 

169, 
188 

n-PERL 
(vi) 

(front) Al2O3/SiNx stack 
(rear) a-Si:C 

22.4% Local n+ BSF (PassDop, Laser doping)  
1 Ω cm FZ, 4 cm2 

196 

n-IBC 
(x) 

(rear) Al2O3  
(front) SiNx 

19% Al-p+ / n+ (rear side) 
2 Ω cm CZ, 4 cm2 

197 

EWT 
(xi) 

(front/rear p+) Al2O3/SiNx  
(rear n+ BSF) thermal SiO2 
+ Al2O3/SiNx 

21.6% 1.5 Ω cm CZ, 4 cm2, 
 

198 

 
 
n-type cells 
 
Al2O3-based passivation was first tested for n-type Si solar cells in a PERL (passivated 
emitter rear locally diffused) cell design. An Al2O3/SiNx stack was used on the front side 
boron emitter (~140 Ohm/sq).169 Hoex et al. demonstrated that Al2O3-passivated boron 
emitters with comparable sheet resistance lead to ultralow J0e of ~10 fA/cm2.131 For the 
PERL cell, Benick et al. reported record-efficiencies of, at that time, 23.2%.169 In later 
years, the efficiency was even improved further to 23.9%.188 Internal quantum efficiencies 
of approximately 100% were obtained for the front side, in combination with Voc values > 
700 mV. These results underline the passivation properties of Al2O3 for highly doped p-
type surfaces on a device level. The PERL-cell, featuring local n+-BSF’s fabricated using 
photolithography processes, presents a complex cell concept involving many different 
process steps. To simplify the formation of the n+-BSF, a novel process was developed at 
Fraunhofer ISE where a phosphorous containing passivation layer (called PassDop) is 
locally opened by a laser under the simultaneous diffusion of P atoms into Si. Using this 
process, promising efficiencies of 22.4% have already been demonstrated.196 A next step 
towards industrial feasibility is the use of screenprinted metallization. 
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Another approach which is compatible with industrial processing consists of a full-area 
n+ diffusion. (Fig. 35, v). Richter et al. demonstrated efficiencies of 20.8% for this concept 
using an Al2O3/SiNx stack on the front side p+-emitter (90 Ohm/sq) in combination with 
screenprinting technology.195 The p/n junction can also be formed at the rear side by the 
formation of an Al-p+ emitter and efficiencies up to 19.8% have been reported.201 It is 
evident that both cells are limited by the properties of the rear side which does not comprise 
dielectric passivation. Therefore, to further improve the energy conversion efficiency, a 
passivated rear with local contacts can be implemented similar to p-type PERC cells. In a 
preliminary study, SiNx and SiONx/SiNx stacks have been evaluated for the passivation of 
the rear n+-BSF.202 In combination with a stack comprising 0.5 nm Al2O3 and 70 nm SiNx 
on the front side, a significantly enhanced Voc of 671 mV was obtained, which represented 
an increase of ~15 mV compared to the cell with fully-metalized BSF. Mertens et al. have 
evaluated the potential of concept viii (Fig. 35). As the p/n junction is moved to the rear 
side, the front side can be manufactured similarly to conventional industrial p-type cells. 
First results already demonstrated a promising efficiency of 20.2% for large area CZ cells 
using industrially-feasible techniques (passivation materials not disclosed).203  

In addition to the PERL and PERT cells, various other n-type cell designs have the 
potential of high efficiencies and can therewith exploit the benefits of n-type Si over p-type 
Si base material. Bifacial cells (Fig. 35, ix) have attracted considerable attention due to the 
simplicity of the rear side which does not require any structuring or local opening of the 
passivation layer. Efficiencies of 19.5% have been reported for industrially produced cells 
by Yingli in collaboration with ECN.204 Although promising, to our knowledge no results 
have been reported for bifacial cells with Al2O3 passivation as yet. Another concept 
compatible with very high efficiencies is the so-called IBC (interdigitated back contacted) 
cell design which has been commercialized by Sunpower with exceptionally high 
efficiencies up to 24.2%. As the rear side consists of p+ and n+ regions, a passivation 
scheme compatible with both n- and p-type Si is required. Moreover, the passivation 
scheme needs to ensure excellent electrical insulation as the oversized metal contacts (of 
the n+ FSF) needs to be isolated from the emitter underneath. Gong et al. reported that 
higher implied Voc’s were obtained when using Al2O3 instead of SiOx/SiNx on the Al-p+ 
emitters, but this was not yet corroborated on the solar cell level.205 Reichel et al. have 
recently reported efficiencies up to 23% for IBC cells, but no details were given concerning 
the rear side passivation.206 IBC cells with a screenprinted Al-p+ emitter have been reported 
by Bock et al. For these cells with Al2O3 passivation on the rear side, efficiencies of 19% 
were obtained with significant room for improvement up to 21.3%, as suggested by device 
simulations.197 Another back-contacted cell concept is the so-called EWT (emitter wrap 
through) cell. In this cell concept, the requirements on the bulk lifetime and front side 
recombination are less strict than in the IBC concept. Therefore, a separate diffusion for the 
front side is not necessary for the EWT cells. Kiefer et al. reported a cell efficiency of 
21.6% for EWT cells using Al2O3/SiNx passivation on the front- and rear side p+ emitter.198 
Low J0 of 60 and 35 fA/cm2 were reported for the textured and planar p+ emitter (~50 
Ohm/sq) surfaces. For the n+ BSF, the Al2O3/SiNx layers were deposited on top of a 
thermally-grown SiO2 layer. Note that Sun et al. employed such a SiO2/Al2O3 stack at the 
rear of p-type PERC cells and reported excellent passivation properties and η = 20.1%.199 
The SiO2/Al2O3 stack system leads to a high level of chemical passivation. Moreover, the 
absence of significant negative fixed charge density in the SiO2/Al2O3 is expected to be 
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beneficial for the passivation of highly doped n+ surfaces (Chapter 7).  
Finally, the HIT (Heterojunction with Intrinsic Thin layer) cells critically rely on an 

excellent level of surface passivation, typically realized by using a-Si:H thin films. It is 
expected that the passivation properties of Al2O3 films can also be exploited for HIT cells. 

For example, Al2O3 could be applied on a front side (diffused) p+ emitter for HIT cells with 
a n/n+ heterojunction at the rear side.188 

This overview underlines that Al2O3 is an enabling technology in the development of 
various types of p- and n-type high-efficiency Si solar cells.  
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Appendix A. Diagnostic techniques 
 
In this section, the diagnostic techniques that were extensively used during the work 
described in this thesis are briefly discussed. 
 
Corona charging 
 
A high voltage (9 kV) is applied to a tungsten needle to produce positive or negative 
charges, which are mainly H3O

+ or CO3
- ions (Fig. A1a). These charges are deposited on 

top of the dielectric film and their density can be quantified by a Kelvin probe. The charges 
are used to manipulate the field-effect passivation induced by the dielectric film. In case of 
Al2O3, positive charges can compensate for the effect of the intrinsic negative charge. By 
measuring the effective lifetime of the Si minority carriers by the photoconductance decay 
method, the fixed charge density in dielectic films can be quantified and the role of the 
fixed charge in Si surface passivation can be studied. In addition, the surface passivation 
which is left when the intrinsic charge is exactly nullified by the corona charges can be 
regarded as a measure for the chemical passivation (i.e. the quality of the interface) 
associated with the dielectric films. 
 
Second-harmonic generation spectroscopy (SHG) 
 
SHG spectroscopy can be used as an all optical probe to study the properties of the “buried” 
interface between a dielectric layer and the Si.154,132 SHG is a nonlinear optical 
phenomenon in which matter interacts with high intensity laser irradiation. Radiation at 
twice the frequency of the incident radiation is generated. SHG only occurs when the 
incident radiation is resonant with an electronic transition. For centrosymmetric media such 
as Si, SHG can only occur at the interface and not in the bulk, with one important 
exception: an electric field induced SHG signal (EFISH) can be generated when an electric 
field is present in the Si. Second-harmonic photons are resonantly generated in the Si space 
charge region when irradiated with a high intensity laser beam with a photon energy of 
approximately 1.7 eV (Fig. A1b). The second-harmonic photons (with energy of ~3.4 eV) 
are collected by a photon counter, and present a measure for the electric field below the Si 
surface. To account for linear optical effects and the Si-Si surface and SiOx interface SHG 
contributions, the EFISH signal is extracted from the measured data using a modelling 
procedure. In the context of surface passivation, the EFISH signal provides a direct measure 
for field-effect passivation. On the other hand, SHG is not a direct quantitative 
measurement for the fixed charge density. Conversely, SHG can be used to obtain 
information about relative changes in the total fixed charge density in thin films and 
material stacks.  
 
Thermal effusion measurements 
 
Post-deposition annealing is vital to obtain the excellent surface passivation properties 
associated with Al2O3 thin films. To study the changes that occur in the material during 
annealing, effusion experiments proved to be a powerful tool. These measurements are 
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carried out under high vacuum conditions, while the temperature inside the vacuum tube is 
raised from room temperature up to 1100oC by a typical heating rate of 20oC/min (Fig. 
A1c). During annealing, a mass spectrometer measures the species released from the bulk 
and surface of the film. In case of Al2O3, species such as H2O and H2 have been detected. 
The measurements provided insight into the impact of the Al2O3 structural properties on the 
diffusion of hydrogen at various temperatures.  
  
Photoconductance decay 
 
Photoconductance decay is the mostly used method to evaluate the effective lifetime τeff of 
charge carriers in Si (Fig. A1d).11 τeff is very sensitive to surface recombination, especially 
on high quality Si with a high bulk lifetime. Charge carriers are produced in the Si wafer 
during a short light flash (recorded by an optical sensor), which initially increases the 
conductance of the sample. The conductance decreases over time when the minority carrier 
density is reduced due to recombination processes. From the derivative of this signal, an 
effective lifetime can be calculated. The Sinton tool, used in this work, operates in quasi-
steady state or transient mode. The former uses a relatively long decay time of the flash 
lamp and is suitable to measure relatively low τeff values (< ~150 μs). The transient mode 
uses a very sharp illumination peak (< 1 μs) and is used to measure higher τeff values. More 
details can be found elsewhere.3 
 
(a) 
 
 
 
 
 
 
 
 
 
 

(b) 

 
(c) (d) 

Figure A1: Schematic representation of (a) corona charging; (b) second-harmonic generation 
spectroscopy; (c) effusion measurements; (d) photoconductance decay lifetime spectroscopy.
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Abstract 
 
The thermal and UV stability of crystalline silicon (c-Si) surface passivation provided by 
atomic layer deposited Al2O3 was compared with results for thermal SiO2. For Al2O3 and 
Al2O3/a-SiNx:H stacks on 2 Ω·cm n-type c-Si, ultra-low surface recombination velocities of 
Seff < 3 cm/s were obtained and the passivation proved sufficiently stable (Seff < 14 cm/s) 
against a high temperature firing process (> 800oC) used for screen printed c-Si solar cells. 
Effusion measurements revealed the loss of hydrogen and oxygen during firing through the 
detection of H2 and H2O. Al2O3 also demonstrated long-term stability and UV stability with 
the surface passivation improving during UV irradiation. 
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Al2O3 synthesized by atomic layer deposition (ALD) provides a high level of surface 
passivation for p- and n-type crystalline silicon (c-Si).1,2 The field effect passivation 
associated with the negative fixed charges near the Al2O3/c-Si interface,2 proved to be 
especially beneficial for the passivation of highly doped p-type c-Si, with Al2O3 even 
outperforming thermally grown SiO2.

3 The application of a thin Al2O3 film as a front 
passivation layer on a B-doped emitter has recently led to efficiencies as high as 23.2% for 
n-type c-Si solar cells.4 For the implementation of Al2O3–based passivation schemes in 
high-volume manufacturing of c-Si solar cells, the compatibility of Al2O3 with high 
temperature processing steps becomes a key issue. For example, a good thermal stability 
against high temperature “firing” processes of metal contacts is required for screen-printed 
solar cells. Research efforts on various passivation schemes have already shown that 
optimized a-SiNx:H,5 a-SiCx:H,6 SiO2/a-SiNx:H,7,8,9 SiOx/a-SiNx:H/SiOx,

10 and a-Si:H/a-
SiNx:H,11 generally outperform SiO2/SiOx,

9 a-Si:H,12 and a-Si:H/SiOx
13 layers in terms of 

thermal stability. Also, the stability of the passivation scheme against UV irradiation is 
essential when the material is applied on an illuminated surface. In this Communication the 
thermal and UV stability of Al2O3 and Al2O3/a-SiNx:H stacks will therefore be addressed 
on the basis of lifetime spectroscopy experiments. The results will be compared with those 
obtained for thermal SiO2, as Al2O3 is a potential alternative for solar cell applications 
where SiO2 would usually be considered. 
 The Al2O3 films were synthesized by remote plasma ALD by a process that consisted of 
alternating steps of Al(CH3)3 dosing and O2 plasma oxidation. Two Oxford Instruments 
reactors, the FlexALTM and the OpALTM, were used for deposition at operating pressures of 
16 mTorr and 150 mTorr and ALD cycle times of 4 s and 7 s, respectively. The fact that the 
optimized Al2O3 deposition process for the FlexALTM was readily adapted and transferred 
to the newly installed OpALTM reactor without any differences in material and surface 
passivation properties, clearly demonstrates the robustness of the ALD process. Al2O3 with 
a thickness of 30 nm, unless stated otherwise, was deposited on both sides of low resistivity 
(~2 Ω·cm) n- and p-type double-side polished floatzone (FZ) <100> c-Si wafers, that 
received a short dip in diluted HF (1%) prior to deposition at a temperature of ~200 oC. The 
Al2O3 passivation was activated by a post-deposition anneal at 425oC for a 30 minute time 
interval in N2 environment. The thermal stability of the Al2O3 and Al2O3/a-SiNx:H stacks 
was tested by carrying out a so-called “firing” process in an industrial beltline furnace, 
reaching peak temperatures > 800 oC for a number of seconds. The same recipe as that for 
contact firing during solar cell processing was used but without the metal paste applied. The 
a-SiNx:H, in brief SiN, was grown by remote plasma-enhanced chemical vapor deposition 
at temperatures of ~400 oC. The SiN films, with a thickness of ~70 nm, were optimized for 
antireflection coating performance. For reference, c-Si wafers were passivated by ~200 nm 
SiO2 films grown by a wet thermal process in a tube furnace. When applied, forming gas 
anneals (FGAs, 10% H2 in N2) took place at 400 oC for 30 minutes. The effective lifetime 
of the minority carriers (τeff) was determined using a Sinton lifetime tester. The upper limit 
for the surface recombination velocity (Seff,max) was calculated from τeff by assuming an 
infinite bulk lifetime and is quoted at an injection level of 1x1015 cm-3.  
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Table 1: τeff and corresponding Seff,max for various ~275 μm thick 2 Ω·cm n-type c-Si samples 
passivated by Al2O3 or Al2O3/SiN stacks after the successive processing steps indicated 1 to 3. A dash 
means that the process step was not carried out. 
 

*After deposition of the SiN capping layer, this sample revealed τeff  = 4.6 ms  (Seff,max = 3.0 cm/s). 
 
The impact of SiN deposition, post-deposition anneal, and firing on the surface passivation 
by Al2O3, is shown for a representative selection of n-type c-Si samples in Table 1. Sample 
D coated with Al2O3/SiN exhibits a high lifetime > 4 ms without any post-deposition 
anneal. As remote plasma ALD Al2O3 does not provide surface passivation in the as-
deposited state, reflected by lifetimes of the order of 1-10 μs, it can be concluded that the 
thermal budget during subsequent SiN deposition is sufficient to activate the surface 
passivation by Al2O3. Sample E was annealed after the SiN deposition, and comparable low 
values of Seff < 3 cm/s were obtained as for sample D. Samples A and B, which were 
passivated by Al2O3, exhibit the same level of surface passivation as the Al2O3/SiN coated 
wafers. These results lead to the conclusion that the deposition of a SiN capping layer does 
not compromise the quality of the Al2O3 surface passivation, which is in agreement with the 
excellent performance of solar cells incorporating Al2O3/SiN stacks.4 
 Subsequently the samples were exposed to the high temperature firing step. The 
effective lifetime of sample B (Al2O3) and samples D and E (Al2O3/SiN) decreased during 
firing, but remained in the millisecond range. The lifetime of sample A remained constant 
during firing, which could indicate that, for this sample, bulk recombination instead of 
surface recombination dominates the effective lifetime. From these observations, we infer 
that a SiN capping layer does not increase the already good thermal stability of the Al2O3 
passivation scheme, which contrasts with observations for a-Si:H and SiO2 passivation 
schemes.5,7-11 Values of Seff,max < 14 cm/s after firing Al2O3 suggest that surface 
recombination will not be the efficiency limiting step for solar cells that combine Al2O3 
passivation and screen printed metallization as recombination in the metalized area will 
dominate.14 
 Sample C, without post-deposition anneal and with a lifetime in the μs-range, 
demonstrates that the firing process does not activate the Al2O3 surface passivation. Also, a 
subsequent anneal did not improve the measured lifetime. Annealing after the firing process 
resulted in a slight decrease of lifetime for sample A and D, whereas some improvement of 
the surface passivation was observed for sample B and E. Also a FGA could not 
significantly improve the level of surface passivation after firing. The observations as listed 
in Table 1 clearly indicate that the relatively minor decrease in surface passivation by Al2O3 
during firing cannot be restored by an additional anneal.  

 1) After anneal 2) After firing 
 

3) After anneal 
 

Sample τeff 
(ms) 

Seff,max 
(cm/s) 

τeff 
(ms) 

Seff,max 
(cm/s) 

τeff 
[ms] 

Seff,max 
[cm/s] 

A) Al2O3 1.6 8.6 1.5 9.2 1.0 13.8 
B) Al2O3 5.2 2.6 1.0 13.8 1.5 9.2 
C) Al2O3 - - 1 x 10-3 1.4× 104 1 x 10-3 1.4× 104 
D) Al2O3/SiN* - - 1.0 13.8 0.6 22.9 
E) Al2O3/SiN 5.0 2.8 1.2 11.5 1.7 8.1 
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Figure 1: Effective lifetime vs injection level for 2 Ω·cm n-type c-Si passivated by Al2O3 and 2 Ω·cm 
p-type c-Si passivated by SiO2, after successive processing steps indicated 1 to 3. 

 
 

 To benchmark the thermal stability of Al2O3, c-Si wafers were passivated by SiO2 with 
subsequent FGA.  Figure 1 shows injection level dependent τeff for SiO2 and Al2O3 samples 
measured before and after firing, and for SiO2 also after a successive FGA after firing. The 
exceptionally high effective lifetime for the SiO2 passivated sample (with τeff = 3.7 ms and 
Seff < 3.5 cm/s) decreases due to the firing process to values of ~5 μs, indicating that the 
surface passivation is completely lost, in agreement with observations by Schultz et al.9 A 
subsequent FGA can reactivate the surface passivation by SiO2 after firing to some extent 
(Seff < 115 cm/s). The passivation by SiO2, which is predominantly chemical in nature 
(passivation of surface defects), can be improved by hydrogenation during annealing.15 The 
passivation by Al2O3, which is a combination of chemical passivation with a strong field-
effect passivation,2 clearly shows a much higher stability against firing. However, the minor 
decrease in surface passivation cannot be improved by hydrogenation during FGA (not 
shown). Moreover, the hydrogen released from the SiN capping layer during firing10,15 does 
also not lead to such an improvement as concluded from Table 1.  
 Apparently, the Al2O3 surface passivation is affected differently by the firing process 
than thermal SiO2. Therefore, to gain more insight into the influence of the firing process 
on the Al2O3 properties, effusion experiments were carried out. In an ultrahigh vacuum 
quartz tube with a base pressure < 10-7 mbar, a c-Si wafer double-side coated with 100 nm 
Al2O3 was heated up to 1000 °C with a constant heating rate of 20 oC/min.16 A quadrupole 
mass spectrometer detected the hydrogen and other volatile species that desorbed from the 
sample at elevated temperatures. In Fig. 2 we show the effusion of H2, H2O, CO and CO2 at 
high temperature as these were the majority species released from the Al2O3 sample. 
Distinct effusion peaks are observed at 625 oC for CO2 and at 910 oC for CO2 and CO. The 
formation of these volatile species indicates the incorporation of COx impurities into the 
Al2O3 bulk by remote plasma ALD.17 Effusion peaks also appear in the transients at 660 oC 
for H2O and H2 (with the H2 signal probably mainly originating from H2O), at 850 oC for  
H2O, and at 890 oC for H2. In addition, a small H2 feature is observed in the spectrum at 
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Figure 2: Thermal effusion transients at mass-over-charge ratios 2, 18, 28 and 44 for c-Si double-side 
deposited with 100 nm Al2O3. From mass spectrometry cracking patterns, the most likely parent 
molecules contributing to the signals at the selected mass-to-charge ratios have been determined. The 
transients are offset for clarity. 
 
 
510oC, that could possibly originate from cracking CxHy species that were detected through 
mass 15 and 29. The detection of H2O and H2 is consistent with the presence of a 
significant density of –OH groups in the Al2O3 bulk as confirmed by infrared spectroscopy, 
Rutherford backscattering spectroscopy, and elastic recoil detection analysis revealing 
slightly O-rich films (O/Al ratio = ~1.5-1.6) with a hydrogen concentration of ~3 at.% in 
the as-deposited Al2O3. From Figure 2 we conclude that the effusion from the Al2O3 films 
at temperatures up to 800 oC is dominated by the formation and release of H2O. Apparently, 
hydrogen in the form of H2 is primarily released from the film at temperature > 800 oC. 
Consequently, during a firing process the Al2O3 loses both hydrogen and oxygen which 
indicates significant structural changes of the Al2O3 film that adversely affect the field-
effect passivation. Furthermore, hydrogen is depleted from the film predominantly in the 
form of H2O which is different from the dehydrogenation of SiO2/c-Si interface after firing. 
The depletion of hydrogen from the Al2O3/c-Si interface likely contributes to the decrease 
of the surface passivation by Al2O3 after firing.2,18,19 Furthermore, the structural changes of 
the Al2O3 will render the influence of the firing step irreversible.  
 Apart from thermal stability, long term and UV stability are also important criteria for 
c-Si surface passivation. The long term stability of the passivation by Al2O3 was verified by 
monitoring a large number of passivated c-Si wafers over time up to 6 months. No 
degradation of the measured effective lifetime was observed. In fact, a significant number 
of samples exhibited even a positive ageing effect after anneal, an effect of which the 
physical origin is still subject of research. The stability of the Al2O3 passivation against UV 
photons was tested by exposing various lifetime samples to UV irradiation during time 
intervals of 10 minutes alternating between the sample surfaces exposed. A ~100 W Hg 
lamp was used as UV source, which emits predominantly at 254 nm (4.9 eV). The distance 
between lamp and sample was kept at ~10 cm to avoid significant sample heating.  
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Figure 3: Effective lifetime vs UV exposure time for Al2O3 and SiO2 passivated 2 Ω·cm p-type c-Si 
samples. The reference sample was not exposed to UV and kept under indoor light conditions during 
the time indicated. Lines serve as guides to the eye. 
 
 
It was verified that the surface passivation of an as-deposited sample could not be activated 
by UV irradiation for the conditions employed. For comparison, the experiment was also 
carried out for SiO2 passivated sample (from a different wafer ingot than the sample in Fig. 
1), which received a so-called alneal 20 at 425 oC for 15 minutes to activate the passivation. 
Figure 3 shows τeff as a function of cumulative exposure time for representative samples. 
The effective lifetime of the Al2O3 coated sample increased up to 40% after exposing both 
wafer surfaces. Additional UV irradiation did not result in a significant further increase of 
τeff. The lifetime of the SiO2 passivated sample, on the other hand, was observed to decrease 
under UV irradiation, which can be attributed to a higher interfacial defect density created 
by the incoming photons.20,21 Both the improved surface passivation by Al2O3 and the 
degraded passivation by SiO2 remained stable over time. We explain the improvement of 
the Al2O3 surface passivation under UV exposure by a significant increase of the fixed 
negative charge density, which was already reported in the pioneering work of Hezel et al. 
for pyrolysis-grown Al2O3.

22 This photon induced charge injection process was recently 
also observed for Al2O3 films synthesized by ALD during a laser spectroscopic study.23 A 
similar beneficial effect from charge injection was also reported for AlF3 films.24 
Furthermore, the reported UV stability of the interface defect density,22 suggests that the 
impact of UV irradiation on the chemical passivation by Al2O3 is less significant.  
 In summary, the surface passivation provided by atomic layer synthesized Al2O3 was 
found sufficiently stable under a high temperature firing step, with the surface 
recombination velocities remaining as a low as < 14 cm/s after reaching temperatures > 800 
oC. Effusion measurements revealed the loss of hydrogen and oxygen from the Al2O3 
during firing through the detection of H2 and H2O indicating structural changes within the 
material. The application of a SiN capping layer affected neither the level of surface 
passivation nor the thermal stability of the Al2O3 significantly. The thermal stability that 
was demonstrated, in conjunction with the long term and UV stability, are prerequisites for 
the application of Al2O3 passivation schemes in high-volume manufactured solar cells.  
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Abstract 
 
In this Letter, we report that both thermal atomic layer deposition (ALD) with H2O, and 
plasma ALD with an O2 plasma, can be used to deposit Al2O3 for a high level of surface 
passivation of crystalline silicon (c-Si). For 3.5 Ω·cm n-type c-Si, plasma ALD Al2O3 
resulted in ultralow surface recombination velocities of Seff < 0.8 cm/s. Thermal ALD Al2O3 
also showed an excellent passivation level, with Seff < 2.5 cm/s. In contrast to plasma ALD 
Al2O3, thermal ALD Al2O3 provides some surface passivation in the as-deposited state, 
although annealing is required to activate it to the full extent. For thermal ALD, the optimal 
temperature for this anneal was found to be slightly lower, ~375oC, than for plasma ALD 
Al2O3, ~425oC. The minimal Al2O3 thickness without compromising the passivation 
properties was 5 nm for plasma ALD Al2O3, whereas for thermal ALD, films > 10 nm were 
required. Thermal stability against a high temperature firing step was demonstrated for 
ultrathin thermal and plasma ALD Al2O3 films of 5 nm by Seff < 9.2 and < 6.5 cm/s, 
respectively.  
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In recent years, Al2O3 emerged as an important alternative surface passivation material, 
enabling ultralow surface recombination velocities on n-, p- and p+-type c-Si.1,2 The high 
level of surface passivation was also demonstrated on the solar cell level by enhanced open-
circuit voltages and energy conversion efficiencies.3,4 The surface passivation by Al2O3 
relies on a combination of chemical passivation (the reduction of interface defects) and 
field-effect passivation (electrostatic shielding of minority charge carriers) provided by a 
high fixed negative charge density located at the c-Si/Al2O3 interface. This charge density 
can be as high as 1013 cm-2 after annealing.2,5 To date Al2O3 surface passivation films have 
been deposited using atomic layer deposition (ALD) and also recently by sputtering and 
PECVD.6,7 
 For Al2O3 several ALD processes using trimethylaluminum [Al(CH3)3] as the metal 
precursor are known. Thermal ALD using H2O as the oxidant has been the most popular 
process and it has also been implemented in industrial single-wafer and batch reactors. 
Thermal ALD using O3 as the oxidant and plasma ALD using atomic oxygen generated by 
an O2 plasma have also become established processes. In fact, excellent results in terms of 
surface passivation quality and thermal stability have been obtained for Al2O3 deposited by 
plasma ALD.1-5,8 Al2O3 surface passivation films synthesized by thermal ALD using H2O, 
on the other hand, have been studied less extensively, and, to date, the level of surface 
passivation achieved was lower than that obtained by plasma ALD Al2O3.

2,9 In this Letter, 
we compare the surface passivation of Al2O3 films deposited by thermal ALD and plasma 
ALD in a single ALD reactor. For thin layers (~ 5 nm) we confirm that plasma ALD 
outperforms thermal ALD with respect to passivation quality. For thicker layers, however, 
both methods yield Al2O3 with outstanding surface passivation properties. In addition, the 
impact of post-deposition anneal, film thickness, and high temperature processes on the 
Al2O3 surface passivation performance will be addressed.  

The Al2O3 films were deposited by thermal and plasma ALD in an Oxford 
Instruments OpALTM reactor at a substrate temperature of 200 oC. A schematic 
representation of the ALD cycles employed is shown in Fig. 1. For both processes, the 
cycle times were ~7 s and the growth-per-cycle was 1.0 Å and 1.2 Å for thermal and 
plasma ALD, respectively.10 The cycles were repeated until the target film thickness was 
reached. The Al2O3 properties were very similar with the refractive index at 2 eV being 
1.64±0.01 and the O/Al ratio being 1.52±0.05 as determined by Rutherford backscattering 
spectroscopy. However the H concentration as measured with elastic recoil detection was 
notably higher for the thermal ALD (3.6±0.2 at.%) than for plasma ALD Al2O3 (2.7±0.2 
at.%).  

 
Figure 1: Schematic of thermal and plasma ALD cycles. Al(CH3)3 and H2O dosing times applied in 
this study were in the ms range, whereas the purge and plasma steps were of the order of seconds. Ar 
was used as purge gas. 
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Figure 2: (a) Seff,max as a function of anneal temperature for thermal and plasma ALD Al2O3 films of 
30 nm thickness on 3.5 Ω·cm n-type and 2.2 Ω·cm p-type c-Si. Data points at 200oC correspond to as-
deposited Al2O3. (b) Injection level dependent lifetimes for the best samples displayed in (a).  

 
 

Al2O3 surface passivation films were deposited on both sides of ~3.5 Ω·cm n-type and ~2.2 
Ω·cm p-type double-side polished floatzone Si(100) wafers with a thickness of 275 µm. 
The wafers were treated with a diluted HF dip (1%) prior to Al2O3 deposition. After 
deposition, the samples were annealed in N2 for 10 minutes, as it was verified that this 
anneal time was sufficient to activate the passivation to the full extent. The effective 
lifetime (τeff) of the minority carriers was measured by photoconductance (Sinton WCT 
100) in quasi-steady-state or transient mode, and by µ-PCD. The upper limit of the surface 
recombination velocity (Seff,max) at injection level of Δn = 1015 cm-3 was calculated by 
assuming an infinite bulk lifetime. In some cases the passivation properties were evaluated 
on half or quarter wafers, in order to provide direct comparisons between processes on the 
same wafer. 
 Figure 2a shows the impact of the anneal temperature on the surface passivation 
performance for thermal and plasma ALD Al2O3. Corresponding injection-level dependent 
effective lifetimes are displayed in Fig. 2b for the best samples. The observed decrease of 
τeff for n-type c-Si at low injection level is typical for surface passivation films with 
negative fixed charges that invert the c-Si underneath.2 The data points at 200oC correspond 
to as-deposited Al2O3, and they show that thermal ALD Al2O3 provides some surface 
passivation in the as-deposited state (Seff < 30 cm/s) in contrast to plasma ALD Al2O3. The 
measurements reveal a wide window for the anneal temperature (300-500oC) to reach 
values of Seff < 30 cm/s. The optimal anneal temperature for thermal ALD Al2O3 was 
375±50oC, which was lower than the 425±50oC for plasma ALD Al2O3. The exceptionally 
high τeff of 18 ms at Δn = 1015 cm-3 (Seff,max = 0.8 cm/s) obtained for plasma ALD Al2O3 on 
n-type c-Si (Fig. 2b) appears to be consistent with the intrinsic lifetime (~32 ms) that 
follows from the parameterization of Kerr et al.11 To the best of our knowledge, Seff values 
< 0.8 cm/s are the lowest reported for low-resistivity c-Si.  
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Figure 3: Thickness series for plasma and thermal 
ALD Al2O3 deposited on 3.5 Ω·cm n-type c-Si, 
showing Seff,max before and after anneal at 400oC. The 
effect of the film thickness was evaluated for half 
wafers for both ALD processes. 

Figure 4: Lifetime normalized by highest 
τeff measured for the wafers of the 
corresponding ingot as a function of the 
thickness for thermal and plasma ALD 
Al2O3. All samples were annealed at 400 
oC. The lines serve as guide for the eye. 

 
 
 The impact of the Al2O3 thickness on the surface passivation quality before and after 
annealing is evaluated in Fig. 3 for a selected number of samples. The Seff values 
corresponding to as-deposited thermal ALD Al2O3 decrease consistently with increasing 
thickness, reaching Seff < 14.5 cm/s for 30 nm Al2O3. This observation might suggest a 
correlation between Seff for the as-deposited Al2O3 and processing time. The surface 
passivation for as-deposited Al2O3 is likely related to the film growth conditions and the 
properties of the interfacial SiOx, which is formed between the c-Si and Al2O3.

5 These 
conditions are different for the two ALD methods with the interface initially exposed to 
H2O during thermal ALD and oxygen radicals during plasma ALD. In addition, the 
interface is exposed to VUV radiation of the O2 plasma, which is known for the creation of 
interface defect states.12 This VUV radiation could therefore adversely affect the interfacial 
oxide quality for plasma ALD Al2O3 in the as-deposited state. 
 After annealing, the Seff values obtained for 30 nm thick films were virtually 
independent of the ALD method used. For ultrathin films of 5 nm thickness, plasma ALD 
resulted in lower Seff than thermal ALD. The relation between thickness and surface 
passivation quality was confirmed by a large data set of passivated wafers, as displayed in 
Fig. 4. For thermal ALD, the surface passivation was generally found to deteriorate for 
Al2O3 thicknesses below ~10 nm, while plasma ALD layers maintained their high level of 
passivation down to a thickness of ~5 nm. Above those critical thicknesses, τeff was found 
independent of thickness. We attribute the trend in Fig. 4 to a deterioration of, mainly, the 
chemical passivation for very small film thicknesses. The field-effect passivation is likely 
less affected by the thickness, as the fixed charges are located at the interface between the 
Al2O3 and c-Si.5,13,14 
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Figure 5: µ-PCD mapping of two ½ wafers, (a) after anneal at 400oC and (b) after subsequent firing 
with a maximum temperature > 800oC. The wafers were double-side coated by 5 nm Al2O3 by thermal 
(left side) or plasma (right side) ALD Al2O3. 
 
 
 The thermal stability of 30 nm thick Al2O3 films synthesized by plasma ALD has 
recently been demonstrated for a firing process with a maximum temperature > 800 oC in 
an industrial beltline furnace.8 These results were also confirmed on p and p+ c-Si for 30 
nm thick Al2O3 films.15 To test the thermal stability of very thin Al2O3 films, an industrial 
firing process (without metal paste applied) was carried out on the 5 nm samples shown in 
Fig. 3. The lifetimes before and after firing were measured by µ-PCD for the thermal and 
plasma ALD Al2O3 as displayed in Fig. 5. Correspondingly, the highest τeff values measured 
by photoconductance decay were 6.4 ms and 2.3 ms after annealing and 2.1 ms (Seff < 6.5 
cm/s) and 1.5 ms (Seff < 9.2 cm/s) after firing for plasma and thermal ALD Al2O3, 
respectively. These values demonstrate that the thermal stability of Al2O3 is also guaranteed 
for these 5 nm thick films  
 In conclusion, we have demonstrated that both thermal and plasma ALD can be 
successfully employed to deposit Al2O3 surface passivation films, resulting in exceptionally 
low surface recombination velocities on low resistivity n- and p-type c-Si. Both techniques 
are therefore suited for implementation of Al2O3 in high-efficiency solar cells. 
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Abstract 
 
The material properties and c-Si surface passivation have been investigated for Al2O3 films 
deposited using thermal and plasma ALD and PECVD, for temperatures (Tdep) between 25 
and 400oC. Optimal surface passivation by ALD Al2O3 was achieved at Tdep= 150-250 oC 
with Seff < 3 cm/s for ~2 Ω·cm p-type c-Si. PECVD Al2O3 provided a comparable high level 
of passivation for Tdep = 150-300 oC, and contained a high fixed negative charge density 
>61012 cm-2. Outstanding surface passivation performance was therefore obtained for 
thermal ALD, plasma ALD and PECVD for a relatively wide range of Al2O3 material 
properties. 
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1. Introduction 
 
Al2O3 recently emerged as an effective material for the passivation of crystalline silicon (c-
Si) surfaces, enabling ultra-low surface recombination velocities (Seff) on p-, n- and p+ type 
c-Si,1,2 leading to enhanced solar cell efficiencies.3-5 A combination of chemical passivation 
(i.e. the reduction of interface defects) and field-effect passivation (i.e. electrostatic 
shielding of minority charge carriers) provided by a large amount of fixed negative charges 
located at the c-Si/Al2O3 interface, are key to the high level of surface passivation achieved. 
To date, the Al2O3 surface passivation films were mostly synthesized by plasma and 
thermal atomic layer deposition (ALD) at a substrate temperature of ~200 oC.1-8 Very 
recently it has been shown that other techniques, such as sputtering and plasma enhanced 
chemical vapour deposition (PECVD),9-11 can also be used to deposit Al2O3 surface 
passivation films. These alternative deposition techniques allow for higher growth rates, but 
generally do not surpass ALD in terms of material and surface passivation quality.  

In this Letter, the influence of the substrate temperature (Tdep) during deposition on the 
Al2O3 material properties and the surface passivation performance is addressed for Al2O3 
films deposited at temperatures in the range of Tdep = 25-400 oC, for thermal and plasma 
ALD, and PECVD. We report that PECVD can be used to deposit Al2O3 films that provide 
a similar level of surface passivation as ALD Al2O3, while enabling higher deposition rates. 
In addition, by corona charging experiments the presence of high fixed negative charge 
density in the PECVD Al2O3 films is demonstrated. 
 
 
2. Experimental 

 
A direct comparison between thermal ALD and plasma ALD was enabled by employing 
both methods in an Oxford Instruments OpAL™ ALD reactor (operating pressure ~170 
mTorr) and in a second reactor, the Oxford Instruments FlexAL™ (operating pressure ~15 
mTorr). For both ALD methods, trimethylaluminum [Al(CH3)3)] was used as the Al 
precursor in the first half cycle of the ALD process. During the second half cycle, either 
H2O or an O2 plasma was used for thermal and plasma ALD, respectively.7 Cycle and purge 
times were optimized to reach a truly self-limiting ALD process at every Tdep. The PECVD 
process employed a continuous remote O2/Ar plasma and Al(CH3)3 as the Al precursor. 
Unlike ALD, the deposition rate for PECVD was found to scale with the Al(CH3)3 flow 
introduced into the reactor. The PECVD process is discussed in detail in Chapter 12.  
 The refractive index (at a photon energy of 2 eV) and growth rate were determined by in 
situ spectroscopic ellipsometry; the atomic Al and O density with Rutherford backscattering 
spectroscopy (RBS), and the atomic hydrogen density with elastic recoil detection (ERD). 
To evaluate the level of surface passivation, low resistivity p- and n-type ~275 µm thick FZ 
<100> c-Si wafers were coated on both sides with Al2O3 with a thickness of ~30 nm. Prior 
to deposition the wafers were treated with diluted HF (1% in DI-H2O). The surface 
passivation was evaluated in the as-deposited state and after a 10 min post-deposition 
anneal at 400oC in a N2 environment.7 The upper limit of the surface recombination 
velocity (Seff,max) was determined from the effective lifetime (τeff), as measured with 
photoconductance (Sinton WCT 100) at an injection level of 1015 cm-3 by assuming an 
infinite bulk lifetime.2 
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Figure 1: (a) Growth-per-cycle, GPC, (b) 
refractive index, n, and (c) maximum surface 
recombination velocity, Seff,max, as a function of 
substrate temperature for plasma and thermal 
ALD. The data in (c) correspond to Al2O3 
deposited on ~2 Ω·cm p-type c-Si in the OpAL 
reactor. Open symbols represent as-deposited 
Al2O3 films and closed symbols films after 
annealing at 400oC. Lines serve as a guide to 
the eye. 
 

Figure 2: (a) Deposition rate, Rdep, (b) 
refractive index, n, and (c) maximum surface 
recombination velocity, Seff,max, on ~2 Ω·cm p-
type c-Si as a function of substrate temperature 
for PECVD Al2O3. Open symbols represent as-
deposited Al2O3 films and closed symbols 
films after annealing at 400oC. Lines serve as a 
guide to the eye. 

 
3. Results and discussion 
 
The results regarding the substrate temperature variation are shown in Figures 1-3. The 
growth rate, refractive index and surface passivation performance were evaluated for 
plasma and thermal ALD in Figure 1, and for PECVD in Figure 2. The mass density, 
atomic O/Al ratio and hydrogen concentration for corresponding Al2O3 films are displayed 
in Figure 3.  
 The results for the growth-per-cycle (GPC) as a function of Tdep for plasma and thermal 
ALD (Fig. 1a) are in excellent agreement for the OpAL and the FlexAL reactors. The 
higher GPC for plasma ALD as compared to thermal ALD, which is observed over the full 
temperature range but particularly pronounced at low temperatures, has been ascribed to a 
more efficient surface oxidation by plasma-generated O radicals as compared to thermally 
activated oxidation by H2O.12 The decrease in GPC with increasing Tdep can be mainly 
attributed to a decreasing density of OH surface groups due to dehydroxilation 
reactions.12,13 The refractive index (Fig. 1b) increases with deposition temperature, which is 
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directly linked to material densification as displayed in Fig. 3a. The mass density of the 
films increased with Tdep, saturating at 3.2±0.2 g/cm3 at high temperature. 
 In Fig. 2a and 2b, the deposition rate and refractive index as a function of substrate 
temperature are shown for the PECVD process. The values were measured at a fixed 
location on the various wafers, as a variation of thickness and refractive index was observed 
for the PECVD samples due to non-uniformity of the film caused by the deposition 
technique. The refractive index and mass density (Fig. 3a) increased with Tdep, similar to the 
ALD case. The refractive index values for PECVD Al2O3 are lower than the ones obtained 
for ALD at the same Tdep. The deposition rate, Rdep, was found to decrease strongly with 
increasing Tdep, saturating at ~5 nm/min for Tdep > 200oC. The higher Rdep at low 
temperature can be partly attributed to a lower mass density, linked to a higher density of 
hydrogen (mainly incorporated as OH groups) and carbon-related impurities in the films, as 
revealed by infrared absorption analyses. Furthermore, the general trend of Rdep as a 
function of Tdep is an indication for a growth process controlled by the adsorption of surface 
species, as previously also reported for PECVD of SiOx.

14 In addition, dehydroxilation 
reactions could also play a role, but more in-depth research is necessary to further elucidate 
the growth mechanism (see Chapter 12).   
  

Figure 3: (a) Mass density, ρmass, (b) O/Al ratio, and (c) the H concentration, [H], determined as a 
function of substrate temperature for as-deposited films. Data are given for plasma and thermal ALD 
Al2O3 films deposited in the OpAL reactor and PECVD Al2O3 films. Lines serve as a guide to the 
eye. 
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Figure 4: Injection-level-dependent effective lifetime for n- and p-type c-Si wafers of various 
resistivities passivated by PECVD Al2O3 with Tdep = 200 oC, after annealing. 

 
 
For all three deposition methods, the material densification with increasing Tdep can be 

partly explained by the decreasing hydrogen density as evidenced by Fig. 3c. For the same 
Tdep, the hydrogen densities of the PECVD Al2O3 films were significantly higher than for 
the ALD Al2O3 films. The O/Al ratio decreased with increasing Tdep, as displayed in Fig. 
3b, and (nearly) stoichiometric Al2O3 films, with O/Al ratios close to 1.5, were obtained at 
Tdep > 200oC. 

The level of c-Si surface passivation by ALD-synthesized Al2O3 is evaluated in Fig. 1c. 
The results demonstrate that thermal ALD Al2O3 provides a higher level of surface 
passivation in the as-deposited state (with lowest Seff < 35 cm/s) than plasma ALD Al2O3.

7 
It is observed that the as-deposited passivation quality increases with Tdep for plasma ALD, 
whereas a small decrease with increasing Tdep is observed for thermal ALD. After 
annealing, the surface passivation quality improved significantly,7,15 with the best 
passivation performance obtained at Tdep = 150-250oC for both ALD methods. Values of 
Seff,max down to ~3 cm/s are reached for ~2 Ω·cm p-type c-Si by both plasma and thermal 
ALD.  
 The trend observed for the passivation quality of as-deposited PECVD Al2O3, shown in 
Fig. 2c, is similar to the one for plasma ALD Al2O3. Annealing also improved the 
passivation properties of the PECVD Al2O3 films. The annealed films afforded a high level 
of surface passivation with Seff < 10 cm/s, for Tdep = 150-300oC. In addition to the data 
shown in Fig. 2c, exceptionally low Seff values were obtained at Tdep = 200oC, for example: 
Seff < 2.9 cm/s (τeff = 4.7 ms) and Seff < 0.8 cm/s (τeff = 18 ms) on 2.2 Ω·cm p- and 3.5 Ω·cm 
n-type c-Si, respectively; and also Seff < 14 cm/s (τeff = 1 ms) on 1 Ω·cm p-type c-Si. The 
corresponding injection-level dependent lifetime curves are displayed in Figure 4. These 
results were obtained with a deposition rate of ~5 nm/min. Significantly higher deposition 
rates of > 30 nm/min were also feasible, while maintaining a good level of surface 
passivation, as demonstrated by Seff < 14 cm/s on 3.5 Ω·cm n-type c-Si. For comparison, 
under the present conditions the maximum deposition rate for ALD was ~1.8 nm/min at 
Tdep = 200 oC.  

1013 1014 1015 1016

1

10

1.0  cm p-type

2.2  cm p-type

3.5  cm n-type

 

 

E
ff

e
ct

iv
e

 li
fe

tim
e

 (
m

s)

Injection level (cm-3)



Chapter 3 

 

 96 

Figure 5: Maximum surface recombination velocity Seff,max as a function of the positive corona charge 
density Qcorona deposited on Al2O3 films synthesized by plasma ALD and PECVD (Tdep = 200oC), 
after annealing. As substrates, 3.5 Ω·cm n-type c-Si wafers were used. 
 
 
The improvement of the passivation properties of the as-deposited plasma ALD and 
PECVD Al2O3 films with increasing Tdep can be explained by an in-situ anneal effect at 
high temperatures. The interfacial oxide (SiOx) that forms between c-Si and Al2O3 is 
thought to play an essential role in the surface passivation properties of Al2O3.

15 The 
interface quality and related surface passivation properties likely improve during plasma 
ALD and PECVD at high temperatures, similar to the effect observed during the post-
deposition anneal.7,15 For thermal ALD, an in-situ anneal effect was not observed and Seff,max 

for as-deposited films even slightly increased with increasing Tdep. Apparently, lower 
temperatures led to improved interface properties for Al2O3 deposited by thermal ALD.  
 The Al2O3 material properties are expected to affect both the chemical and field-effect 
contributions to the surface passivation performance of the films. The fixed negative charge 
density, Qf, that increases drastically during annealing,15,16 induces the field effect 
passivation and is expected to be closely related to the Al2O3 structural properties near the 
interface.15 As shown in Fig. 5, we have also verified the presence of a high negative Qf of 
(6.5 ± 0.5)1012 cm-2 for PECVD Al2O3 deposited at Tdep = 200oC, after annealing. Qf was 
determined by depositing positive corona charges on a passivated c-Si wafer, using a 
similar approach as described in Ref. 2. A sharp drop of the level of surface passivation 
(increase of Seff,max) was observed at the point where the amount of negative fixed charge in 
the Al2O3 was exactly balanced by positive corona charges. In the same way, a negative Qf 
of (5 ± 0.5)1012 cm-2 for plasma ALD Al2O3 was determined. These Qf values for plasma 
ALD and PECVD Al2O3, are higher than the negative Qf values reported for microwave 
PECVD (Qf ≈ 21012 cm-2) and sputtered Al2O3 (Qf ≈ 31012 cm-2).11,9 Our measured Qf 
values are within the range of previously reported values of negative Qf between 51012 and 
131012 cm-2 for plasma ALD Al2O3.

2,15,16 For thermal ALD Al2O3, on the other hand, 
preliminary data suggest that the negative Qf values after annealing are significantly lower. 
 Comparing the material properties with the passivation performance of Al2O3 films, it is 
apparent that conventional measures for high material quality, such as a high refractive 
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index and mass density, stoichiometry (O/Al ratio ~1.5) and low impurity content, do not 
directly reflect the passivation performance. In fact, a high level of surface passivation was 
obtained for a relatively wide range of Al2O3 material properties, such as a refractive index 
and hydrogen concentration in the range of 1.55–1.65 and 2–7.5 at.%, respectively. This 
observation is consistent with the expectation that, ultimately, the c-Si/Al2O3 interface 
properties after annealing determine the level of surface passivation, and that the Al2O3 bulk 
material properties may deviate from those close to the c-Si interface.17,18 In addition, 
during post-deposition annealing, structural modification of the material bulk and interface 
takes place,2,8,18 which improves the surface passivation of the c-Si. These structural 
rearrangements, in conjunction with the importance of the interface properties, might relax 
the requirements on the Al2O3 bulk material properties significantly.  
 
 
4. Summary   
 
We have studied the influence of the substrate temperature on the material properties and 
the surface passivation performance of Al2O3 films synthesized by plasma and thermal 
ALD and PECVD. The Al2O3 material properties, such as mass density and hydrogen 
content, were dependent on the deposition technique used, but the resulting surface 
passivation performance was excellent for plasma and thermal ALD Al2O3, at Tdep = 150-
250oC, and for PECVD Al2O3, at Tdep = 150-300oC. Consequently, a principal result of this 
work is that we have demonstrated that PECVD can be used to deposit high quality Al2O3 
films, resulting in exceptionally low surface recombination velocities, and containing a high 
fixed negative charge density > 61012 cm-2. The deposition method of choice for Al2O3 
will therefore depend largely upon the extent to which other relevant factors (such as 
deposition uniformity, conformality, throughput and scalability) play a role in the envisaged 
application of Al2O3.  
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Abstract 
 
It is demonstrated that the application of an ultrathin 
aluminum oxide (Al2O3) capping film can improve 
the level of silicon surface passivation obtained by 
low-temperature synthesized SiO2 profoundly. For 
such stacks, a very high level of surface passivation 
was achieved after annealing, with Seff < 2 cm/s for 
~3.5 Ohm cm n-type c-Si. This can be attributed 
primarily to a low interface defect density (Dit < 1011 
eV-1 cm-2). Consequently, the Al2O3 capping layer 
induced a high level of chemical passivation at the 
Si/SiO2 interface. Moreover, the stacks showed an 
exceptional stability during high-temperature firing 
processes and therefore provide a low temperature 
(≤ 400 oC) alternative to thermally-grown SiO2. 
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The strong reduction of the Si interface defect density induced by thermally-grown SiO2 is 
vital to the performance of a large number of semiconductor and photovoltaic devices. Low 
surface recombination velocities at the Si/SiO2 interface, e.g. Seff < 10 cm/s,1-4 are generally 
obtained by the hydrogen-induced passivation of defects during annealing. However, many 
efforts have been undertaken to avoid the long processing times and the very high 
temperatures (~1050 oC) required for thermal SiO2 formation, in particular to prevent the 
deterioration of the Si bulk quality. Wet oxidation processes with H2O at ~800 oC have 
been introduced,4,5 whereas low temperature alternatives such as nitric acid oxidation 
(NAOS),6,7 and plasma enhanced and atmospheric pressure chemical vapour deposition 
(PECVD and APCVD) processes have also been investigated.8-10 However, to date, the best 
surface passivation performance obtained by NAOS and CVD SiO2 is considerably poorer 
than that obtained by thermally-grown SiO2. Seff values in the range 50-100 cm/s have been 
reported for these approaches, but only after annealing at temperatures in the range 600-800 
oC.10,7 Attempts to improve the passivation performance of low-temperature-synthesized 
SiO2, as well as its thermal stability after high-temperature processing steps (e.g. metal 
contact firing), include the use of capping layers, in particular silicon nitride (a-SiNx:H) 
films.11,12  

Recently, Al2O3 synthesized by atomic layer deposition (ALD) emerged as an 
alternative to SiO2 as a surface passivation material. Al2O3 was found to be well suited for 
high efficiency solar cells.13-17 The high fixed negative charge density at the Si/Al2O3 
interface (Qf = 1012 – 1013 cm-2) provides effective field-effect passivation and is especially 
beneficial for the passivation of p- and p+-type c-Si. However, a high negative Qf may not 
be preferable in all cases.  

In this letter, we demonstrate that the initially poor Si surface passivation induced by 
low-temperature-synthesized SiO2 can be significantly enhanced by the application of an 
Al2O3 capping film and annealing, leading to exceptionally low Seff < 2 cm/s. In sharp 
contrast to Al2O3 deposited directly on to c-Si, the field-effect passivation did not play a 
prominent role. The passivation by the stacks can be ascribed mainly to the low defect 
density (Dit < 1011 cm-2 eV-1) at the SiO2/c-Si interface after annealing. In addition, the 
SiO2/Al2O3 stacks exhibited an excellent thermal stability during firing in an industrial belt 
line furnace. Therefore, the results presented have important implications for industrial Si 
solar cells.  

The low-temperature SiO2 was synthesized by PECVD in a radiofrequency parallel 
plate reactor using a substrate temperature of 300oC. SiH4, N2O and N2 were used as the 
process gasses and the deposition rate was ~1 nm/s. The films were deposited on ~275 µm 
thick 3.5 Ω cm n-type FZ (100) c-Si wafers. The SiO2 thickness was varied between 5 and 
85 nm. The resulting material exhibited a refractive index of 1.47±0.03 at a photon energy 
of 2 eV. The Al2O3 films were deposited at 200 oC in an Oxford Instruments OpAL reactor 
with thermal ALD or plasma ALD using H2O or an O2 plasma as the oxidant, respectively. 
In both cases Al(CH3)3 was used as the metal precursor. More details on the preparation 
and properties of the Al2O3 films can be found elsewhere.16,17 Annealing took place in N2 at 
400 oC for 10 min. unless otherwise stated. The surface passivation performance was 
evaluated from the effective lifetime (τeff) of double-side-passivated Si wafers, using 
photoconductance decay (Sinton WCT 100). The upper limit of the effective surface 
recombination velocity, Seff, was directly derived from τeff under the assumption that no 
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recombination takes place in the c-Si bulk, at an injection level Δn = 1014 cm-3. High-
frequency and quasistatic capacitance-voltage (C-V) measurements on metal-insulator-
semiconductor structures were performed to estimate the fixed charge density (Qf) from the 
flatband voltage (VFB) shift and the interface defect density (Dit) from the frequency 
dispersion.18 The anneal step was carried out before the Al contact formation. 

As-grown, the low-temperature-synthesized SiO2 resulted in poor surface passivation of 
the c-Si, as indicated by Seff < 550 cm/s (Fig. 1). Annealing in forming gas (400 oC; 20 min; 
10% H2 in N2) decreased the surface recombination for the single layer only to some extent, 
to Seff < 100 cm/s. These high Seff values can be attributed to a very high interface defect 
density, as displayed in Table 1. It follows that annealing in forming gas is insufficient to 
reach a high level of surface passivation for the low-temperature-synthesized SiO2. 
Subsequently, 30 nm thick Al2O3 films were deposited with thermal and plasma ALD on 
top of the as-grown SiO2 films. After the Al2O3 deposition, the surface passivation 
increased only slightly compared to as-grown SiO2. However, after annealing of the stacks, 
the effective lifetime increased dramatically, as displayed in Fig. 1, with exceptionally low 
Seff values < 1.8 cm/s. This excellent level of surface passivation was achieved for both 
plasma and thermal ALD Al2O3, and was virtually independent of the SiO2 thickness in the 
thickness range investigated. Furthermore, decreasing the thickness of the plasma ALD 
Al2O3 capping film down to 5 nm, did also not significantly affect the surface passivation 
performance with Seff < 3 cm/s. It was verified that with high-rate deposited Al2O3 films,17 
comparable Seff values could be obtained. 

For reference, the injection-level-dependent lifetime for an Al2O3 film deposited 
directly on n-type c-Si is shown in Fig. 1. After annealing, the level of surface passivation 
obtained was comparable to the stacks, but the injection-level-dependence was significantly 
different. The effective lifetime is observed to decrease with decreasing injection level < 
3×1014 cm-2, indicative of the presence of negative charges and an inversion layer.13 

The injection-level-dependence of the effective lifetime therefore suggests that there was 
not a large amount of negative Qf associated with the stacks.  

Figure 1: Injection-level-dependent effective lifetime for SiO2/Al2O3 stacks after annealing. As a 
reference, data for single layer Al2O3 (annealed) and SiO2 (as-grown and annealed) are included. The 
thicknesses of the SiO2 and Al2O3 films were ~26 and ~30 nm, respectively. 
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To gain more insight into the passivation mechanism, C-V measurements were carried 
out. For the SiO2/Al2O3 stacks, very small VFB shifts were observed. By assuming that the 
charges are located at the interface we can estimate Qf to be ~1011 cm-2 (Table 1). The 
polarity of this relatively low effective charge density could not be determined fully 
unambiguously. Second-harmonic generation (SHG, see Ref. 19) results (not shown) 
corroborated the C-V data by revealing a very weak electric field-induced SHG signal. 
Moreover, the SHG data indicated that the polarity of the charge density was most likely to 
be positive for the stacks with 10 nm SiO2. For single layer SiO2 annealed in forming gas, a 
larger VFB shift was observed indicating a positive charge density of the order of  ~1012 cm-2 
when all charges are located at the interface. The results on the stacks were in marked 
contrast with those for plasma ALD Al2O3 films deposited directly on c-Si, which exhibited 
a high negative Qf of 5-6×1012 cm-2.17 The results therefore demonstrate that the field-effect 
passivation by the stacks is comparatively small. Charge densities of the order of ~1011 cm-2 
do not lead to a large reduction of the minority carrier density at the Si surface under 
illumination. The high level of surface passivation afforded by the SiO2/Al2O3 stacks can 
therefore be primarily attributed to the low interface defect density of Dit < 1011 cm-2 eV-1 
(Table 1). These Dit values are drastically lower than those obtained for single layer SiO2, 
even after forming gas annealing. It follows that the chemical passivation induced by the 
low temperature SiO2 is significantly enhanced by the use of an Al2O3 capping film during 
annealing.  

The effective passivation induced by the SiO2/Al2O3 stacks can be attributed to the 
reduction of the interface defect density by (atomic) hydrogen. The Al2O3 films deposited 
at 200 oC contain approximately 3 at.% hydrogen [17]. Using stacks of thermal SiO2 and 
deuterated Al2O3, we have demonstrated that deuterium is transported from the Al2O3 to the 
Si/SiO2 interface, even at the low annealing temperatures (400 oC) employed [20]. 
Furthermore, we speculate that the Al2O3 film may simultaneously serve as a diffusion 
 
 
Table 1: Defect density at mid gap, Dit, (fixed) charge density, Qf, and upper bound for the surface 
recombination velocity, Seff, for stacks of SiO2 with plasma ALD Al2O3 capping layers after 
annealing. As a reference, data for forming-gas-annealed SiO2 is included.  
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Figure 2: Thermal stability of the SiO2/Al2O3 stacks in terms of Seff: Samples A1 and A2 (50 nm 
SiO2/30 nm Al2O3) were fired directly (A1) or first annealed and subsequently fired (A2). Samples B 
(85 nm SiO2/5 nm Al2O3) and C (85 nm SiO2/30 nm Al2O3) were annealed and fired. Al2O3 was 
deposited with plasma ALD. 
 
 
barrier for hydrogen present in the SiO2. The SiO2/Al2O3 stacks bear similarity with the 
alnealing of SiO2, where effective hydrogenation occurs under influence of an Al capping 
layer and is often assumed to be related to atomic hydrogen.21  

For the application of passivation schemes in industrial solar cells a good thermal 
stability is generally a prerequisite, particularly for screen-printed metallization, which 
requires a firing step at ~800 oC. The thermal stability of the SiO2/Al2O3 stacks was 
therefore tested in an industrial belt-line firing furnace. As shown in Fig. 2 for 
representative samples, the stacks exhibited an exceptional stability. With Seff values < 2 
cm/s, the passivation afforded by annealed stacks decreased only slightly during firing. For 
a stack comprising an Al2O3 film of only 5 nm, Seff remained < 7 cm/s after firing. 
Furthermore, it was demonstrated that annealing prior to the firing step was not required, as 
the firing process itself can activate the surface passivation performance, resulting in Seff 
values < 3 cm/s. The thermal stability of the stacks during firing was significantly better 
than that obtained for single layer SiO2 (either thermally- or low-temperature-synthesized) 
passivation schemes. For single layer SiO2, the passivation is strongly degraded by the 
depletion of hydrogen, whereas for the SiO2/Al2O3 stacks this effect appeared to be 
balanced by an effective supply of hydrogen under influence of the Al2O3 capping film.20

  
In conclusion, we have demonstrated that an exceptional high level of c-Si surface 

passivation can be achieved for SiO2 synthesized at low temperatures when combined with 
a very thin Al2O3 capping film. The passivation was virtually independent of the SiO2 
thickness and showed an exceptional firing stability. C-V measurements revealed that the 
SiO2/Al2O3 stacks yielded a high level of chemical passivation after annealing due to a low 
interface defect density. Preliminary results using an alternative method to synthesize the 
low-temperature SiO2 films, and (similar) results for thermally-grown SiO2 [20], have 
suggested that the effective hydrogenation under influence of the Al2O3 capping film may 
be general. Moreover, preliminary data on the long-term stability showed a low Seff (< 4 
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cm/s) for a stack measured after 250 days. This Letter demonstrates that low-temperature-
synthesized SiO2/Al2O3 passivation schemes can provide a realistic alternative for 
thermally-grown SiO2 in next-generation solar cells.   
 
 
Acknowledgements 
 
We thank S. Bordihn, Dr. P. Engelhart and Dr. R. Seguin (Q-CELLS) and Dr. M. Mandoc 
and N. Terlinden (TU/e) for fruitful discussions and T. de Vries and C. van Helvoirt (TU/e) 
for assisting with the experiments. Dr. D. Pierreux (ASM Belgium) is kindly acknowledged 
for the C-V measurements. This work is supported by the German Ministry for the 
Environment, Nature Conservation and Nuclear Safety (BMU) under contract number 
0325150 (“ALADIN”).  
 
 
References 
 

1. A. G. Aberle et al., Prog. Photovoltaics 2 (1994) 2651.  
2. M. J. Kerr, A. Cuevas, Semicond. Sci. Technol. 17 35 (2002) 
3. J. Schmidt et al., Semicond. Sci. Technol. 16 164 (2001). 
4. O. Schultz et al., Prog. Photovolt: Res. Appl. 16, 317 (2008). 
5. J. Benick, K. Zimmerman, J. Spiegelman, M. Hermle, and S.W. Glunz, Prog. Photovoltaics 

(2010); DOI : 10.1002/pip.1020 
6. A. Asuha et al., Appl. Phys. Lett. 81, 3410 (2002). 
7. N. E. Grant, K. R. McIntosh, IEEE Electron Device Lett. 30, 922 (2009). 
8. C. Leguijt et al., Sol. Energy Mater. Sol. Cells 40, 297 (1996). 
9. S. Sivoththaman, P. de Schepper, W. Laureys, J. F. Nijs, and R. P. Mertens, IEEE Electron 

Device Lett. 19, 505 (1998). 
10. B. Hoex et al., J. Vac. Sci. Technol. A 24, 1823 (2006). 
11. M. Hofmann et al., Sol. Energy Mat. Sol. Cells 93, 1074 (2009).  
12. V. D. Mihailetchi et al., Appl. Phys. Lett. 92, 063510 (2008). 
13. B. Hoex et al., J. Appl. Phys 104, 044903 (2008).  
14. G. Agostinelli et al., Sol. Energy Mater. Sol. Cells 90, 3438 (2006). 
15. J. Benick et al., Appl. Phys. Lett. 92, 253504 (2008). 
16. G. Dingemans, R. Seguin, P. Engelhart, M. C. M. van de Sanden, W. M. M. Kessels, Phys. 

Status Solidi RRL 4, 10 (2010). 
17. G. Dingemans, M. C. M. van de Sanden, W. M. M. Kessels, Electrochem. Solid-State Lett. 

13, H76 (2010). 
18. R. Castagne and A. Vapaille, Surf. Sci. 28, 157 (1971). 
19. N. M. Terlinden et al., Appl. Phys. Lett. 96, 112101 (2010). 
20. G. Dingemans et al., Appl. Phys. Lett 97, 152106 (2010). 
21. M.L. Reed, J.D. Plummer, J. Appl. Phys. 63, 12 (1988). 

 



 

105 
 

Part C     II. Fundamental understanding 
 
 
Chapter 5 
 

 
Influence of the oxidant on the chemical and 
field‐effect passivation of Si by ALD Al2O3  
 
 
Published as: G. Dingemans, N.M. Terlinden, D. Pierreux, H.B. Profijt, M.C.M. van de 
Sanden, W.M.M. Kessels, Electrochem. Solid. Stat. Lett. 14, H1 (2011) 
 
 
Abstract 
 
Differences in the Si surface passivation mechanisms of aluminum oxide (Al2O3) films 
synthesized by thermal- and plasma atomic layer deposition (ALD) processes have been 
revealed. Either H2O or O3 were used as oxidants during thermal ALD, with the O3-based 
process being carried out in an industrial ALD batch reactor. Capacitance-voltage and 
second-harmonic generation measurement were carried out to study the chemical and field-
effect passivation. A low interface defect density of Dit  1011 eV-1cm-2 (mid gap) was 
obtained after annealing, independent of the oxidant. This low Dit was found to be vital for 
the passivation performance of Al2O3. Field-effect passivation was less prominent for H2O-
based ALD Al2O3 before and after annealing, whereas for as-deposited ALD films with an 
O2 plasma or O3 as the oxidants, the field-effect passivation was impaired by a  
very high Dit.  
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Thin films of Al2O3 on p- and n-type crystalline silicon (c-Si) yield exceptionally low 
surface recombination velocities (Seff), enabling improved c-Si solar cell efficiencies.1-6 
Since this discovery, Al2O3 films have been synthesized mainly by atomic layer deposition 
(ALD), a method providing extremely uniform films with precise thickness control.7 Three 
types of ALD processes have been developed for the deposition of Al2O3: a plasma-based 
process employing an O2 plasma and two thermal processes with H2O and with O3 as 
oxidant, respectively. No results related to surface passivation have been reported so far 
where O3 is the oxidant. For the H2O-based process, it has recently been demonstrated that 
a high level of surface passivation can be achieved, comparable to that achieved using 
plasma ALD.4 However, distinct differences have also been observed for the Al2O3 films 
synthesized by these two methods. Plasma ALD Al2O3 affords no passivation in the as-
deposited state and requires annealing to reach low Seff values.1,2,4 The corresponding 
Si/Al2O3 interface was found to exhibit a high fixed negative charge density (Qf > 51012 
cm-2), shielding electrons from the interface and leading to effective field-effect passivation 
after annealing.1,2,8 In contrast, Al2O3 prepared by H2O-based thermal ALD already 
provides reasonably low Seff values in the as-deposited state.4,8 Furthermore, it was found 
that a high level of surface passivation can be maintained for film thicknesses down to 5 nm 
for plasma ALD, whereas film thicknesses > 10 nm are required for the H2O-based ALD 
process.4  
 The question arises as to whether the observed differences in passivation performance 
between plasma and thermal ALD Al2O3, can be understood on the basis of the underlying 
passivation mechanisms, which to date, have only partly been uncovered. For plasma ALD 
Al2O3 films, investigations have focused on the presence of field-effect passivation and 
open questions remain with respect to the importance of the chemical passivation (i.e. 
reduction of the interface defect density, Dit) and the changes of Dit upon annealing. For 
state-of-the-art Al2O3 synthesized with H2O-based thermal ALD, both the effect of Qf and 
Dit on the surface passivation performance remain unaddressed. Therefore, in this letter, the 
chemical passivation and field-effect passivation were studied using capacitance-voltage 
(C-V) measurements in conjunction with optical second-harmonic generation (SHG) 
spectroscopy. The latter technique is non-intrusive and probes the electric field at the Si 
interface directly.9-11 The results indicate that, during ALD, the oxidant has a significant 
influence on the surface passivation mechanism. This will be also demonstrated for O3, 
which is a very relevant, alternative oxidant for industrial-scale thermal ALD processes. 
We will show that, in the as-deposited state, the Al2O3 films prepared by H2O-based ALD 
resulted in a significantly lower Dit compared to those of O3-based ALD and plasma ALD. 
For plasma ALD Al2O3, the Si/Al2O3 interface properties were affected by the plasma 
process, namely plasma radiation. After annealing, all three ALD methods resulted in 
comparable low Dit values, but with a significantly lower Qf for Al2O3 synthesized by H2O-
based ALD. Although the working principle of Al2O3 surface passivation films is often 
attributed to field-effect passivation, our results underline that the high level of chemical 
passivation afforded by the Al2O3 films is vital to their performance. 
 The plasma ALD and thermal ALD (H2O-based, abbreviated “H2O-ALD”) films were 
deposited using an Oxford Instruments single wafer reactor. A substrate temperature of Tdep 
~200oC was used, which is in the range for optimal passivation performance for the Al2O3 
films (Tdep = 150-250oC).4,8 The O3-based ALD process (“O3-ALD”) was carried out in an 
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industrial-scale ASM batch reactor with the O3 generated from a N2-O2 mixture. The ALD 
cycle was optimized for surface passivation performance, and the films were deposited 
within the range Tdep = 150-200oC. For ALD, O3 is sometimes preferred over H2O as it is a 
stronger oxidizer and easier to remove from the reactor by purging.12 All Al2O3 films had a 
thickness of ~30 nm and were deposited on ~2.5 Ω.cm p-type c-Si FZ wafers (thickness = 
~280 µm).8 The material properties of the films resulting from the three ALD methods were 
determined with Rutherford backscattering spectroscopy and elastic recoil detection (RBS), 
and are listed in Table 1. The films deposited with O3-ALD exhibited a slightly higher 
hydrogen content ([H] ~5 at.%) and an O/Al ratio > 1.5, resulting in a slightly lower mass 
density compared to the other two methods. As the hydrogen content is strongly dependent 
on the substrate temperature,8 the higher [H] for the O3-ALD films could be related to a 
slightly lower Tdep in the batch reactor. Infrared absorption measurements have indicated 
the presence of -OH groups in the material, while some hydrogen could also be 
incorporated as -CHx groups. The carbon content of all ALD films was below the detection 
limit of ~5 at.% of RBS . To evaluate the surface passivation performance of the films, the 
upper limit of Seff was determined from the effective lifetime at an injection level of Δn = 
1015 cm-3 by assuming an infinite bulk lifetime. The Seff values before and after the 
annealing of the films at 400oC (10 min. in N2) are given in Table 1. In agreement with 
previous reports,4,8 before annealing, H2O-based thermal ALD led to a higher level of 
passivation (Seff < 30 cm/s) than plasma ALD, whereas after annealing both methods 
resulted in Al2O3 films that afforded a high level of surface passivation (Seff < 5 cm/s). In 
the as-deposited state, the O3-ALD films afforded a low level of passivation (similar to the 
plasma ALD films). After annealing, excellent surface passivation properties were obtained 
(Seff  < 6 cm/s), comparable to the results for the single wafer reactor. These results were 
obtained in a batch reactor, thereby demonstrating the industrial feasibility of Al2O3 for 
surface passivation in c-Si photovoltaics. In addition, the results underline that the surface 
passivation performance is relatively insensitive to the material properties of the as-
deposited Al2O3 films.8  
 To asses the field-effect passivation of the H2O-ALD and plasma ALD Al2O3 films, the 
as-deposited and annealed films were measured with SHG and the spectra are displayed in 
Fig. 1. Note that with SHG spectroscopy in the photon energy range used, the optical 
resonances related to the E’0/E1 critical point of silicon are probed in the near surface 
region, as described elsewhere.10,11 With an optical model, the SHG response from our 
Si/Al2O3 samples could be well-fitted with three critical-point-like resonances; a Si-Si 
interface contribution (second harmonic photon energy of ~ 3.3 eV), an interfacial SiOx 
contribution (~3.6 eV), and an electric-field-induced (EFISH) contribution (~3.4 eV). The 
latter is most relevant for this study, as the amplitude of the EFISH contribution scales with 
the electric field within the Si space charge layer at the Si/Al2O3 interface induced by the Qf 
in the Al2O3. It is therefore a measure for the field-effect passivation.10 When considering 
Fig. 1, it is evident that the SHG intensity shows a marked increase after annealing the 
Al2O3 films, for both plasma ALD (consistent with previous results10), and for H2O-ALD. 
For the annealed samples, the EFISH contribution at ~3.4 eV was found to dominate the 
SHG signal. By normalizing the EFISH amplitude, AEFISH, to the value for plasma ALD  
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Figure 1: Second harmonic generation spectra for plasma ALD and thermal ALD (H2O) Al2O3 films 
before and after annealing. Note the different scales on the vertical axes. The solid lines present a fit 
to the data taking three critical-point-like resonances into account including the EFISH contribution.  
 
 
Al2O3 after annealing, it was found that AEFISH = 1 (by definition) for plasma ALD Al2O3 
after annealing and AEFISH = 0.62±0.13 for thermal ALD Al2O3 after annealing. For the as-
deposited samples, AEFISH = 0.52±0.13 for plasma ALD Al2O3 and AEFISH = 0.17±0.13 for 
H2O-ALD Al2O3 (for this sample the SHG signal was not dominated by the EFISH 
contribution). The data therefore demonstrate that the level of field-effect passivation is 
significantly higher for plasma ALD Al2O3 compared to H2O-ALD, before as well as after 
annealing.  

High- and low frequency C-V measurements on metal-insulator-semiconductor 
structures were performed to extract the fixed charge density and interface defect density at 
midgap (Dit),

13 for films deposited using all three ALD methods. Evaporated Al was used 
for the metal contacts. When applied, annealing was performed prior to the metallization. 
As displayed in Table 1, a low negative charge density of Qf = 1.31011 cm-2 was obtained 
for as-deposited H2O-ALD Al2O3, whereas a high negative Qf values of 2±11012 cm-2 were 
extracted for as-deposited plasma ALD Al2O3. For O3-ALD Al2O3, even higher Qf values of 
51012 cm-2 were determined for the as-deposited films. After annealing, the negative Qf 
increased to 2.41012 and 5.81012 cm-2 for H2O-ALD and plasma ALD Al2O3, 
respectively. A good qualitative agreement therefore exists between the SHG and C-V 
results, also considering the fact that different samples were prepared for either technique. 
For the O3-ALD Al2O3 films, Qf was found to decrease slightly during the annealing 
treatment in contrast to the other two ALD methods. 

Both the C-V and the SHG results show that, for the H2O-ALD films, the chief effect of 
annealing was the significant increase of Qf. For the O3 and plasma ALD Al2O3 films, on 
the other hand, the impact of annealing on the level of chemical passivation, was  
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Table 1: Comparison between material and passivation properties of Al2O3 prepared by plasma ALD 
and thermal ALD with H2O and O3. Maximum surface recombination velocity, Seff,max, interface 
defect density, Dit, and fixed negative charge density, Qf, before and after annealing, for ~2.5 Ω.cm p-
type c-Si wafers. The O/Al ratio, mass density, ρ, and hydrogen content, [H], are also given for the as-
deposited films.  
 
Method Seff,max 

(cm/s) 
Dit 

(eV-1 cm-2) 
Qf 

(cm-2) 
O/Al 
ratio 

ρ 
(g cm-3) 

[H] 
(at.%) 

Plasma ALD       
as-deposited 3103 ~1013 1-31012 1.52±0.1 3.1±0.2 2.7±0.2 
annealed 400oC 3.7 11011 5.81012 - - - 
annealed 450oC* 2.8 0.81011 5.61012 - - - 

 
H2O-ALD       
as-deposited 30 31011 1.31011 1.52±0.1 3.0±0.2 3.6±0.2 
annealed 400oC  4.9 11011 2.41012 - - - 
annealed 350oC* 4.0 0.41011 1.31012 - - - 

 
O3-ALD       
as-deposited 1103 ~1013 5.31012 1.69±0.1 2.8±0.2 5.0±0.2 
annealed 400oC 6.0 11011 3.41012 - - - 

 
*Data for optimized annealing temperatures.  
 
 
particularly prominent. For the plasma ALD samples, the Dit was initially very high and 
decreased from an estimated ~1013 eV-1 cm-2 to a value of 11011 eV-1 cm-2 after annealing 
Table 1). A similar trend was observed for the O3-based process. For as-deposited H2O-
ALD Al2O3, a low defect density of 31011 eV-1 cm-2 was obtained, which further improved 
to 1011 eV-1 cm-2 during annealing, reaching a similar level to that for plasma and O3-ALD 
Al2O3. The Dit values of ~1011 eV-1 cm-2 are in good agreement with the lowest values for 
Al2O3 reported in the literature.14-16 The additional data in Table 1 demonstrate that even 
lower Dit values < 1011 eV-1 cm-2 can be obtained for H2O-ALD and plasma ALD films by 
using an annealing temperature of 350oC and 450oC (10 min.), respectively.4 To study the 
chemical passivation in more detail, future research could be directed towards other 
aspects, such as the energy distribution of the interface states providing more information 
than Dit at midgap. 

As is evident from the data in Table 1 and Fig. 1, the reasonable level of surface 
passivation afforded by as-deposited H2O-ALD Al2O3 can be attributed primarily to the 
relatively low defect density. On the other hand, for as-deposited O3 and plasma ALD 
Al2O3, the effect of the high Qf appears to be nullified by the extremely high Dit. From the 
Shockley-Read-Hall formalism,17 one would assume that, in principle, a higher Qf could 
offset a higher Dit, to reach a satisfactorily low level of surface recombination. For 
example, numerical simulations with the PC1D program indicated that a negative Qf of 1012 
cm-2 leads to a reduction of the surface electron density by a factor of 103 (with a bulk 
injection level of Δn = ~1015 cm-3) and, therefore, to a drop in surface recombination. In 
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practice, however, Dit values << 1013 eV-1 cm-2 appear to be required to effectuate the (field-
effect) passivation.  

The passivation properties of Al2O3 are likely to be intimately related to the properties 
of the interfacial silicon oxide (1-2 nm) present between the Si and Al2O3.

2 We have 
demonstrated experimentally that the O2 plasma process can damage this interfacial oxide 
region for as-deposited Al2O3 due to the presence of vacuum ultraviolet (VUV) radiation in 
the O2 plasma. An annealed 30 nm thick Al2O3 film was exposed to an O2 plasma (under 
the same conditions as those used during plasma ALD) and an exponential decay of the 
effective lifetime as a function of cumulative plasma exposure time was observed on 
relevant time scales, as shown in Fig. 2. The degradation can be attributed mainly to 
photons with an energy of 9.5 eV, as measured by vacuum optical emission spectroscopy 
(Fig. 2, inset). We have previously shown that UV photons with an energy up to 4.9 eV do 
not reduce the passivation performance.18 The effect of VUV radiation during deposition 
was confirmed by the observation that a reduction of Dit by approximately an order of 
magnitude (to Dit ~71011 eV-1 cm-2) could be achieved for as-deposited films by reducing 
the plasma time in the ALD cycle from 3 to 0.5 s. Accordingly, a significantly higher level 
of surface passivation, with Seff < 90 cm/s, was obtained which can be attributed to the 
enhanced chemical passivation.19 This Seff value is of the same order of magnitude as for as-
deposited H2O-ALD Al2O3, that exhibits lower Dit but also significantly lower Qf. In this 
respect, it is interesting to note that the O3-ALD process, free of VUV radiation, also 
resulted in high Dit prior to annealing. Such poor interface properties have been reported 
before for O3-based ALD processes, for example for ZrO2 films.20 Apparently also other 
processes, apart from the plasma radiation, affect the interface properties of the as-
deposited films when synthesized by ALD with strong oxidants. We expect that in 
particular the properties of the interfacial SiOx layer can be affected. Fortunately, the 
interface defects created during the ALD processes with an O2 plasma and O3 can be 
passivated very effectively during annealing, as is evident from the decrease of the values 
of Dit in Table 1. The significant reduction of this defect density during annealing involves 
the passivation of Si dangling bonds (such as Pb-type defects), under influence of hydrogen 
released from the Al2O3 film.21  

We would like to point out that the higher Qf after annealing for plasma ALD Al2O3 
when compared to H2O-ALD Al2O3, appeared to have no major additional impact on the 
level of surface passivation obtained for 30 nm thick films. For an increasingly good 
surface passivation performance, the measured effective lifetime approaches a value 
dictated by the (intrinsic) recombination in the bulk, and as a consequence, values of Qf 
above a certain threshold will not be reflected by a significantly lower Seff,max. Nevertheless, 
for Al2O3 films that exhibit lower Qf , the surface passivation performance is more strongly 
dependent on the chemical passivation. This may for instance explain why the minimum 
required film thickness is larger for thermal ALD compared to plasma ALD films.4,11 In 
addition, a lower field-effect passivation may have implications for the thermal stability at 
elevated temperatures. It is furthermore noted that Al2O3 films with higher Qf, for instance 
synthesized with plasma ALD, could be more suited for the passivation of highly doped p-
type surfaces as, for example, used in p+ emitters.1,5 
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Figure 2: Effective lifetime for a n-type silicon wafer (3.5 Ω.cm resistivity) passivated with plasma 
ALD Al2O3 after annealing, as a function of cumulative plasma exposure time. The dashed line is an 
exponential fit to the data. The inset shows the O (I), 2p4 3P–3s 3So emission at 9.5 eV as measured 
with optical emission spectroscopy. 
 
 
 In conclusion, we have shown that the mechanisms underlying the Si surface 
passivation induced by Al2O3 films are significantly affected by the oxidant employed 
during ALD (H2O, O3 or an O2 plasma). The differences observed in chemical and field-
effect passivation for the different ALD processes may have important consequences for 
specific applications of Al2O3 in solar cells and other optoelectronic devices.  
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Abstract 
 
The role of hydrogen in Si surface passivation is experimentally identified for Al2O3 
(capping) films synthesized by atomic layer deposition. By using stacks of SiO2 and 
deuterated Al2O3, we demonstrate that hydrogen is transported from Al2O3 to the 
underlying SiO2 already at relatively low annealing temperatures of 400oC. This leads to a 
high level of chemical passivation of the interface. Moreover, the thermal stability of the 
passivation up to 800oC was significantly improved by applying a thin Al2O3 capping film 
on the SiO2. The hydrogen released from the Al2O3 film favourably influences the 
passivation of Si interface defects.  
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Aluminum oxide (Al2O3) films afford a high level of Si surface passivation with ultra-low 
surface recombination velocities (Seff < 2 cm/s) after post-deposition annealing.1-4 These 
films exhibit a high fixed negative charge density located near the Si interface that 
generates field-effect passivation. Moreover, the significant reduction of the interface 
defect density Dit to < 1011 eV-1 cm-2 during post-deposition annealing is vital for their 
passivation performance.5 The actual processes that lead to the decrease of Dit during 
annealing are not fully understood yet. However, there are indications that the hydrogen (2-
3 at.%) in the Al2O3 films plays an important role in passivating defects at the Si/SiOx 
interface which is formed when Al2O3 is applied on an H-terminated Si surface.2,6-8  
 In this Letter, we will experimentally identify the role of hydrogen in the passivation of 
interface defects during the post-deposition annealing of Al2O3 films. For this purpose we 
employ a model system comprising a stack of thermally-grown SiO2 and a deuterated Al2O3 
(Al2O3:D) film. The use of a thicker thermally-grown SiO2 layer, instead of the interfacial 
(1-2 nm) SiOx, enables the separation between chemical and field-effect passivation. As 
reported below, SiO2/Al2O3 stacks with a relatively thick SiO2 layer provide negligible 
field-effect passivation different from Al2O3 films directly deposited on Si. Moreover, these 
SiO2/Al2O3 stacks are highly technologically relevant as Si passivation scheme, which has 
recently been demonstrated by results on solar cells.9 The surface passivation mechanism of 
such stacks, however, remains poorly understood. The first principal result of this Letter is 
that it is experimentally established that hydrogen diffuses from the Al2O3 thin film towards 
the Si interface at the relatively low temperature of 400oC typically employed during post-
deposition annealing. By passivating dangling bonds, the hydrogen provides effective 
chemical passivation of the Si interface. Secondly, we demonstrate that the SiO2/Al2O3 

stacks exhibit a significantly enhanced thermal stability compared to a single layer of SiO2. 
This can be explained by the additional supply of hydrogen from the Al2O3 film during 
annealing, which balances the depassivation of interfacial Si-H bonds at high temperatures. 
 The Al2O3 films were deposited by plasma ALD at a substrate temperature of ~200oC.10 
The deuterated films were grown by using Al(CD3)3 as metal precursor. Deuterium was 
used to facilitate the tracing of hydrogen by secondary ion mass spectrometry (SIMS, 
carried out at Philips Material Analyses) and thermal effusion measurements. Elastic recoil 
detection, used to calibrate the SIMS results, revealed that the density of D in the Al2O3:D 
films was 2.2×1021 cm-3 ([D] = ~2.4 at.%, similar to [H] in the Al2O3:H films normally 
employed),10 and contained only a small density of H of ~1.5×1020 cm-3. The latter can be 
attributed to the isotopic purity of the Al(CD3)3 precursor. The high quality SiO2 layers 
(thickness ~200-300 nm) were grown using wet thermal oxidation (at 900oC) and floatzone 
Si (100) wafers were used as substrates. Annealing was carried out in an N2 environment, 
unless otherwise indicated. The upper level of Seff was determined from the effective 
lifetime, as measured with photoconductance decay (Sinton WCT 100) at an injection level 
of 5×1014 cm-3 by assuming an infinite bulk lifetime.  
 After deposition of a 30 nm thick Al2O3 capping film on the as-grown SiO2, a low level 
of surface passivation was obtained (Seff < 280 cm/s). The passivation by the stacks could 
however be activated by annealing (400oC, 10 min), and typically very low Seff values < 4 
cm/s and Seff < 2 cm/s were obtained for ~2.5 Ω·cm and ~10 Ω·cm n-type c-Si wafers, 
respectively. Reference samples with Al2O3 capping films synthesized with thermal ALD, 
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Figure 1: Maximum effective surface recombination velocity (Seff,max) for cumulative annealing 
treatments (in steps of 1 min) for floatzone Si wafers (n-type, ~10 Ω·cm) with SiO2/Al2O3:H stack and 
SiO2 layer. The latter sample was hydrogenated by using a sacrificial Al2O3 film during annealing at 
400oC for 10 min. Prior to this experiment, also the stack was annealed under the same conditions. 
Lines serve as guide for the eye. 
 
 
using H2O instead of O2 plasma as the oxidant, led to similar results. The annealed 
SiO2/Al2O3 stacks generally afforded a higher level of passivation compared to SiO2 
reference samples annealed in forming gas. Second-harmonic generation experiments,11 
performed on the thermal SiO2/Al2O3 stacks demonstrated that no significant field-effect 
passivation was present for the SiO2 thicknesses employed. The passivation performance of 
the stacks can therefore be attributed to a high level of chemical passivation. A high level of 
chemical passivation, in addition to effective field-effect passivation, was previously also 
reported for Al2O3 applied directly on Si as indicated by a Dit of < 1011 eV-1 cm-2 obtained 
after the same annealing treatment.5 
Another important observation was that the thermal stability of the SiO2 was significantly 
enhanced by the use of an Al2O3 capping film. Figure 1 compares the thermal stability of 
the passivation afforded by a SiO2/Al2O3 stack (after annealing at 400oC) with that of 
(hydrogenated) SiO2 only. The latter sample underwent the same treatment as the 
SiO2/Al2O3 stack, but the Al2O3 capping film was removed after annealing by etching in 
HF. This SiO2 sample (prepared with “sacrificial” Al2O3) and the SiO2/Al2O3 stack resulted 
in a similar level of passivation, which remained high for temperatures up to 400oC. 
Above 500oC a rapid deterioration was, however, observed for the SiO2, whereas the 
passivation induced by the stack was less affected. The stack exhibited improved thermal 
stability, and only after annealing at 700oC (for 1 min.), the surface passivation 
deteriorated. The stability of the stacks was also examined for an industrial firing process as 
used for the metallization of solar cells (T > 800oC for a number of seconds), which resulted 
in low Seff  < 9 cm/s. Such increased stability compared to single layer SiO2, has also been 
reported for SiO2/a-SiNx:H stacks.12  
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Figure 2: Deuterium depth profiles measured with SIMS for Al2O3:D/SiO2 stacks on Si, (1) as-
deposited, (2) after annealing at 400oC (10 min), (3) after annealing at 400oC (10 min) and subsequent 
annealing at 800oC (30s). The vertical axis displays the calibrated [D] in the Al2O3 films. For the SiO2 
and Si, calibrations revealed that [D] is a factor 1.7 higher than indicated on the axis. For (1), the 
lower apparent D signal for short sputtering times is a measurement artifact 

 
 
 To investigate the mechanism underlying the effective chemical passivation induced by 
Al2O3 and the enhanced thermal stability of the SiO2/Al2O3 stacks, SIMS measurements 
were performed on three similarly-prepared SiO2/Al2O3:D stacks that only differed in post-
deposition annealing. The D depth-profiles are displayed in Fig. 2. For the as-deposited 
stack, the deuterium concentration, [D], was relatively constant in the Al2O3 film, as 
expected for films prepared by ALD. D atoms were also detected in the SiO2 film, with 
significant accumulation near the SiO2/Si interface,13 prior to annealing of the stack. It is 
likely that the D atoms were incorporated into the SiO2 during the oxidation step in the 
Al2O3 ALD cycle, when atomic deuterium originating from the metal precursor is present 
in the plasma, as we have corroborated by optical emission spectroscopy.14 The activation 
of the surface passivation during annealing at 400 oC, led to a significant drop of the total 
[D] by ~3.3×1020 cm-3 in the Al2O3 films, which is approximately ~15% of the initial 
concentration. The D content in the SiO2 layer increased by ~9×1019 cm-3 (~100% 
increase), demonstrating that effective transport of D from the Al2O3 film into the 
underlying SiO2 takes place during annealing. It is observed that the D content at the 
Si/SiO2 interface also increased dramatically (also by ~ 100%). Hydrogen accumulation in 
the near surface region has been observed before during forming gas annealing studies.13,15 
This is consistent with the high mobility of molecular hydrogen in SiO2 in combination 
with the Si substrate acting as a diffusion barrier,16 which promotes the diffusion of 
hydrogen along the interface and significantly increases its interaction with electronically 
active recombination centers,16,17 and other defects present in this interfacial region.13,15-17 
Overall, the data indicate that approximately 4% of the D present in the Al2O3 films 
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initially, diffused into the SiO2 layer during annealing, which is approximately a quarter of 
the total amount of D that was removed from the Al2O3 film. After a subsequent high 
temperature step (800oC, 30s), a strong reduction of [D] in both the Al2O3 and SiO2 layers 
was observed. Interestingly, the decrease of [D] at Si/SiO2 interface was significantly lower 
than that in the SiO2 bulk. To summarize, these SIMS results clearly demonstrate the 
release, and subsequent diffusion, of hydrogen from the Al2O3 towards the interface region 
during annealing. 
 To study the influence of the annealing treatment on the release of hydrogen from the 
Al2O3 films in more detail, effusion experiments were carried out in an ultra-high vacuum 
quartz tube with a constant heating rate of 20 °C/min.18 The effusion measurements on a 
Al2O3:D film, as displayed in Figs. 3a/b, demonstrated that D is released from the film into 
the vacuum in different forms. Analyses of the cracking patterns revealed the following 
prominent species: D2O (mass over charge ratio m/z = 20), HDO (m/z = 19), D2 (m/z = 4) 
and HD (m/z = 3). The maxima in the effusion transients were detected at temperatures of 
TM ~670-715oC. The onset of the signals, however, already occurred at temperatures as low 
as ~400oC. These observations indicate that hydrogen is released from the Al2O3 films over 
a relatively broad temperature range, which is consistent with the improved thermal 
stability of the SiO2/Al2O3 stack (Fig.1). 

Although these effusion results warrant a more detailed discussion outside the scope of 
this Letter, we would like to point out that the HDO signal is significantly stronger than the 
D2O signal. Because [H] << [D], this suggests an effusion process with a surface-enhanced 
desorption component in which diffusion in the Al2O3 film and the subsequent isotope 
exchange at the surface (with H2O adsorbed from the ambient) play a role.  
To investigate the role of hydrogen in the thermal stability of the stacks, and the 
depassivation of Si/SiO2 interface defects,19 thermal effusion experiments were carried out 
on a deuterated SiO2 sample. The deuterium was incorporated into the SiO2 using a 
sacrificial Al2O3:D layer during annealing as described earlier. The effusion signals of 
HDO and HD originating from this “SiO2:D” film, which were not detected for a reference 
SiO2 sample, corroborate the SIMS results by confirming the presence of D in the SiO2 film 
(Fig. 3c). H2O and H2 were also detected (Fig. 3d), with comparable transients for a SiO2 
film which received forming gas annealing (not shown). Maxima in the effusion signals 
were detected at TM1 ~425oC, TM2 ~520oC and TM3 ~750oC. The existence of multiple peaks 
indicates various activation energies and suggests a variety of corresponding bonding 
configurations of hydrogen. While the low temperature (TM1) features may be explained by 
surface desorption of (hydrogen-bonded) H2O and by dehydroxylation reactions,20 the 
effusion at higher temperatures can be attributed to hydrogen originating from the bulk and 
interface. In fact, comparison with Fig. 1 strongly suggests that the release of hydrogen at 
TM2 is indicative of the depassivation of interface defects, coinciding with a strong decrease 
of surface passivation performance for single layer SiO2. It is likely that 
the reverse process, the interface hydrogenation, also involves the diffusion of H2 in SiO2. 
A possible role of atomic hydrogen, as has been reported for dense a-SiNx:H layers,21,22 

cannot be conclusively established on the basis of the presented data as the effusion 
measurements only detect stable molecules.  
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Figure 3: Thermal effusion measurements for an Al2O3:D film (a,b) and for deuterated SiO2 
(“SiO2:D”) prepared using a sacrificial Al2O3:D film during annealing (c,d). 
 
 
 The combination of experimental results demonstrates that the high level of chemical 
passivation induced by the Al2O3 capping layer on SiO2 is related to effective transport of 
hydrogen from the Al2O3 bulk towards the Si interface during annealing. Furthermore, it 
was shown that the significantly-enhanced thermal stability of the SiO2/Al2O3 stacks can be 
related to a supply of hydrogen from the Al2O3 film that balances the depassivation of 
defects at the SiO2/Si interface at elevated temperatures. The Al2O3 capping may 
simultaneously serve as a diffusion barrier and impede the rapid effusion of hydrogen from 
the SiO2. As the interface of Al2O3 applied directly on c-Si is essentially Si/SiO2-like,23 it is 
likely that a similar hydrogen-induced passivation mechanism can also explain the low 
interface defect density for single-layer Al2O3 after annealing. Moreover, the important role 
of hydrogen can be linked directly to reported trends concerning, for example, the Al2O3 
film thickness and deposition temperature.4,10 Finally we note that the insights revealed by 
this study may have major implications for the optimization of post-deposition treatments 
and for defining specific passivation schemes comprising Al2O3 for industrial-type solar 
cells.  
 
 
Acknowledgements 
 
We thank Dr. P. Engelhart, Dr. R. Seguin and S. Bordihn (Q-CELLS), N. Terlinden and Dr. 
M. Mandoc (TU/e) and D. Lennartz (IEF-5) for experimental support and fruitful 
discussions. The deuterated TMA was kindly provided by Air Liquide. This work is 
supported by the German Ministry for the Environment, Nature Conservation and Nuclear 
Safety (BMU) under contract number 0325150 (“ALADIN”). 

 

T
M3T

M2
 

Temperature (°C)

SiO
2
:D

HDOHD

T
M1

 

  

(b)

HD (x2)

HDO

 

Al
2
O

3
:DD

2

D
2
O (x2)

(a)

E
ffu

si
on

 s
ig

na
l (

a.
u.

)

400 600 800 1000

 

(d)

(c)

H
2
O  

H
2

SiO
2
:D

 

 

 

Al
2
O

3
:D



Hydrogen induced passivation of Si interfaces by Al2O3 and SiO2/Al2O3 stacks 

 

 119

 
 
References 
 

1. B. Hoex, S. B. S. Heil, E. Langereis, M. C. M. van de Sanden, and W. M. M. Kessels, Appl. 
Phys. Lett. 89, 042112 (2006). 

2. B. Hoex, J. J. H. Gielis, M. C. M. van de Sanden, W. M. M. Kessels, J. Appl. Phys. 104, 
113703 (2008).  

3. G. Agostinelli, A. Delabie, P. Vitanov, Z. Alexieva, H. F. W. Dekkers, S. De Wolf, G. 
Beaucarne, Sol. Energy Mater. Sol. Cells 90, 3438 (2006). 

4. G. Dingemans, R. Seguin, P. Engelhart, M.C.M. van de Sanden, W. M. M. Kessels, Phys. 
Status Solidi RRL 4, 10 (2010). 

5. G. Dingemans, N. M. Terlinden, D. Pierreux, H. B. Profijt, M. C. M. van de Sanden, 
W.M.M. Kessels, Electrochem. Solid. Stat. Lett. 14, H1 (2011). 

6. A. Roy Chowdhuri, C. G. Takoudis, R. F. Klie, N. D. Browning, Appl. Phys. Lett. 80, 4241 
(2002).  

7. G. Dingemans, R. Seguin, P. Engelhart, F. Einsele, B. Hoex, M. C. M. van de Sanden, W. 
M. M. Kessels, J. Appl. Phys. 106, 114907 (2009). 

8. T.-T. A. Li, A. Cuevas, Prog. Photovolt: Res. Appl. (2010), DOI: 10.1002/pip.1031 
9. W. C. Sun, W. L. Chang, C. H. Chen, C. H. Du, T. Y. Wang, T. Wang, C. W. Lana, 

Electrochem. Solid-State Lett. 12, H388 (2009). 
10. G. Dingemans, M. C. M. van de Sanden, W. M. M. Kessels, Electrochem. Solid- State Lett. 

13, H76 (2010). 
11. J. J. H. Gielis, B. Hoex, M. C. M. van de Sanden, W. M. M. Kessels, J. Appl. Phys. 104, 

073701 (2008). 
12. J. Schmidt, M. J. Kerr, A. Cuevas, Semicond. Sci. Technol. 16, 164 (2001).  
13. N. M. Johnson, D. K. Biegelsen, M. D. Moyer, V. R. Deline, C. A. Evans Jr., Appl. Phys. 

Lett. 38, 995 (1981). 
14. S. B. S. Heil, J. L. van Hemmen, M. C. M. van de Sanden, W. M. M. Kessels, J. Appl. 

Phys. 103, 103302 (2008). 
15. M. Wilde, M. Matsumoto, K. Fukutani, Z. Liu, K. Ando, Y. Kawashima, S. Fujiede, J. 

Appl. Phys. 92, 4320 (2002). 
16. L. Tsetseris and S. T. Pantelides, Phys. Rev. B 70, 245320 (2004).  
17. A. Stesmans, J. Appl. Phys. 88, 489 (2000). 
18. W. Beyer, J. Herion, H. Wagner, U. Zastrow, Philos. Mag. B 63, 269 (1991). 
19. J. H. Stathis, J. Appl. Phys. 77, 6205 (1995). 
20. Y. Kawashima, Z. Liu, K. Terashima, K. Hamada, K. Fukutani, M. Wilde, S. Aoyagi, M. 

Kudo, Appl. Surf. Sci. 212, 804 (2003).  
21. H. F. W. Dekkers, G. Beaucarne, M. Hiller, H. Charifi, A. Slaoui, Appl. Phys. Lett. 89, 

211914 (2006). 
22. M. Sheoran, D. S. Kim, A. Rohatgi, H. F. W. Dekkers, G. Beaucarne, M. Young, S. Asher, 

Appl. Phys. Lett. 92, 172107 (2008).  
23. A. Stesmans and V. V. Afanas’ev, Appl. Phys. Lett. 80 1957 (2002).  

 
 



 

120 
 

 
 
 
 
 
 



 

121 
 

 
Chapter 7 
 

 
Controlling the fixed charge and passivation 
properties of Si(100)/Al2O3 interfaces using 
ultrathin SiO2 interlayers synthesized by ALD 
 
 
G. Dingemans, N.M. Terlinden, M.A. Verheijen, M.C.M. van de Sanden, W.M.M. Kessels, 
J. Appl. Phys. 110 (2011), accepted for publication 

 
Abstract 
 
Al2O3 synthesized by atomic layer deposition (ALD) on H-terminated Si(100) exhibits a 
very thin (~1 nm) interfacial SiOx layer. At this interface, a high fixed negative charge 
density, Qf, is present after annealing which contributes to ultralow surface recombination 
velocities < 2 cm/s. Here, we identify the thickness of the interfacial SiO2 layer as a key 
parameter determining Qf. The SiO2 thickness was controlled by intentionally growing 
ultrathin SiO2 interlayers (0.7-30 nm) by ALD. Optical second-harmonic generation 
spectroscopy revealed a marked decrease in Qf for increasing SiO2 thickness between 0-5 
nm. This phenomenon is consistent with charge injection across the interfacial layer during 
annealing. For thicker SiO2 interlayers (> ~5 nm), the polarity of the effective charge 
density changed from negative to positive. The observed changes in Qf and the associated 
field-effect passivation had a significant influence on the injection-level-dependent 
minority carrier lifetime of Si. 
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1. Introduction  
 
The reduction of thin films to nanometer dimensions in the semiconductor industry is about 
to spill over to silicon photovoltaics. The functionality that ultrathin films can add to solar 
cells is related especially to the increasingly important role of surfaces and interfaces in 
device performance. To tailor material and interface properties and to achieve the necessary 
control of film thickness, atomic layer deposition (ALD) is the synthesis method of choice. 
Recently, ALD entered the field of silicon photovoltaics by virtue of Al2O3 with its unique 
property of a high level of field-effect passivation by negative fixed charges (Qf).

1,2 
Ultrathin films of Al2O3 are favorable for the passivation of p-type silicon surfaces and 
heavily doped p+-regions in solar cells.1-13 Ultralow surface recombination velocities Seff < 
5 cm/s have been reported for low resistivity c-Si after annealing the Al2O3 films at 
moderate temperatures.1,6 The passivation properties of Al2O3 are related to the combined 
effect of a decrease of the interface defect density (Dit ≤ 1011 eV-1 cm-2) and an 
enhancement of the field-effect passivation by a significant increase of Qf up to (5-10)×1012 
cm-2 during annealing.10 Nonetheless, while a low Dit is generally a prerequisite, it would be 
desirable for solar cells and various other electronic devices to be able to control the fixed 
charge density in dielectric films. For instance, in metal-oxide-semiconductor (MOS) 
electronics, control over the charge density can lead to a reduction of the undesired shift of 
the flat band voltage.14 In Si photovoltaics, control over the polarity and density of fixed 
charges is important to engineer the Si interface properties for different doping types and 
densities, and to prevent strong inversion conditions below the Si surface which can 
compromise solar cell performance.15 For Al2O3 thin films, Qf is located close to the 
interface with Si and, therefore, presumably associated with the interfacial SiO2 (~1 nm) 
that is (unintentionally) formed when Al2O3 is deposited on H-terminated Si.1 The 
(electronic) properties of the Si/SiO2 interface associated with Al2O3 have been investigated 
in detail.16 However, the mechanisms that control Qf are currently not known.  

In this paper, the thickness of the ultrathin interfacial SiO2 layer is identified as a key 
fundamental parameter determining Qf. We demonstrate that the field-effect passivation 
induced by Al2O3 can be manipulated by an intentional variation of the SiO2 thickness in 
the Ångstrom range. For this purpose, ultrathin SiO2 interlayers were synthesized by ALD 
with a thickness resolution of ~1 Å while maintaining uniform coverage. Linear and 
nonlinear optics were combined to reveal a strong decrease of the electric field—induced 
by fixed charges in the dielectric stack—with an increasing thickness of the interfacial ALD 
SiO2 between ~0-5 nm. Accordingly, the negative Qf decreased from 6×1012 cm-2 to < 
1×1011 cm-2. Moreover, we demonstrate that the polarity of Qf changed from negative to 
positive by further increasing the thickness of the ALD SiO2 films. By engineering the 
interface, the field-effect passivation can therefore be controlled effectively and even be 
removed altogether. In the latter case, a high level of chemical passivation remained as 
indicated by Dit ≤ 1011 eV-1 cm-2. The observations can be explained by the presence of 
defect states that can be charged either positively, in the Si(100)/SiO2 interfacial region, or 
negatively, at the SiO2/Al2O3 interface. Moreover, the polarity and density of the fixed 
charges were found to control the electronic recombination at the Si(100) surface and 
strongly influenced the injection-level-dependent effective lifetime.  
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2. Experimental details 
 
Ultrathin SiO2 films (0.7-30 nm) were prepared by ALD using ultra-short doses (< 100 ms) 
of silanediamine [H2Si(N{C2H5}2)2] and a few seconds of O2 plasma exposure which were 
separated by Ar purges.17 Also Al2O3 films (30 nm) were prepared by plasma ALD, using 
Al(CH3)3 as the metal precursor.6 In both cases, the substrate temperature was ~200oC and 
the films were deposited on both sides of floatzone Si(100) wafers. Before deposition the Si 
substrates were treated in diluted HF to obtain an H-terminated surface. The O/Si ratio of 
the SiO2 was 2.1±0.1 as determined with Rutherford backscattering spectrometry (RBS).  

Second-harmonic generation (SHG) measurements were performed using p-polarized 
femtosecond (90 fs) laser radiation from a Ti:sapphire oscillator and focused on the sample 
with a spot diameter of ~150 µm.18,19 Within the photon energy range of 1.33–1.75 eV 
employed, the detected SHG signal consists of three contributions: a Si-Si interface 
contribution (second-harmonic photon energy of ~3.3 eV), an interfacial SiOx contribution 
(just outside the measured spectrum at ~3.6 eV), and, most relevant here, an electric-field-
induced (EFISH) contribution from the c-Si space-charge region (~3.4 eV). With a 
nonlinear optical model, the intensity of the EFISH signal was extracted. This signal can be 
used as a measure for the field-effect passivation.18-20 Selected samples were also studied by 
low- and high-frequency (1-100 kHz) capacitance-voltage (C-V) measurements to extract 
the interface defect density at midgap (Dit) and to determine Qf from the flat band voltage 
shift VFB.21 The C-V measurements were performed on metal-insulator-semiconductor 
structures that were annealed prior to the application of the Al contacts. It is important to 
note that the interpretation of the VFB parameter in terms of fixed charge density is 
somewhat ambiguous as the extraction of the fixed charge density requires an assumption 
about the location of these charges (e.g., in the bulk and/or at the interface(s)). In addition, 
apart from fixed charges, also the formation of dipole layers has been suggested to explain 
the observed VFB shifts.22,23 We want to emphasize that, in contrast to C-V measurements, 
SHG is a contactless and non-intrusive technique. No metal contacts are applied to the 
sample. The EFISH signal directly reflects the electric field induced in the Si by the sum of 
the charges present in the passivation scheme and, therefore, does not depend on 
assumptions regarding the position of the charges in passivation stacks nor on the possible 
influence of interface dipoles. Hence, the EFISH signal is the relevant parameter in the 
context of (field-effect) passivation.  

The effect of the SiO2 interlayer thickness on the surface passivation properties of Al2O3 
was evaluated by measuring the effective carrier lifetime τeff by the photoconductance 
decay method (Sinton WCT100). The upper level of the surface recombination velocity, 
Seff, was extracted by assuming an infinite bulk lifetime: Seff  < W/(2τeff), with W the wafer 
thickness of ~280 µm. The passivation properties of the samples were evaluated after rapid 
thermal annealing which is necessary to activate the chemical and field-effect passivation.10 
The samples were all annealed at 400oC (10 min., N2) which is within the temperature 
range that we previously established for optimal passivation of Si by ALD Al2O3 thin 
films.6  
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3. Results  
 
Figure 1 shows the ALD growth process and demonstrates the precise control of the film 
thickness on the sub monolayer level. The thickness was extracted from in-situ 
spectroscopic ellipsometry (SE) measurements using a Cauchy model, where the optical 
parameters were determined from a thick ALD SiO2 film. The inset of Fig. 1a shows the 
change in the thickness during the ALD sub-cycles,24 showing an increase and subsequent 
decrease after precursor adsorption and removal of the precursor ligands, respectively. Note 
that the optical parameters have been fixed to the SiO2 optical properties in this analysis. 
Figure 1a shows that by repeating a number of ALD cycles, the desired thickness can be 
reached with high accuracy. The growth-per-cycle GPC was 1.2 Å for both SiO2 and Al2O3. 
RBS analysis revealed that (2.3±0.1)×1014 cm-2 Si atoms are deposited per ALD SiO2 cycle. 
The Al2O3 films were immediately deposited on top of SiO2, without vacuum break, by 
switching the precursor to Al(CH3)3. A cross-sectional image of a SiO2/Al2O3 stack was 
obtained with high resolution transmission electron microscopy (TEM) (Fig. 1b). In 
accordance with in situ SE measurements, the thickness of SiO2 layer deposited directly on 
H-terminated Si was determined with TEM to be 3.8±0.3 nm after 25 ALD cycles. For 
comparison, the same amount of ALD SiO2 cycles on top of the Al2O3 film led to a slightly 
lower SiO2 thickness of 2.9±0.3 nm. This difference can be attributed to the oxidation of 
the Si(100) surface at the start of the ALD process leading to a thicker SiO2 layer. This also 
explains the fact that the GPC value during the first few SiO2 cycles was found to be 
slightly higher than the steady-state value (Fig. 1a). It is notable that the oxidation of the 
subsurface may proceed during Al2O3 deposition in the stacks that comprised only a few (≤ 
5) cycles of ALD SiO2 and may lead to a small deviation between the actual SiO2 thickness 
and the quoted SiO2 thickness. For Al2O3 deposited directly on c-Si, the interfacial SiO2 
thickness was determined to be ~ 1.2 nm.1 To activate the surface passivation, the stack was 
annealed in N2 at 400oC for 10 minutes. The increase of the interfacial SiO2 thickness 
during annealing was ≤ 0.5 nm, i.e. within the measurement accuracy, as determined from 
cross-sectional TEM studies on as-deposited and annealed samples.   

Optical second-harmonic generation (SHG) spectroscopy was used to study the field-
effect passivation by the contactless probing of the electric field in the c-Si space-charge 
region induced by the fixed charges in the SiO2/Al2O3 stacks. The effect of the thickness of 
the SiO2 interlayer on the SHG response is shown in Fig. 2. The SHG spectra were 
dominated by the EFISH contribution at 3.4 eV for Al2O3 films deposited directly on Si 10,19 
and for stacks comprising very thin SiO2 interlayers (up to ~2.3 nm), indicating the 
presence of a significant amount of fixed negative charges in the Al2O3. The modelling 
revealed that the EFISH intensity IEFISH decreased monotonically with increasing SiO2 
thickness (Fig. 2b). As expected, the other two contributions in the SHG spectrum—
originating from the Si top surface atoms—remained approximately constant with varying 
SiO2 thickness. For the sample comprising a ~4.6 nm thick SiO2 interlayer, the EFISH 
contribution was virtually absent, indicating that no significant level of field-effect 
passivation was present. Interestingly, for the thickest ALD SiO2 interlayer (~12.2 nm) the 
SHG intensity increased again and the spectral shape was markedly different from the other 
spectra. Modelling revealed that the dissimilar shape was related to a change in phase 
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 (b)     

  
 

 
Figure 1: (a) Thickness as determined from SE as a function of the number of ALD cycles for a SiO2 
film and a subsequently deposited Al2O3 film. A short plasma step (4s) preceded the first SiO2 cycle. 
(b) Corresponding high resolution transmission electron microscopy (TEM) image showing the 
SiO2/Al2O3/SiO2 stack on Si. The SiO2 layers were deposited using 25 cycles. The thickness was 
3.8±0.3 nm and 2.9±0.3 nm for the bottom and top SiO2 layers, respectively. The Al2O3 thickness was 
31.5±0.3 nm (256 ALD cycles). The inset of (a) shows the thickness dependence on the half-cycles. 
Note that apart from (b), all other experiments described in this work were performed on SiO2/Al2O3 
stacks. 

 
 

between the EFISH signal and the Si-Si interface signal. The latter can be ascribed to the 
presence of fixed positive charges for this sample. 

The trend of field-effect passivation as a function of SiO2 thickness was confirmed by 
the C-V measurements revealing significant changes in the VFB shifts. A standard approach 
to extract effective Qf values from the VFB shifts is to assume that all the charges are located 
at the Si interface. Using this simplification here, we find that the effective charge density, 
Qeff, was negative and decreased from (5.8±0.2)×1012 cm-2 to (2.0±0.2)×1012 cm-2 when 
increasing the ALD SiO2 thickness from 0 to 2.5 nm. However, for a stack with 30 nm 
SiO2, a positive Qeff of (6±1)×1011 cm-2 was determined. The presence of positive charges 
was also found for ALD SiO2 reference samples without Al2O3 capping layer. For example, 
a value of (8±2)×1011 cm-2 was obtained for a 30 nm SiO2 film after annealing in H2/N2. We 
note here that the VFB shifts can also be described by an alternative model which accounts 
for positive- and negative charges at the Si/SiO2 and at the SiO2/Al2O3 interface, 
respectively.25,26 This is applicable especially to the stacks with intermediate SiO2 thickness 
of a few nanometers. Qualitatively, however, it was found that this extended model leads to 
similar conclusions pertaining to the changes in the fixed charge density.27 In summary, the 
SHG and C-V measurements both revealed a strong decrease in field-effect passivation with 
increasing SiO2 interlayer thickness and a subsequent transition from net negative to 
positive fixed charges.  
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Figure 2: (a) Optical second-harmonic generation spectra and (b) EFISH intensity as obtained from 
the data by optical modeling for ALD SiO2/Al2O3 stacks comprising SiO2 interlayer thicknesses 
between 0 and 12.2 nm. All samples were annealed at 400oC (10 min., N2). The schematic band 
diagrams (inset) depict the changes in Qpos (SiO2) and Qneg (SiO2/Al2O3 interface) for a variation in 
SiO2 thickness. 

 
 
The changes in Qf had a significant impact on the surface passivation properties of the 

SiO2/Al2O3 stacks, as shown in Fig. 3 for n-type c-Si wafers. A variation of the ALD SiO2 
interlayer thickness in the range of only a few monolayers was observed to change the 
injection level dependence of the effective lifetime significantly (Fig. 3a,b). The reference 
sample with Al2O3 deposited directly on c-Si, and the samples with 0.7 and 1 nm ALD 
SiO2, show a decrease in τeff at low injection levels while for thicker SiO2 interlayers this 
decrease was not observed. It has been hypothesized that the reduction in lifetime at low 
injection levels is related to enhanced recombination in the subsurface region when an 
inversion layer is present underneath the surface.28,29 On n-type Si, an inversion layer can 
form when the net charge density in the passivation layers is negative and sufficiently high 
to repel the electrons (i.e., the majority charge carriers). The ratio between the effective 
lifetime at low and medium injection levels, as displayed in Fig. 3c, is observed to level off 
for a SiO2 thickness > 4 nm, i.e. at the point where the negative Qf in the stacks becomes 
insignificant. The results in Fig. 3 are therefore consistent with the hypothesis that the 
reduced carrier lifetime at low injection levels is related to inversion layer recombination. 
Another key result is the observation of a maximum in the surface recombination velocity 
Seff (Δn = 5×1014 cm-2) when plotted versus the ALD SiO2 thickness (Fig. 3d). Initially, the 
deterioration in passivation performance can be attributed to a reduction in the field-effect 
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passivation by the decease in negative Qf for increasing SiO2 thickness up to ~4 nm. The 
value of Seff is observed to increase from ~1.5 cm/s to ~10 cm/s. The subsequent 
improvement for thicker SiO2 interlayers coincides with the onset of field-effect passivation 
by positive charges. Note that these positive charges lead to an accumulation layer below 
the surface and result in a constant effective lifetime at low injection levels (Fig. 3a,b). This 
lower range of injection levels is very relevant for the operating conditions of Si solar cells 
under  1 sun illumination. Collectively, these observations illustrate the key importance of 
field-effect passivation in the overall passivation properties. Changes in the chemical 
passivation with varying SiO2 interlayer thickness may play an additional role in the trend 
of Fig. 3d, although we have no indication for this from the C-V data. Values of Dit ≤ 1011 
cm-2 eV-1 were obtained for all stacks after annealing, virtually independent of the ALD 
SiO2 interlayer thickness (0-30 nm). These very low Dit values can be attributed to effective 
hydrogenation of electronically active interface traps, such as Pb-type defects,16 under 
influence of the Al2O3 film.30,31  
 

Figure 3: Passivation properties for ALD SiO2/Al2O3 stacks after annealing at 400oC (N2, 10 min.) 
(a) Injection-level dependent effective lifetime and (b) normalized effective lifetime. (c) Ratio 
between effective lifetime at injection level of Δn = 1×1013 cm-3 (τLI) and 5×1014 cm-3 (τHI) and (d) 
maximum surface recombination velocity (Δn = 5×1014 cm-3) as a function of SiO2 thickness. As 
substrates, n-type c-Si wafers (~3.5 Ω cm) were used. 
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4. Discussion 
 

To describe the field-effect passivation by the stacks we propose a model that includes 
two contributions to the net charge density (see inset of Fig. 2b): A variable negative charge 
density, Qneg, located at the (remote) SiO2/Al2O3 interface, and a small positive charge 
density, Qpos, associated with the SiO2 films. The presence of negative charges at the 
remote interface of thermally-grown SiO2/Al2O3 stacks has been reported before by Aboaf 
et al.25 The presence of positive charges associated with ALD SiO2 may not be strictly 
limited to the Si/SiO2 interface region. Some positive charges may also be present in the 
SiO2 bulk, although the C-V measurements on single layer ALD SiO2 revealed that the 
positive charge density did not depend significantly on the thickness between 5-30 nm. The 
net negative charge density for the SiO2/Al2O3 stacks comprising ultrathin SiO2 interlayers 
revealed by SHG (Fig. 2) indicates that Qneg > Qpos for a SiO2 thickness up to ~5 nm and, 
therefore, that Qneg dominates the net charge density and the associated field-effect 
passivation. On the other hand, for thicker SiO2 interlayers, Qneg decreases, and, 
accordingly, the role of the positive charges in the system becomes more significant and 
finally dominant. It is important to stress that the observed decrease in EFISH intensity for 
increasing SiO2 thickness cannot be explained by a constant Qneg moving away from the 
Si/SiO2 interface as this would give rise to an approximately constant electric field 
according to Gauss’s law for an “infinite” sheet of charge. 

The decrease in Qf for increasing SiO2 interlayer thickness is in agreement with 
measurements on SiO2/Al2O3 stacks comprising 50-200 nm thermally-grown SiO2 layers 
for which the field-effect passivation was found to be very small.30,32 The observation that 
also the positive fixed charge density was negligible for these stacks is consistent with the 
fact that thermal SiO2 typically contains a significantly smaller amount of positive 
charges,25 relative to deposited SiO2 films.33,34 Recent experiments pertaining to HfO2 stacks 
have reported a similar decrease of Qf for increasing SiO2 or SiON interlayer thickness.35,36 
These and other37 observations have been explained by charge injection from Si into traps 
associated with HfO2 by tunnelling processes across the thin interfacial layer. For a-SiNx:H 
passivation films, the injection of holes or electrons is a well-known mechanism that can 
alter the charge state of the intrinsic defect (“K-center”).38 A similar (thermally-activated) 
charge injection mechanism can also play a role for the ALD SiO2/Al2O3 stacks, with the 
ALD SiO2 film acting as a barrier for charge injection. Further evidence for this hypothesis 
is provided by the fact that the EFISH intensity dropped very quickly with increasing SiO2 
thickness and could be fitted reasonably well with an exponential function. Such an 
exponential-like trend would be expected for tunnelling processes where the transmission 
probability falls quickly with increasing barrier thickness. The relatively large thickness 
range of ~5 nm would point to a trap-assisted tunnelling process rather than direct 
tunnelling. Interestingly, Fulton et al. reported a similar SiO2 thickness range for which the 
fixed charge density reduced to zero.35 Finally, it is notable that the increase of the fixed 
charge density in Al2O3 and HfO2 films under influence of laser light has also been 
explained by a charge-injection mechanism from the Si into the oxide.18,39  

The microscopic origin of the interface states at the SiO2/Al2O3 interface which are 
responsible for the fixed negative charge has not been conclusively established.28 
Nonetheless, recent simulations by Weber et al. have demonstrated that O interstitial (Oi) 
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and Al vacancy (VAl) point defects in Al2O3 give rise to energy levels in the Al2O3 band gap 
below mid gap.40 Both point defects are stable in negatively charged states.40-42 The 
associated energy levels are expected to be below the Fermi level in the Si/Al2O3 system, 
given the Si valence band off set of > 3 eV.18,43 Hence, Oi and VAl defects in proximity of 
the interface—and perhaps formed due to the presence of the interface—may be candidates 
for the negative Qf associated with Al2O3. However, more research is necessary to draw 
final conclusions. 

 
 

5.  Conclusions 
 
By nano-scale engineering the Si(100)/Al2O3 interface with Ångstrom resolution by atomic 
layer deposition we were able to study the influence of the interfacial SiO2 layer on the 
formation of interface charges and the associated effect on electronic surface 
recombination. Second-harmonic generation experiments revealed that the polarity of the 
fixed charge density and the strength of the field-effect passivation were strongly dependent 
on the interfacial SiO2 thickness. The results provided evidence that charge injection from 
the Si substrate may play a role in the formation of negative charges at the SiO2/Al2O3 
interface during annealing. Furthermore, the changes in the field-effect passivation had a 
significant impact on the injection-level-dependent effective carrier lifetime of Si. These 
results are relevant for silicon photovoltaics as the polarity of the fixed charges can be 
optimized according to the doping type and doping level of Si. In addition, the results may 
prove relevant for other semiconductor applications in which the interface properties of 
Al2O3 are the key to device performance. Moreover, the findings contribute to the 
fundamental understanding of the mechanisms underlying the formation of negative Qf at 
SiO2/Al2O3 interfaces which can possibly be generalized for a multitude of dielectrics 
exhibiting fixed charges. 
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interface 
 
G. Dingemans, F. Einsele, W. Beyer, M. C. M. van de Sanden and W. M. M. Kessels, to be 
published 

 
Abstract 
 
Annealing at moderate temperatures is required to activate the silicon surface passivation 
by Al2O3 thin films while also the thermal stability at higher temperatures is important 
when Al2O3 is implemented in solar cells with screenprinted metallization. Here, the 
interface passivation properties of Al2O3 films synthesized by atomic layer deposition are 
studied during post-deposition annealing of thermally-grown SiO2/Al2O3 stacks. The 
relationship between the microstructure of the Al2O3 film, hydrogen diffusion and defect 
passivation is explored in detail. We show that the passivation kinetics during annealing 
were strongly dependent on the temperature applied. An annealing temperature of 400oC 
resulted in an optimal chemical passivation with surface recombination velocities < 5 cm/s. 
The Al2O3 structural properties, e.g., in terms of hydrogen concentration ([H] between 1 
and 13 at.%) and mass density (ρmass between 2.7 and 3.2 g/cm3), are controlled by the 
deposition temperature (Tdep = 50oC-400oC). These structural properties were found to 
significantly affect the passivation of defects during annealing. In addition, films deposited 
at intermediate Tdep led to an optimal thermal stability of the passivation at elevated 
annealing temperatures. These observations can be explained by the dependency of 
hydrogen diffusion on film microstructure and annealing temperature, as we demonstrate 
by thermal effusion measurements of hydrogen and implanted He and Ne atoms. For 
relatively high [H] > ~4 at.%, the films exhibit a more open structure where hydrogen 
effusion is promoted over diffusion towards the interface, which resulted in a lower level of 
passivation at high annealing temperatures. In contrast, the lower thermal stability that was 
observed for dense Al2O3 films can be attributed to a lower initial [H]. The measurements 
also allowed us to explore the role of molecular- and atomic hydrogen during annealing. 



Chapter 8 

 

 134 

1. Introduction 
  
Recombination of charge carriers at silicon surfaces can be a major contributor to 
suboptimal energy conversion efficiencies of silicon solar cells. In recent years, aluminum 
oxide (Al2O3) thin films synthesized by atomic layer deposition (ALD) and plasma-
enhanced chemical vapour deposition (PECVD) have been used to significantly improve 
solar cell efficiencies by providing effective surface passivation.1-11 On both n- and p-type 
Si surfaces, Al2O3 induces surface recombination velocities, Seff, typically well below 5 
cm/s. The effective passivation is related to a significant reduction in defect density at the 
Si interface (Dit < 1011 eV-1 cm-2), after annealing the Al2O3 films at relatively low 
temperatures (~400oC).12 Simultaneously, the fixed negative charge density associated with 
the Al2O3 films increases up to Qf = ~(4-10)×1012 cm-2 leading to field-effect passivation 
through a reduction of the electron density at the Si surface.5,12  

Recently, Al2O3 films have also been applied as capping layers on SiO2.
13-16 It was 

found that the advantageous effect of the capping layer was chiefly related to the chemical 
passivation at the remote interface. Most notably, for stacks comprising SiO2 synthesized at 
low-temperatures by PECVD and ALD, very low Seff values < 2 cm/s and low Dit values < 
1011 cm-2 eV-1 were obtained,13,15 which remained stable up to high annealing 
temperatures.13 The low defect densities were explained by an effective hydrogenation of 
defects present at the buried Si/SiO2 interface under influence of the Al2O3 capping layer. 
Secondary-ion-mass-spectroscopy (SIMS) demonstrated that a fraction of the hydrogen 
incorporated in the Al2O3 during deposition penetrated into SiO2 and diffused toward the 
Si/SiO2 interface during annealing.14 At this interface, the Si-dangling bond is the most 
prominent electrically active defect (Pb-type defect).17-20 As the dangling bond is 
chemically active, reactions with hydrogen can lead to the elimination of these defects. On 
the other hand, the fixed charge density responsible for field-effect passivation was found 
to be very small for thick (e.g. 50-200 nm) thermally-grown SiO2 layers capped by 
Al2O3.

14,16,21,22 These stacks can therefore be regarded as a model system for studying the 
chemical passivation induced by Al2O3.

14 Moreover, when Al2O3 is deposited on H-
terminated Si, an interfacial SiOx is formed.1 The corresponding electronic interface 
properties were found to be comparable to other Si/SiO2 interfaces.23  

Given the important role of hydrogen in the passivation properties of Al2O3, it is vital to 
explore a number of open questions related to the improvement in chemical passivation 
during annealing. For example, what is the effect of a variation in annealing temperature 
and time? What is the influence of the structural properties of Al2O3, i.e. mass density and 
hydrogen concentration, on the diffusion of hydrogen? In what form, i.e. atomic or 
molecular, is hydrogen transported in the Al2O3 films? In this paper, these questions will be 
addressed by the combination of lifetime spectroscopy measurements on SiO2/Al2O3 stacks 
and thermal effusion measurements. 

Thermal effusion measurements have proven to be powerful for studying the material 
microstructure and hydrogen diffusion in thin films by the detection of volatile species that 
are released from a film during annealing (T = 200-1100oC).24-26 Only recently, effusion 
measurements have been applied to study the properties of passivation materials.6,14,27-29 In 
the context of passivation, effusion measurements are of primary interest as they help to 
elucidate the important role of hydrogen. It is important to emphasize that the temperature 
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range during the effusion experiments encompasses the activation of the surface 
passivation, which generally requires annealing at T = ~350-450oC, but also the higher 
temperature range (> 700oC) typically used during the metallization processes of solar cells. 
For example, during the manufacture of industrial solar cells with screenprinted contacts 
high temperatures (T > ~800oC) are typically required and the thermal stability of the 
passivation film is crucial.6,30,31 Effusion experiments have, for instance, been applied to 
study the relation between hydrogen effusion and film composition for a-SiNx:H surface 
passivation films.27 In addition, hydrogen effusion from thermally-grown SiO2 exhibited 
maxima at distinct annealing temperatures, which corresponded with a deterioration in 
surface passivation quality.14 For Al2O3, the effusion of molecules such as H2O, H2, CO and 
CO2 from the film bulk and/or interfaces has been observed in a wide temperature range.6 
In this paper, both the effusion of intrinsic hydrogen species (i.e. originating from H 
incorporated during deposition) and inert gas atoms which were implanted in Al2O3 will be 
studied. 

In this paper, we show that: i) The hydrogenation of the Si/SiO2 interface by Al2O3 
exhibited an Arrhenius behavior as the associated reaction rate increased with increasing 
annealing temperature. The results suggested that the passivation mechanism of the stacks 
was not diffusion-limited at the optimal annealing temperatures of ~400oC. ii) The effusion 
of hydrogen was strongly influenced by the Al2O3 structural properties and the annealing 
temperature. In addition, the level of passivation achieved at high annealing temperatures 
was reduced for low-density hydrogen-rich films synthesized at low Tdep (≤ ~100oC) and for 
dense films synthesized at high Tdep (> 300oC). The cause for the lower thermal stability can 
be related to the hydrogen transport toward the interface. For the relatively hydrogen-rich 
films, rapid effusion takes place toward the ambient already at low annealing T, while for 
dense Al2O3 films, a low initial hydrogen density may reduce the effectiveness of interface 
hydrogenation. iii) The measurements suggested that hydrogen can diffuse in molecular as 
well as atomic form, depending on annealing temperature and Al2O3 structureal properties.  
 After the experimental details in Section 2, the annealing kinetics of the SiO2/Al2O3 
stacks will be discussed in Section 3.1. Subsequently, the effect of the Al2O3 composition 
on the passivation properties will be reported in Section 3.2. The effusion measurements are 
presented in Section 3.3. The discussion in Section 4 aims to combine the experimental 
results to enable a better understanding of the role of hydrogen in the passivation induced 
by Al2O3. 
 
 
2. Experimental details 
 
The Al2O3 films were synthesized by thermal and plasma ALD in an Oxford instruments 
OpAL reactor.8 Al(CH3)3 served as Al precursor, and either H2O (thermal ALD) or a 
remote O2 plasma (plasma ALD) were employed during the oxidation step. The substrate 
temperature during deposition Tdep was varied between 50-400oC (plasma ALD), to obtain 
films with different hydrogen content and O/Al ratio.32 The Al2O3 atomic composition was 
determined by Rutherford backscattering spectroscopy (RBS) and elastic-recoil detection 
(ERD). High-quality SiO2 layers with a thickness of ~200 nm were grown in a (wet-) 
thermal oxidation process in an H2O atmosphere at a temperature of ~900oC. As substrates, 
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floatzone n-type Si(100) wafers were used, with a resistivity of ~2 and ~12 Ω cm. After 
oxidation, no cleaning step was performed prior to Al2O3 deposition. To activate the 
passivation, rapid thermal annealing with a typical ramp-up time of ~30oC/s was performed 
in N2 atmosphere for the SiO2/Al2O3 stacks or in forming gas (10% H2 in N2) for single 
layer SiO2 reference samples. 
 Thermal effusion measurements were performed on Si samples coated on both sides 
with ~100 nm Al2O3 films. The experiments took place under high vacuum conditions (10-7 
mbar) and a linear heating rate of 20oC/min was used. A quadrupole mass spectrometer was 
used for the detection of volatile species released from the Al2O3 films. He and Ne atoms 
were incorporated in the films by ion implantation. More details on the effusion- and 
implantation experiments can be found elsewhere.24,33 The passivation properties of the 
stacks were evaluated by measuring the effective minority carrier lifetime τeff by the 
photoconductance decay method (Sinton WCT 100). The upper limit of the surface 
recombination velocity was calculated from τeff and is quoted at an injection level of 5×1014 
cm-3 by assuming an infinite bulk lifetime, i.e., by employing the relation Seff < W/(2τeff), 
with W the wafer thickness of ~200 µm. 
 
 
3. Results 
 
3.1. Effect of annealing time and temperature on passivation properties 
 
The injection-level dependent effective lifetime of a SiO2/Al2O3 stack after annealing at a 
temperature of 400oC is shown in Fig. 1. The SiO2/Al2O3 stack resulted in a higher effective 
lifetime of τeff = 2.8 ms at Δn = 5×1014 cm-3 (n-type Si substrate) than obtained for a SiO2 
reference sample annealed in forming gas with τeff = 1.4 ms. The effective lifetime induced 
by the stack corresponds to a value of Seff < 4 cm/s. In addition, we verified (on different 
type of wafers) that the passivation performance of the stack was similar to that obtained 
after “alnealing” (annealing the SiO2 with a sacrificial Al-layer), which is known to lead to 
an excellent passivation quality.18,34,35 It was furthermore found that annealing in N2 led to 
the same passivation performance for the stacks as annealing in forming gas. The 
observation that the shape of the effective lifetime curves is the same for forming-gas 
annealed SiO2 and SiO2/Al2O3 stacks is in accordance with a similar prevailing mechanism 
underlying the passivation properties, i.e. a high level of chemical passivation.14,36 The 
negative Qf associated with the Al2O3 films was found to decrease strongly with SiO2 
interlayer thickness.15,16 For the thick SiO2 interlayers of 200 nm used here, the field-effect 
passivation was found to be insignificant.14,21 Similar results have recently been reported 
for SiO2/a-SiNx:H stacks.36 It was verified that plasma and thermal ALD Al2O3 capping 
layers resulted in a comparable high level of passivation after annealing (see also Fig. 2). 
However, prior to annealing, the plasma ALD process led to a significant degradation of the 
interface quality of the as-grown thermal SiO2, resulting in effective lifetimes in the 
microsecond range. This degradation has been attributed to the vacuum UV (VUV) 
radiation present in the O2 plasma which does not play a role during thermal ALD.12,38  
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Figure 1: Injection-level-dependent effective lifetime for a SiO2/Al2O3 stack after annealing at 400oC 
(10 min, N2). As references, data for as-grown SiO2 and after subsequent forming gas annealing 
(400oC, N2/H2, 10 min) are shown. The film thickness was ~185 and ~30 nm for SiO2 and Al2O3, 
respectively. Al2O3 was deposited at Tdep = ~ 200oC by thermal ALD. As substrates, ~2 Ohm cm n-
type c-Si wafers were used. 
 
 
Annealing kinetics 
 
To investigate the kinetics associated with the passivation of the SiO2/Al2O3 stacks during 
annealing, the annealing time and temperature T were varied. Al2O3 capping layers 
synthesized by plasma and thermal ALD are compared in Figure 2. An important 
observation is that the characteristic time constant associated with the improvement of the 
effective lifetime decreased significantly with increasing annealing temperature (i.e., 
Arrhenius behavior). In addition, the level at which the passivation reached a maximum 
was controlled by the annealing temperature. An optimum was found at T = 400oC, 
independent of the ALD method applied. However, the annealing time required to reach 
saturation was longer for Al2O3 capping layers synthesized by thermal ALD than by plasma 
ALD. This difference may be related to a slight difference in structural properties resulting 
from the two ALD methods.32 In addition, it is likely that the incorporation of hydrogen 
into SiO2 during plasma ALD, as was corroborated by secondary ion mass spectrometry 
measurements,14 can also play a role in the observed differences. The comparatively short 
annealing times associated with plasma ALD capping layers may therefore be partially 
attributed to the larger hydrogen reservoir in the SiO2 layer. 

Although the passivation performance after annealing at 450oC was slightly below that 
obtained at 400oC, a significant deterioration of the passivation properties occurred only at 
higher temperatures of 600-700oC,14 as will also be discussed later. The degradation 
depended strongly on the duration of the annealing step. The decrease in surface 
passivation quality at elevated T is indicative of an increase in the interface defect 
density.14,20,39 
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Figure 2: Effective lifetime (Δn = 5×1014 cm-3) as a function of annealing time for SiO2/Al2O3 stacks. 
The Al2O3 capping films were synthesized by (a) plasma ALD and (b) thermal ALD, using Tdep = 
200oC. The film thickness was ~190 and ~30 nm for SiO2 and Al2O3, respectively. As substrates, 12 
Ω cm n-type c-Si wafer were used. Annealing took place in N2. Note the different scale of the 
horizontal axis in Figs (a) and (b). The lines are exponential fits to the data (see Eq. 1). 
 
 
Activation energy 
 
To obtain an estimate of the activation energy associated with the passivation kinetics of 
the stacks, the trends in Fig. 2 were fitted following the approach in Ref. 40 by the 
expression: 
  

       (1) 
 

Subsequently, the characteristic time constant τpass was plotted against 1/kBT to obtain an 
estimate of the activation energy EA using the equation: 
  

    (2)
 

 
From the Arrhenius plot in Fig. 3, a value of EA = 0.9±0.2 eV was determined for plasma 
ALD capping layers. For thermal ALD, the fitting was less accurate and resulted in EA = 
1.2±0.5 eV. EA can be regarded as the effective activation energy representative for the 
processes that lead to the hydrogenation of the interface during annealing.  
 In the literature, a wide variety of activation energies are reported for the diffusion of 
hydrogen in SiO2, but the general understanding is that atomic H and H2 can rapidly 
migrate through SiO2 during annealing.19,41 For instance, values of 0.2-0.3 eV have been 
reported by Tuttle et al. and Burte et al. for atomic H diffusion,43,44 while Reed et al., 
obtained a higher value of 0.75 eV.18 For the diffusion of H2, a value of ~0.5 eV was 
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reported by Fink et al.41 It is generally assumed that the hydrogenation of electronically 
active defects at the Si/SiO2 interface is a reaction-limited process rather than diffusion-
limited.20,18,42 The activation energies that we have obtained are higher than the reported 
activation energies for hydrogen diffusion and, therefore, strongly suggest that the 
passivation kinetics of the stacks were not diffusion-limited. Furthermore, the values of EA 
fall in the range of earlier reported activation energies during alnealing (~1.2 eV)18 and 
forming gas annealing (~1.5 eV).20  

Figure 3: Arrhenius plot corresponding to Fig. 2a. τpass is the time constant corresponding to the 
increase in the effective lifetime during annealing at temperatures T. An activation energy of EA = 
0.9±0.2 eV was deduced for the passivation kinetics during annealing (T = 320-450oC). 
 
 
3.2 Effect of Al2O3 structural properties on the passivation  
 
To study the influence of the Al2O3 structural properties on the hydrogenation of the 
Si/SiO2 interface, Al2O3 films were synthesized by plasma ALD at various substrate 
temperatures (Tdep = 100-400oC).32 Figure 4 shows that the hydrogen content in Al2O3 
decreased with increasing Tdep from approximately 13 at.% (50oC) to < ~1 at.% (400oC). 
Infrared absorption measurements indicated that hydrogen is mostly incorporated as OH 
groups.45 For films deposited at Tdep ≥ 200oC, the O/Al ratio approached the value of ~1.5 
representative for stoichiometric Al2O3.

32 For lower Tdep, the O/Al ratio was observed to 
increase, which can be partially ascribed to the incorporation of more OH groups. The mass 
density exhibited an opposite trend to [H] and increased for films deposited at higher Tdep. 
Although less pronounced, an increase was also observed for the total number density of 
atoms. The observed correlation between the mass density and the hydrogen content shows 
that both variables cannot be controlled independently by varying the substrate temperature. 
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Figure 4: Mass density ρmass and hydrogen concentration [H] as a function of Tdep for plasma ALD 
Al2O3 films. Data was extracted from RBS and ERD experiments and thickness information from 
spectroscopic ellipsometry 
 
 
The effect of Tdep on the passivation quality and the thermal stability of the SiO2/Al2O3 
stacks is shown in Figure 5. The level of passivation in the as-deposited state improved 
with increasing Tdep. This effect, albeit less pronounced, has also been reported for as-
deposited single-layer Al2O3.

32 We attribute the improvement to “in situ annealing” (i.e., 
annealing during deposition) which becomes more effective at higher Tdep. During the 
subsequent post-deposition annealing at 400oC, the passivation performance of all the 
stacks improved to values of Seff < 10 cm/s, but the impact of annealing was especially 
significant for Tdep < 300oC. The optimal passivation was reached for Tdep in the range of 
100-200oC, leading to Seff values < 3 cm/s. However, the optimum in Tdep shifted to 
intermediate values of 200-300oC, when the annealing temperature was increased up to 
600oC. The passivation performance of the stacks comprising Al2O3 deposited at low Tdep of 
50oC and 100oC degraded significantly after annealing at 600oC. These films exhibited a 
high hydrogen concentration > ~8 at.% and associated low mass density. Moreover, a 
reduced thermal stability was also observed for the relatively dense film deposited at 
400oC. In conclusion, the observations show that the thermal stability is impaired for Al2O3 
material properties outside the range of [H] = ~2-6 at.% and ρmass = 2.9-3.2 g/cm3. A 
correlation between film density and thermal stability was recently also observed for 
PECVD SiOx/SiNx stacks.36 It is notable that the range of material properties leading to 
optimal passivation for Al2O3 deposited directly on Si was approximately the same as for 
the stacks.32 This underlines the important role of the chemical passivation in the 
passivation properties of the single-layer Al2O3 on Si, as was already reported in our 
previous work.32 In the next section, we will show that the passivation results can be related 
to the significant differences in H effusion observed for Al2O3 films of varying 
composition. 
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Figure 5: Thermal stability of SiO2/Al2O3 stacks in terms of the surface recombination velocity 
Seff,max. Al2O3 (~30 nm) was synthesized by plasma ALD at various Tdep. The samples were annealed 
at 400oC (7 min, N2), and subsequently annealed in steps of 1 min at 450oC (not shown), 500oC and 
600oC. As substrates, 12 Ω cm n-type c-Si wafers were used. The SiO2 thickness was 190 nm. 
 
 
 

 
Figure 6: Effusion measurements of H2 and H2O for Al2O3 films (thickness ~100 nm) synthesized by 
plasma ALD at various substrate temperatures Tdep. The H2 signal was calibrated by a known H2 flow. 
The heating rate during effusion was 20oC/min. 
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3.3. Effect of Al2O3 microstructure on gas effusion 
 
An important property of the Al2O3 film is its microstructure which is likely determining 
the hydrogen diffusion processes during annealing. The effusion of hydrogen and implanted 
inert gas atoms was studied to gain insight into the relation between the Al2O3 film 
composition and hydrogen diffusion during annealing. 
 
Effusion of H2, H2O and CO2 
 
Figure 6 shows the effusion signals corresponding to mass-over-charge ratios of m/z = 2 
(H2

+) and m/z = 18 (H2O
+) for plasma ALD Al2O3 films deposited at various substrate 

temperatures on Si. Two clear transitions are visible for progressively higher Tdep: It is 
observed that the effusion maxima shifted toward higher annealing temperatures and that 
the (integrated) signal intensity decreased for progressively higher Tdep. A low-temperature 
peak (LT) and a high temperature peak (HT) (shifted by approximately 200oC) can be 
distinguished in the transients of H2 and H2O. The annealing temperature that coincides 
with the LT maxima (TLT) is plotted as a function Tdep in Fig. 7. A significant shift toward 
higher annealing temperatures is observed for the LT maxima, for Tdep in the range of 50-
200oC. For dense Al2O3 films (Tdep ≥ 200oC), the position of the LT peak saturated at T = 
680±40oC for H2 and H2O. The HT peak also exhibited a saturation behavior. As an 
important conclusion, the measurements reveal a correlation between the density of the 
films and the annealing temperature at which the effusion rate of hydrogen is maximum. 
Moreover, the dependence of the H2O effusion on the Al2O3 composition provides evidence 
that, in addition to surface desorption of adsorbed H2O molecules, the H2O signal 
originated partially from the bulk of the films. 

The integrated H2 effusion signals exhibited a correlation with the initial hydrogen 
content of the Al2O3 films as determined by ERD (Fig. 4). The calibrated H2 effusion 
measurements in combination with the initial [H] from ERD enable a quantitative estimate 
of the percentage of hydrogen released as H2O. This approach is valid under the assumption 
that other routes for the release of hydrogen, e.g. CHx species, can be neglected. In addition, 
it is notable that the cracking of H2O has only a minor (typically, < 1%) contribution to the 
H2

+ signal. We found that the higher Tdep, the smaller the relative contribution of H2O in the 
release of hydrogen became (e.g., the fraction released as H2O was ~60% and ~20% for Tdep 
= 50oC and 400oC, respectively). Therefore, the effusion of H2 was the prominent route of 
hydrogen loss for films with low [H] and a relatively high mass density. 

As an interesting side note, the effusion maxima of CO2 (m/z = 44) were observed to 
shift toward lower annealing temperatures for increasing Tdep, in contrast to the 
observations for H2 effusion (Fig. 7). X-ray diffraction measurements revealed that the 
Al2O3 films crystallize at temperatures between 850 and 900oC,46 which is in the range of 
maximum CO2 effusion. It is likely that the effusion of carbon impurities coincided with the 
crystallization of the film. We speculate that a higher annealing temperature is required to 
crystallize films with lower mass densities, which may explain the trend between CO2 
effusion and Tdep. Note that the carbon content of the films was typically < 1 at.% (Tdep ≥ 
200oC) as revealed by X-ray photon spectroscopy measurements. 
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Figure 7: Temperature of the low-temperature (LT) effusion maxima TM for plasma ALD Al2O3 films 
synthesized at various Tdep. The H2 and H2O data correspond to Fig. 6.  
 
 
Effusion of inert gas atoms 

 
To study the relation between H diffusion and film microstructure in more detail, effusion 
measurements of implanted He and Ne atoms were carried out. Since implanted inert gas 
atoms do not form bonds with the host material, the process of out-diffusion is sensitive to 
variations in the microstructure of the film only, as has previously been demonstrated for 
materials such as amorphous Si and sputtered ZnO:Al films.47,48 Here, He and Ne doses of 
3 × 1015 cm-2 were implanted in the as-deposited Al2O3 films (thickness ~100 nm), with 
maxima in the distribution at a depth of around 50 nm. For the interpretation of the effusion 
results, the “onset temperature” Tonset, defined as the temperature at which the effusion rate 
reaches a value of 5×1016 cm-3 s-1, is introduced here in addition to the temperature of 
maximum effusion rate, TM. Figure 8 shows the effusion spectra of He and Ne measured for 
films deposited at different Tdep. The corresponding TM and Tonset are shown in Fig. 9. To 
activate the effusion, higher annealing temperatures were required for Ne than for He. This 
is in agreement with the dependence of the diffusion coefficient on the atom size, as will be 
discussed in Section 4. For Al2O3 deposited at 50 °C, the effusion spectra exhibited He and 
Ne peaks at TM = 240 °C and TM = 410 °C, respectively. For Ne, a sharp increase in TM (to 
~900oC) was observed for Tdep > 50°C, while Tonset increased more gradually. For He, the 
characteristic effusion temperatures also shifted upwards (TM = ~500oC) with increasing 
Tdep. For both He and Ne, the effusion temperatures started to level off at Tdep > ~200oC. 
Collectively, the data demonstrate a close correlation between the Al2O3 microstructure and 
the effusion temperature for the inert gas atoms. A similar correlation between TM and Tdep 
has been reported for a-SiNx:H films.27 
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Figure 8: The helium (solid lines) and neon 
(dashed lines) effusion spectra for Al2O3 films 
deposited at substrate temperatures Tdep between (a) 
50oC and (e) 400oC. 
 

Figure 9: Characteristic Ne and He effusion 
temperatures in Al2O3 as a function of 
substrate temperature during deposition 
Tdep. The data correspond to the 
experiments shown in Fig. 8. 

 
 
4.  Discussion 
 
This section covers the interpretation of the effusion measurements, and discusses the 
correlation between the effusion results and the surface passivation properties during 
annealing. 
 
Simple diffusion model 
 
The effusion of He and Ne can be discussed within the framework of a “doorway diffusion” 
model. In this classical model, atoms are trapped inside network cages and can only move if 
the “doorway” opens wide enough by thermal motion.49 The activation energy of doorway 
diffusion depends on the radii r and rD of the atom and “doorway” opening, respectively, 
and on the shear modulus G of the material: 
 
ED = 4 π2 G rD (r – rD)2                           (3)   
 
The corresponding diffusion coefficient D, for a thermally activated out-diffusion process, 
is given by: 
 
D(T) = D0 exp(-ED/kT))                           (4) 
 
with D0 a diffusion prefactor, k the Boltzmann constant and T the temperature during the 
effusion experiment. From Eq. 3 it follows that the smaller the network openings and/or the 
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“stiffer” the material, the higher is the diffusion energy ED and the lower the diffusion 
coefficient. Moreover, it implies that the diffusion coefficient increases for smaller atoms or 
molecules. In other words, for a given material, effusion of inert atoms is governed by: i) 
the density of the material and ii) the size of the diffusing species.  
 
He and Ne effusion 
 
The observed shift of the effusion maxima of He and Ne toward higher annealing 
temperatures with increasing Tdep is indicative of an increase in ED. When the change in 
shear modulus G is assumed to be negligible, then Eq. 3 reveals a decrease of the doorway 
radius rD for Al2O3 synthesized at higher Tdep. This decrease in rD implies a more compact 
material which is consistent with the evolution of the Al2O3 structural properties as 
displayed in Fig. 4.  

In addition, the observation that the activation energy is higher for Ne than for He 
diffusion (i.e. TM

Ne > TM
He) can be explained by the fact that the size of Ne (atomic radius of 

~0.25 nm) is larger than that of He (~0.2 nm).50 Furthermore, the doorway diffusion model 
predicts a similar, albeit shifted, trend for He and Ne with Tdep. However, TM

Ne (in the range 
of 900oC) was virtually independent of Tdep in contrast to the trend of He. It is likely that 
this difference is related to a Ne release process which is governed by significant material 
reconstruction effects (i.e. crystallisation) and possibly film blistering at elevated 
temperatures, similar as proposed for CO2 (see Section 3). In this case, the model of 
doorway diffusion and the correlation between ED and TM no longer hold. 
 
Hydrogen diffusion 
 
The diffusion of hydrogen is inherently more complex than that of inert gas atoms. For 
example, hydrogen effusion involves bond breaking and may involve the formation of H2 
through secondary reactions either within the bulk of the material or at the surface. 
Therefore, the combination of He/Ne and H2 effusion results may be helpful to explain 
some of the underlying mechanisms of hydrogen diffusion in Al2O3.  
 The size of a H2 molecule is assumed to be similar to Ne and larger than the size of 
He.51 Therefore, the observation that TM

He < TM
H2 is consistent with a higher diffusion 

coefficient for He, just on the basis of the difference in size. Furthermore, the observation 
that the effusion of Ne was significant only at high temperatures (above 600oC for Tdep ≥ 
200oC) suggests that a relatively dense Al2O3 structure impedes the diffusion of H2 
molecules at annealing temperatures below 600oC. The onset temperature of He effusion 
suggests that atomic H, with a size comparable to He, can diffuse efficiently in a wide 
range of annealing temperatures (i.e., ~300-550oC, for Tdep ≥ 200oC). Note that effusion 
measurements do not detect atomic H, but always H2. H2 arises either from outdiffusion of 
H2 molecules or from recombination of atomic H at the film surface, at the film-substrate 
interface or possibly at internal surfaces (voids). The comparison between the H2 and 
He/Ne effusion results leads us to the assumption that diffusion of hydrogen is governed by 
atomic H as well as by H2 depending on the Al2O3 microstructure and the annealing 
temperature. Hydrogen diffusion in molecular form is likely more dominant for low-density 
films and for Al2O3 annealed at relatively high temperatures (> 600oC). Diffusion in the 
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form of atomic H might be important for relatively dense Al2O3 films, being activated at 
significantly lower temperatures (between 300-600oC) as a result of its smaller size. A role 
for atomic H has also been reported for dense a-SiNx:H films.27,52,53 
 The observation that hydrogen diffusion can take place in Al2O3 at relatively low 
annealing temperatures has been corroborated by secondary ion mass spectrometry depth 
profiling.14 Approximately 15% of the hydrogen initially present was released from the 
Al2O3 film during annealing at 400oC (10 min.) either by effusion toward the film surface 
or by diffusion toward the underlying SiO2. The observation that hydrogen diffusion can 
already take place at low annealing temperatures is also consistent with the activation of the 
passivation performance of the stacks for temperatures as low as ~320oC (Fig. 2). While 
atomic as well as molecular hydrogen can diffuse in SiO2, interface effects, such as pile-up 
of hydrogen (Ref. 14) and recombination reactions, may play a role in hydrogen diffusion 
across the SiO2/Al2O3 interface. 
 The formation of (atomic) hydrogen during annealing can be ascribed to reactions of 
OH groups with Al atoms, under formation of Al-O bonds. As this bond is very strong, the 
reaction involved is expected to be very efficient.54 A similar mechanism was proposed for 
the release of hydrogen atoms when SiO2 is capped with an Al layer (“alnealing”).18 In fact, 
it was suggested that a thin AlOx layer forms at the interface between SiO2 and Al, under 
release of hydrogen. On the other hand, generation of H2 (and H2O) in the Al2O3 bulk may 
proceed by reactions of two hydroxyls which are in close vicinity, or by (diffusing) atomic 
hydrogen recombining with a bonded hydrogen atom. Note here that the OH groups in 
Al2O3 appear to lead to a more effective hydrogenation than, for example, OH present in 
deposited or thermally-grown silicon oxides.  
 Finally, we note that film blistering, i.e., local film delamination, may play a role in the 
observed effusion signals of H2/H2O. The formation of small circular blisters, with a typical 
diameter of 10-50 micrometers, has also been reported by other authors after (high-
temperature) annealing of the Al2O3 films.55,56 The exact mechanism responsible for film 
blistering and the key contributing factors are still under investigation. The cause of blister 
formation is likely related to local accumulation of H2 in the film and/or interface and an 
associated pressure built-up and subsequent effusion of gaseous H2. Preliminary 
experiments have suggested that films with a higher [H] are more likely to contain blisters 
at relatively lower annealing temperatures compared to films with lower [H]. 
 
Surface passivation and hydrogenation 
 
Qualitatively, the effusion results are useful in explaining the evolution of the chemical 
passivation during annealing (Fig. 2). We may expect that a reduced diffusion coefficient of 
hydrogen contributes to the lower level of passivation observed for annealing temperatures 
of ~320oC. At high temperatures (> 600oC), the depletion of hydrogen from the Al2O3 film 
by H2/H2O out-diffusion may lead to a reduction of the hydrogen flux toward the Si 
interface and affect the passivation. Enhanced dissociation of interfacial Si-H bonds at 
relatively high temperatures can exacerbate the effect of the reduced hydrogen content. In 
fact, passivation and dissociation processes take place in parallel,20,39 and the equilibrium 
defect density depends, among others, on the annealing temperature. Therefore, the 
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annealing temperature not only influences the availability of hydrogen but also critically 
affects the passivation kinetics at the interface directly. 
 As another important conclusion, the influence of the Al2O3 structural properties on 
hydrogen effusion corresponded well to the passivation results (see Fig. 5). The lower 
thermal stability for hydrogen-rich Al2O3 films (Tdep ≤ ~100oC) can be related to the 
significant loss of hydrogen from the films already at relatively low annealing temperatures 
(400-600oC). For these films, the likelihood of (atomic) hydrogen diffusion toward the Si 
interface is reduced by a more open film microstructure which enables H2/H2O to diffuse 
toward the Al2O3 surface followed by effusion. On the other hand, the lower thermal 
stability for dense Al2O3 films (Tdep > ~300oC) can be likely attributed to the lower initial 
hydrogen content. The optimal passivation and thermal stability obtained for films 
synthesized at Tdep = ~200oC can be related to a beneficial combination of high mass 
density and sufficient hydrogen content. The former controls the diffusion and transport of 
hydrogen towards the interface, whereas the latter contributes to the availability of 
hydrogen during thermal processing. 
 
Firing stability 
 
The measurements also have implications for Al2O3 films implemented in solar cells with 
screenprinted contacts which involves a firing step at a typical temperature of > 800oC for a 
few seconds. Firing generally gives rise to an increase in the Seff values relative to the 
values obtained after annealing Al2O3 at moderate temperature.6,30,31 The relative decrease 
in the level of passivation observed at higher annealing temperatures can be attributed 
mainly to a decrease in the level of chemical passivation.11 This corresponds to the results 
in Fig. 5 for the SiO2/Al2O3 stacks exposed to high temperatures. It is interesting to observe 
in Fig. 6 that the films deposited at Tdep = 200oC release hydrogen up to comparatively high 
annealing temperatures.6 A clear H2 effusion feature is observable between 800-950oC 
which is absent or significantly smaller for the samples deposited at higher or lower Tdep. 
The hydrogen which is released at high temperatures is expected to favourably influence 
the level of chemical passivation during firing. 
 
 
5. Concluding remarks 
 
Interface hydrogenation and the associated level of Si surface passivation were found to be 
strongly dependent on the annealing temperature and the Al2O3 structural properties. 
Evidence was provided that, under conditions of optimal passivation, the passivation 
kinetics are not limited by the rate of hydrogen diffusion in the Al2O3 and SiO2 layers. 
However, a transition from a low-density and hydrogen-rich Al2O3 film to a more dense 
Al2O3 structure was shown to play a key role in the passivation properties and thermal 
stability. At the same time, the Al2O3 microstructure critically determined the effusion of 
hydrogen from the films as a function of the annealing temperature. The variation in 
hydrogen effusion was consistently associated with the observed variations in the chemical 
passivation during annealing. For example, the films that showed a high H2 effusion rate 
already at comparatively low annealing temperatures, also exhibited a significantly lower 
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thermal stability of the corresponding passivation. Furthermore, the results suggested that 
atomic hydrogen diffusion can take place already at relatively low annealing temperatures, 
and may play a role especially for relatively dense Al2O3 films. The conclusion that 
hydrogen transport mechanisms and the associated interface hydrogenation are critically 
dependent on film density/microstructure appears to be general to other surface passivation 
materials. Technologically, our findings can be advantageous for the optimization of 
passivation schemes comprising Al2O3 films, e.g. in terms of material properties and 
thermal processing, in high-efficiency silicon solar cells. The findings in this paper 
pertaining to the criteria for effective hydrogenation may also have implications for other 
technologies, for example for bulk passivation of (poly) crystalline materials and 
hydrogenation of transparent conductive oxides.57-59  
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Abstract 
 
Atomic layer deposition was used to deposit amorphous Er-doped Al2O3 films (0.9 – 6.2 
at.% Er) on Si(100). The Er3+ photoluminescence (PL), Er3+ upconversion luminescence, as 
well as the Si PL and associated surface passivation properties of the films were studied and 
related to the structural change of the material during annealing. The PL signals from Er3+ 
and Si were strongly dependent on the annealing temperature (T = 450-1000oC), but not 
directly influenced by the transition from an amorphous to a crystalline phase at T > 900oC. 
For T > 650oC, broad Er3+ PL centred at 1.54 μm (4I13/2) with a full width at half maximum 
of 55 nm was observed under excitation of 532 nm light. The PL signal reached a 
maximum for Er concentrations in the range of 2-3 at.%. Multiple photon upconversion 
luminescence was detected at 660 nm (4F9/2), 810 nm (4I9/2) and 980 nm (4I11/2), under 
excitation of 1480 nm light. The optical activation of Er3+ was related to the removal of 
quenching impurities, such as OH (3 at.% H present initially) as also indicated by thermal 
effusion experiments. In contrast to the Er3+ PL signal, the Si luminescence, and 
consequently the Si surface passivation, decreased for increasing annealing temperatures. 
This trade-off between surface passivation quality and Er3+ PL can be attributed to an 
opposite correlation with the decreasing hydrogen content in the films during thermal 
treatment. 
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1. Introduction 
 
By virtue of the Er3+ emission wavelength at ~1.54 μm, Er-doped materials are widely used 
in optoelectronics.1,2 Er3+ ions also have the capability of upconverting two or more lower 
energy photons into one high energy photon.3 While such upconversion processes represent 
a loss mechanism for some optoelectronic applications, it is being considered for the 
enhancement of the energy conversion efficiency of future silicon solar cells.4-7 The idea is 
that by adding an upconversion material to the rear side of a silicon solar cell, a fraction of 
the sub-bandgap photons (Eg < 1.1 eV) that would otherwise be transmitted through the 
device can now be utilized to create electron-hole pairs in the solar cell. The Er3+ 
photoluminescence (PL) and upconversion luminescence depend strongly on the Er 
concentration in the film.2 Control of the doping profile is, therefore, desirable for the 
various applications which exploit the optical properties of Er. Many different host 
materials have been studied in the past decades, including fluorides, sulfides, phosphates, 
silicates, oxynitrides and oxides.1 Al2O3 is a particularly interesting host material for Er, as 
Al2O3:Er possesses a relatively high refractive index, which is desirable for waveguide 
devices, and was shown to exhibit a broad emission spectrum around 1.54 μm. 
Accordingly, high-gain optical waveguide amplifiers based on Al2O3:Er films have been 
successfully fabricated.8,9 In addition, relatively high Er concentrations can be incorporated 
in Al2O3, as Er2O3 exhibits a similar valence and crystal structure.2 Er-doped Al2O3 has 
been synthesized using various techniques, including pulsed laser deposition,10 sputtering 
of Al2O3 and subsequent ion implementation,8 co-sputtering of Al2O3 and Er2O3,

11-14 and 
plasma-enhanced chemical vapour deposition (CVD).15 
 Atomic layer deposition (ALD) is an alternative method that can be used to deposit 
high-quality and uniform thin films. During a so-called ALD cycle, reactants are 
sequentially introduced into the reactor, and film growth is governed by self-limiting 
surface reactions.16 The self-limiting nature of the growth process allows for precise 
thickness control with an Ångstrom level resolution over large area substrates. 
Consequently, controlled material doping is also possible by alternating the ALD cycles of 
two or more materials. The dopant profile can be controlled in the vertical (i.e. thickness) 
direction by changing the ratio between the ALD cycles of the respective materials. In the 
lateral direction, the separation between the individual dopant atoms is dictated by the 
growth-per-cycle, which is related, amongst other variables, to the steric hindrance effect of 
the specific precursor molecules.17 Furthermore, the excellent conformality of ALD 
provides a means for coating high-aspect ratio structures, porous materials and small 
particles.  
 The ALD process for Al2O3 is well known and has been extensively researched.16,18 As 
an important emerging application, ALD Al2O3 films are very suitable for the passivation 
of silicon surfaces. A high level of surface passivation is an important prerequisite for 
obtaining large luminescence quantum efficiencies of Si.19 The use of Al2O3 has, for 
instance, led to a tenfold increase in Si luminescence compared to the use of thermally-
grown SiO2 passivation.20 Moreover, considerable interest in Al2O3 surface passivation 
films for silicon photovoltaics has developed over the last few years,21,22 which also spurred 
the development of ALD processes for high-volume manufacturing.22,23 For the synthesis of 
Er2O3 by ALD, on the other hand, only a few reports exist. Päiväsaari et al. reported an 
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ALD process for Er2O3, using Er(thd)3 and Er(CpMe)3 as precursors, in combination with 
O3 and H2O as oxidants, respectively.24,25 Al2O3:Er waveguides have also been synthesized 
by ALD,26 but no details on the ALD process were given. In addition, ALD has been used 
for Er incorporation in Y2O3 by alternating the growth of Y2O3 and Er2O3 layers.17,27 
 In this study, we used thermal ALD to synthesize amorphous Al2O3:Er films on Si 
wafers. The focus of the paper is the relation between the (structural) changes of the 
material during annealing and the optical activation of Er3+. In addition, the Si 
luminescence and the associated surface passivation properties of the films were studied. 
We show here that post-deposition annealing is essential to optically activate the Er3+ ions, 
resulting in broad photoluminescence (PL) centred around 1.54 μm. Two- and three-photon 
upconversion processes were also detected under excitation of 1.48 μm light. The results 
show that the removal of OH impurities, which can act as effective quenching centres,2,28 
played a prominent role in the optical activation, whereas the luminescence properties were 
not significantly affected by the change from an amorphous to a polycrystalline structure at 
temperatures > 900oC. In contrast to the Er3+ photoluminescence, the surface passivation 
properties deteriorated at higher annealing temperatures which can be attributed 
predominantly to the effusion of hydrogen from the Al2O3:Er and the Si interface. 
 After the description of the experimental details (Sec. 2), the ALD process for the 
synthesis of the Er-doped Al2O3 films will be briefly discussed (Sec. 3.1). Subsequently, the 
optical properties (Sec. 3.2) and material properties (Sec. 3.3) will be reported, with special 
focus on the influence of post-deposition annealing. In the discussion (Sec. 4), the effect of 
the structural changes on the Er3+ and Si luminescence will be addressed.   
 
 
2. Experimental details 
 
The Al2O3:Er films were deposited using an Oxford Instruments OpAL reactor at a 
substrate temperature of ~200oC by thermal ALD. The reactor was operated at a pressure of 
~300 mTorr. Er(CpMe)3 was used as the Er-precursor and stored in a stainless steel bubbler 
heated to 120oC, well below the decomposition temperature of the precursor. The precursor 
was introduced into the reactor by a 200 sccm Ar flow and relatively long dosing times of 
30s were employed. Al(CH3)3 was the Al-precursor used for the deposition of Al2O3. [29] 
This liquid precursor exhibits a high vapour pressure and was introduced into the reactor 
vapour-drawn. Dosing times of only 20 ms were sufficient for achieving saturated growth. 
For both materials, H2O served as the oxidant (20 ms doses). The ALD films were 
deposited on floatzone n-type Si(100) wafers. Spectroscopic ellipsometry (SE; J.A. 
Woollam, M2000) was employed both in-situ and ex-situ to monitor the ALD growth 
process and determine the film thickness and refractive index. Photoluminescence 
measurements were performed at room temperature using a Nanometrics RPM2000, which 
had 532 nm (50 mW) and 1480 nm (250 mW) CW lasers available as pump sources. The 
corresponding detectors used with these two laser sources were an InGaAs PIN photodiode 
and a Si CCD detector. The incident spot diameter in both cases was 1 mm (7.85×10-3 cm2). 
Two scan protocols were employed: I) Scan from 900 to 1700 nm using the 532 nm pump 
and the InGaAs detector to observe the Si-Si transition at 1.1 µm and the Er3+ 4I13/2 to 4I15/2 
transition at 1.54 µm; II) Scan from 600 to 1100 nm using 250 mW 1480 nm and the Si 
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CCD to detect the 2 photon and 3 photon upconversion transitions in Er3+. For material 
analyses, X-ray photon spectroscopy (XPS; K-Alpha Thermofisher) and X-ray diffraction 
(XRD; Panalytical) were used. In addition, Rutherford backscattering spectroscopy (RBS) 
using 1-2 MeV He2+ ions and elastic recoil detection (ERD) were used to determine the 
atomic composition of the film and the hydrogen content (AccTec, Eindhoven). Effusion 
measurements were performed under ultra-high vacuum conditions (10-7 mbar) using a 
quadrupole mass spectrometer. The effusion of impurities from the sample was monitored 
as a function of the annealing temperature, T = 200-1000oC, with a heating rate of 
20oC/min.30 The effective lifetime of the minority carriers in Si was measured by the 
photoconductance decay method (Sinton WCT100). To activate the luminescence, the 
samples were annealed in a rapid thermal annealing apparatus (ramp up > 20oC/s) within a 
N2 environment.  
 

 
Figure 1: ALD “super-cycle” for the synthesis of the Er-doped Al2O3 films. 
 
 
3. Results and Discussion 
 
3.1. Atomic layer deposition of Er‐doped Al2O3 films 
 
Figure 1 shows a schematic representation of the ALD super-cycle used to deposit the 
Al2O3:Er films. The super-cycle consists of x Er2O3 cycles and y Al2O3 cycles. Films with 
various Er concentrations, [Er], were synthesized by changing the x:y ratio. The two ALD 
cycles each comprised two half-cycles. In the first half-cycle, the precursor gas was 
introduced, and in the second half cycle, H2O was injected as the oxidant. In between the 
precursor and oxidant doses, the reactor was purged with Ar to avoid parasitic CVD 
reactions. Figure 2a shows that the thickness of the deposited film increased with the 
number of ALD cycles. The growth rate was ~1 Å/cycle for Al2O3 and ~0.25 Å/cycle for 
Er2O3, as determined with in-situ SE. The growth characteristics for this process are 
illustrated in more detail in Fig. 2b, where the changes in the surface groups and layer 
thickness during each half-cycle are reflected by the ‘apparent thickness’. The latter was 
extracted from the ellipsometric parameters (Ψ and Δ) using a simple Cauchy model with 
fixed optical constants (representative for bulk Al2O3).

31 The increase of the apparent 
thickness during the Er(CpMe)3 dosing represents the sticking of the precursor to the 
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growth interface. During the subsequent oxidation step, the apparent thickness decreases by 
reaction of the adsorbed precursor ligands with H2O such that the initial surface coverage is 
restored.18 The surface reactions in both half-cycles terminated when all surface groups 
reacted, i.e. the growth is self-limiting. Nonetheless, the relatively low growth-per-cycle for 
Er2O3 is likely to be a result of sub-saturated growth, even with the (optimized) precursor 
dosing times of 30s that we applied. Although generally not preferred, a low growth-per-
cycle, GPC, can be beneficial for synthesizing films with low Er concentrations. Using the 
same Er-precursor, Päiväsaari et al. reported a higher GPC while using significantly shorter 
dosing times.25 These shorter dosing time can probably be related to the use of an open 
crucible rather than a bubbler system as used in this work. The precursor in the bubbler has 
a comparatively smaller surface area, and, therefore, the influence of the low precursor 
vapour pressure is more pronounced. For our reactor and precursor injection configuration, 
a more time-efficient ALD process could be realized when the Er-precursor would combine 
a relatively high vapour pressure with a high reactivity during the ALD half-reaction at 
moderate substrate temperatures. Currently, however, the availability of alternative 
commercially available ALD precursors for Er2O3 is still limited. It is interesting to note 
here that an O2 plasma was tested as an alternative oxidant for the ALD process for Er2O3 
in combination with the Er(CpMe)3 precursor. RBS and infrared absorption measurements 
indicated a very large fraction of carbon in these plasma ALD films ([C] > 30 at.%). The 
COx species, created by plasma-induced oxidation and decomposition of the CpMe ligands, 
appear to be incorporated into the bulk of the film. This behaviour, which is absent for 
many other plasma ALD processes, is consistent with the tendency of Er (and other 
lanthanides) to react with CO2.

32 High impurity levels were not observed for thermal ALD 
Er2O3 films.   

 
Figure 2: (a) Film thickness as a function of the number of ALD cycles. (b) Apparent thickness after 
each ALD half-cycle. In (b), the same optical parameters (Cauchy model with An = 1.64 and Bn = 
0.005, representative for Al2O3) were used for the Al2O3 and Er2O3 cycles. 
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Table 1: Properties of as-deposited Er-doped Al2O3 samples, determined from the areal atomic 
densities measured by RBS/ERD. The mass density was calculated from the film composition 
and the thickness determined by SE. “-“ = “not measured”. 
 

[Er]  
(at.%) 

[H] 
(at.%) 

O/Al O/(Al+Er) ρmass 
(g/cm3) 

1.0±0.03 3.0±0.1 1.51±0.08 1.47±0.08 3.6±0.1 
2.0±0.1 3.0±0.1 1.59±0.08 1.51±0.08 3.8±0.1 
2.7±0.1 - 1.64±0.08 1.51±0.08 3.9±0.1 
3.7±0.1 - 1.60±0.08 1.46±0.08 3.8±0.1 

 
 
 The thermal ALD process was used to synthesize various Al2O3 films with Er 
concentrations in the range of [Er] = 0.9 – 6.2 at.%. Table 1 lists the material properties of a 
selection of these samples. The RBS spectrum for the sample with [Er] = 2.0 at.% is shown 
in Figure 3. The flat Er signal between 1.7 and 1.8 MeV indicates that the Er concentration 
was relatively constant as a function of film thickness (~200 nm) for this sample. All Er-
doped films exhibited an O/Al ratio > 1.5, which is clearly higher than that for 
stoichiometric Al2O3. In addition, the O/(Al+Er) ratio was found to be ~1.5 for most of the 
samples and exhibited no clear trend with [Er]. These findings are consistent with the 
substitution of Al atoms by Er atoms in the Al2O3:Er structure. For the range of [Er] 
between 0.9-6.2 at.%, the mass density varied between 3.6±0.1 and 4.2±0.1 g/cm3. The two 
Al2O3:Er films that were measured by ERD (Table 1) contained the same amount of 
hydrogen ([H] ~3 at.%) which was also similar for undoped ALD Al2O3 films.29 The 
hydrogen was present mostly as –OH groups.33 RBS measurements revealed that the carbon 
content was below the detection limit (<5 at.%). The impact of annealing on the structural 
properties will be discussed in more detail in Sec. 3.3.  

Figure 3: RBS spectrum of an Er-doped Al2O3 film with [Er] = 2.0 at.% (1.8×1021 atoms cm-3). The 
line is a fit to the data to extract the areal atomic densities. 
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Figure 4: Photoluminescence spectra of Er-doped Al2O3 films ([Er] ~ 1.0 at.%) annealed at various 
temperatures for an excitation wavelength of 532 nm. (a) PL signal of Si at 1.1 µm. (b) PL signal 
corresponding to the first excited state of Er3+ (4I13/2  4I15/2). It was verified that the 1.54 µm signal 
scaled linearly with pump power (1.5-50 mW). The spectrum corresponding to the film annealed at 
1000oC was multiplied by a factor 10 in Fig. (a) to show the Er3+ emission at 0.98 µm (4I11/2  4I15/2). 
 
 
3.2. Optical properties  
 
Si luminescence and surface passivation 
 
The luminescence properties of the Er-doped Al2O3 films ([Er] = 1.0 at.%) were 
investigated using an excitation wavelength of 532 nm. The samples were annealed at T = 
450oC and 650oC for 10 minutes and at 800oC and 1000oC for 1 minute. The Si 
luminescence at ~1.1 μm as displayed in Fig. 4a is related to the radiative band-band 
recombination of electrons and holes in Si. This involves the emission of a photon with an 
energy approximately equal to that of the Si band gap. Equation 1 gives an expression for 
the measured PL signal, ISi, and the radiative recombination rate, Urad : 
 
 Isi ~ Urad = B(np – ni

2)      (1) 
 
where n, p and ni are the electron and hole concentration under illumination and the 
intrinsic carrier concentration, respectively, and B, a coefficient reflecting the probability of 
a radiative transition.34 The radiative recombination increases with the density of the 
generated minority carriers, i.e. holes in the case of n-type Si. The passivation of surface 
defects by applying the Al2O3 film leads to the increase of the excess carrier concentration 
and, consequently, a relatively enhanced radiative recombination rate. Therefore, the Si PL 
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signal can be regarded as a measure for the surface passivation quality.35 Figure 4a shows 
that the Si luminescence depends strongly on the annealing temperature. The as-deposited 
sample exhibited a comparatively strong Si PL signal. Annealing at a moderate temperature 
of 450oC led to a further increase. However, for higher annealing temperatures, ISi was 
found to decrease. For the sample annealed at 1000oC, the intensity of the Si PL was very 
low and comparable to that for Er3+ (as discussed below). These results indicate that the 
application of (Er-doped) Al2O3 films in combination with moderate annealing 
temperatures lead to a significant improvement of the Si luminescence. This was recently 
also demonstrated for Al2O3-coated Si nanodots.36  
 
 

Figure 5: Maximum surface recombination velocity, Seff,max, for (undoped) Al2O3 films (~30 nm) 
deposited on Si, as a function of annealing temperature. Annealing was carried out for 1 minute at 
800oC-1000oC, and for 10 minutes in other cases. The data for 200oC represents Al2O3 in the as-
deposited state. 
 
 
 The PL data can be compared with the surface recombination velocity, Seff. An upper 
level of Seff can be determined directly from the effective lifetime (τeff) of the minority 
carriers in a FZ Si wafer by assuming that all recombination takes place at the surfaces. The 
upper level for the surface recombination velocity Seff,max was extracted at an injection level 
of 1×1015 cm-3 (i.e, significantly lower compared to the injection level during the PL 
measurements) by the expression: 
 

eff
eff

W
S

2max,  ,      (2) 

 
where W the thickness of the silicon wafer (~280 µm). Figure 5 shows Seff,max for a high 
quality FZ c-Si wafer (n-type, 3.5 Ohm·cm) coated on both sides with Al2O3 (not Er-doped) 
annealed at various temperatures. The measured ultra-low values of Seff < 2 cm/s (τeff = ~6 
ms) indicate an exceptionally high level of passivation by Al2O3.

21,22,29 With such low 
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(maximum) surface recombination velocities, the intrinsic (radiative and Auger) 
recombination is significant in determining the effective lifetime of the minority carriers. 
The trends of the Si PL signal and Seff were qualitatively in good agreement: Seff decreased 
by annealing at moderate temperatures, whereas higher temperatures led to a degradation of 
the passivation performance.29,37 The effective lifetime of ~ 6 μs measured after annealing 
at 1000oC was similar as that obtained for an unpassivated Si wafer. It is interesting to note 
that in contrast to Al2O3, films of Er2O3 did not provide a high level of surface passivation 
after annealing. High Er concentrations may therefore affect the surface passivation 
performance of doped Al2O3 films. However, this can be easily circumvented for potential 
applications. We have verified that a stack of an ultrathin (~5 nm) Al2O3 film applied on the 
Si surface combined with a thick Er-doped Al2O3 film on top, resulted in similar 
passivation properties as a 30 nm undoped Al2O3 film.   
 

Figure 6: Er3+ energy level diagram with the corresponding Russel–Saunders notation for the energy 
levels.1 (a) Relevant emission wavelengths observed in this study; (b) 2- and 3-photon upconversion 
processes. The wavy line indicates phonon relaxation.  
 
 
Er3+ luminescence 
 
No Er3+ photoluminescence could be detected for the Al2O3:Er samples in the as-deposited 
state and after annealing at 450oC. Increasing the annealing temperature to 650oC and 
above led to the optical activation of Er3+ in the material. Figure 4b shows the Er3+ PL 
spectrum centred around a wavelength of 1.54 µm. The emission corresponds to the 
transition from the first excited state of the Er3+ ion to the ground state, i.e. 4I13/2  4I15/2 
(see Fig. 6). It was verified that the luminescence properties were not significantly affected 
by prolonged annealing of up to 30 minutes at 650oC. However, a significant increase of the 
PL signal was observed after annealing at 800oC and 1000oC for 1 min. An increase of the 
annealing time to 2 min. did not lead to a significant further increase. A comparable trend 
between the Er luminescence and the annealing temperature was reported by Polman et al. 
for sputtered Er-implanted Al2O3.

2 Also for PECVD-synthesized Er-doped Al2O3 films, 
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annealing at 900oC proved to be essential.15 The PL spectra of the ALD Al2O3:Er samples 
were relatively broad with a full width at half maximum (FWHM) of 55 nm, which is also 
consistent with earlier reports.2,9,15 For the film annealed at 1000oC, an additional 
luminescence signal at a wavelength of 0.98 µm (4I11/2  4I15/2 ) was observed as a shoulder 
on the Si luminescence.  
 
 
Upconversion luminescence 
 
The nearly equally spaced energy levels of the Er3+ ion in conjunction with the relatively 
long lifetime of the 4I13/2 state allow for photon upconversion (UC) processes to occur. Two 
different UC mechanisms can be discerned: excited-state upconversion (ESA), in which a 
single Er3+ ion is excited stepwise to a higher energy state, and energy transfer 
upconversion (ETU) where energy is non-radiatively transferred between ions.3,13 Here we 
focus on near-infrared emission through excitation in the infrared with 1.48 μm laser light. 
This excitation wavelength is relevant for upconversion processes for Si photovoltaics.4 In 
addition, this wavelength range can be used to pump optical waveguide amplifiers.8 Figure 
7 displays the UC luminescence for three Al2O3:Er films ([Er] ~1.0 at.%) annealed at 
various temperatures. No upconversion was observed for as-deposited films and for films 
annealed at 450oC. For higher annealing temperatures, UC luminescence was detected at a 
wavelength of 0.98 μm (FWHM of ~28 nm). This two-photon UC process originates from 
the stepwise excitation to the 4I9/2 state, subsequent phonon relaxation to the 4I11/2 state, and 
successive relaxation to 4I15/2 by photon emission (Fig. 6). Direct radiative decay from the 
4I9/2 level to the ground state is also observed by the detection of ~0.81 μm photons as 
displayed in the inset of Fig. 7. In addition, a signal at ~0.66 μm (4F9/2) was detected which 
originates from a three-photon UC process. This 4F9/2 state can be populated through the 
4I9/2  4S3/2 transition and subsequent relaxation to 4F9/2, or through direct excitation from 
4I11/2. Note that the measurements provided no direct evidence for the significant population 
of the 4S3/2 state as emission at 0.85 μm (4S3/2  4I13/2) was not detected, in contrast to 
observations by van den Hoven et al.13 Furthermore, the ratio between IUC at 980 and 660 
nm of ~102 suggests that the probability of a three-photon UC process is approximately 102 
smaller compared to UC involving two photons. The upconversion processes appeared to 
be more strongly dependent on the annealing temperature (800oC-1000oC) than the Er3+ PL 
signal as displayed in Fig. 4b: The UC signal for the sample annealed at a temperature of 
800oC was significantly lower than that of the sample annealed at 1000oC. The 
upconversion processes appear to be very sensitive to the changes in film properties that 
occur during annealing.  
 
 
Effect of the Er concentration 
 
Apart from the annealing temperature, the Er3+ PL and UC signals were found to be 
strongly dependent on the Er concentration in the films. The effect of [Er] within the range 
of 0.9 - 6.2 at.% on the (integrated) PL and UC signals is displayed in Fig. 8. Despite some 
scatter in the data, it is evident that the Er3+ PL signal exhibited an initial enhancement and  
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Figure 7: Upconversion luminescence from Er3+ using a laser wavelength of 1480 nm. The Er-doped 
Al2O3 films ([Er] ~ 1.0 at.%) were annealed at 650oC (10 min.) and 800oC and 1000oC (1 min.). The 
spectra are off-set for clarity. The inset shows a magnification of the UC PL between 600 and 900 nm 
of the sample annealed at 1000oC. 
 
 
subsequent decrease of intensity with increasing [Er]. This decrease at high Er 
concentrations is also observed for UC. The maximum Er3+ luminescence falls in the range 
of [Er] of 2.5-3.0 at.%. This range is comparable to that reported for Er-doped Y2O3.

38 A 
maximum upconversion signal was observed for films with lower [Er] of 0.9-2.5 at.%. The 
existence of a maximum in the Er3+ luminescence can be explained in terms of an 
increasing density of optically active Er3+ ions which competes with non-radiative 
relaxation that starts to dominate at higher [Er]. The latter effect is known as concentration 
quenching, where energy is transferred by Er-Er interactions and coupled to quenching sites 
such as –OH groups,2,28 as will be discussed in more detail in Sec. 4. Concentration 
quenching of the 4I11/2 state can also be responsible for the observed decrease in UC 
luminescence at high [Er]. In addition, it is important to note that the population of the 4I9/2 
state may strongly rely on Er-Er interactions,28 as the ETU process is expected to be the 
prominent UC mechanism for our samples with relatively high [Er].13,39 The mean Er-Er 
distance can be easily estimated from their concentration when a relatively uniform 
distribution is assumed. For [Er] = 1 at.%, corresponding to an Er density of 9×1020 cm-3, a 
mean distance between the ions of r = ~1 nm is obtained. Likewise, an Er concentration of 
6.2 at.% corresponds to r = ~0.6 nm between the ions. This suggests that changes of ~0.4 
nm in the distance between the Er ions can lead to significant changes in the UC and PL 
efficiency. This observation is in agreement with the strength of the electric dipole-dipole 
interaction between Er3+ ions which depends on the distance between the ions by r-6. 
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Figure 8: Integrated PL signals as a function of the average Er concentration in the films. (a) The Er3+ 
PL signal centered at 1.54 µm (between 1430-1660 nm) under excitation of 532 nm light and (b) the 
980 nm UC PL (between 950-1040 nm) under excitation of 1.48 µm light. The films were all 
annealed at 1000oC (1 min.). The PL signal for each sample was divided by the corresponding film 
thickness and also corrected for associated (small) differences in reflection of the incoming light, 
taking into account interference in the film.  
 
 

 
Figure 9: (a) XPS survey spectrum of Er-doped Al2O3 ([Er] ~ 1.0 at.%), (b) Er4d region before and 
after annealing at 1000oC (1 min.). Prior to the measurements the sample surfaces were cleaned by Ar 
ion irradiation. 
 
 
3.3. Effect of annealing on structural properties 
 
In this section, the effect of annealing on the structural properties of the Er-doped Al2O3 
films is reported. First, we briefly address the question of how Er is bonded in the Al2O3 
film, on the basis of XPS measurements that were performed on a sample before and after 
annealing at 1000oC. Figure 9a shows the XPS survey scan, with peaks related to O (531 
eV), Al (75 eV) and Er. Three peaks can be discerned in the binding energy range of Er, 
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with the strongest feature at an energy of 169 eV, as displayed in Fig. 9b. Compared to bulk 
Er, which exhibits a doublet at a binding energy of ~167 eV, the Er 4d peak is shifted 
toward higher binding energies.40 This is also in good agreement with the value of 169-170 
eV for sputtered Er2O3 thin films,41 and indicates that, for our samples, Er is mostly bonded 
with oxygen. After annealing at 1000oC, the Er 4d peaks were not shifted. However, a 
relatively stronger signal was observed and the additional features at higher binding 
energies are better resolved. The XPS signals related to O 1s and Al 2p were not affected. 
On the other hand, the film thickness was reduced substantially (~20%) after annealing at 
1000oC (Table 2). In addition, the mass density increased significantly from 3.6 to 4.5 
g/cm3 and the refractive index (at a photon energy of 2 eV) was observed to change 
accordingly from 1.66 to 1.83. 
 The data in Table 2 show that the films were nearly depleted of hydrogen after 
annealing at 1000oC. To study the effect of the annealing temperature on the removal of 
hydrogen and other impurities from the Al2O3:Er film, thermal effusion measurements 
(300oC-1000oC) were carried out. Figure 10 shows the effusion signals corresponding to 
various prominent mass-over-charge ratios (m/z) that were detected during these 
measurements. The m/z = 2 signal can be attributed to H2

+. The signal at m/z = 18 is due to 
H2O

+ with m/z = 17, OH+, a corresponding cracking product of H2O. The signal m/z = 44 
can be ascribed to CO2

+ with m/z = 12 being C+, a cracking product of CO2. Finally, m/z = 
15 can be attributed to CH3

+ which reflects the presence of CH4 (and possibly other 
hydrocarbons CxHy). The effusion signals can originate from species in the bulk of the 
Al2O3 film as well as on the surface of the sample. The latter can also include (organic) 
surface contaminants such as adventitious carbon, as corroborated by the XPS 
measurements. The signals related to CO2 and CHx at relatively low temperatures are, 
therefore, likely to be mainly related to the desorption of surface contaminants. Note that 
the presence of a significant density of COx groups in the bulk of the material would also 
not be expected for ALD with H2O as the oxidant, in contrast to plasma ALD where C-O 
vibrations were detected by infrared absorption spectroscopy.42,37,33 On the other hand, it is 
likely that the CHx feature at 740oC can be attributed to the removal of carbon impurities 
that originate from the precursor and were incorporated into the Al2O3:Er film during 
deposition. Maxima in the effusion transients were observed at 700oC for both H2O and H2. 
In addition, a broad H2O shoulder is apparent at higher temperatures and also an additional 
H2 peak was observed at 900oC. The effusion features clearly demonstrate that the removal 
of hydrogen from the Al2O3 bulk continues up to high annealing temperatures, where a 
temperature above 900oC was necessary to deplete the films of hydrogen. 
 In conjunction with the effusion of impurities from the films, a transition from an 
amorphous to a polycrystalline phase was observed at high annealing temperatures. Figure 
11 shows the XRD signal around an angle of 2θ = 67o, which can be assigned to a reflection 
plane which appears for crystalline Al2O3.

43 The Er-doped films ([Er] = 1.0 at.%) were 
observed to crystallize between annealing temperatures of 900 and 1000oC. In contrast, for 
undoped Al2O3 the onset of crystallization began at lower temperatures of 850-900oC. 
Therefore, the results indicate that a small fraction of Er  in the Al2O3 film can change the 
crystallization properties of the thin film material significantly. This was corroborated by 
examining films with [Er] = 3.7 and 6.2 at.%, for which the XRD signal at 67o was 
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negligible after annealing at 1000oC (1 min.). The large Er atoms in the Al2O3 lattice appear 
to hinder the formation of crystalline grains. 
 
 
Table 2: Properties of Er-doped Al2O3 films ([Er] ~1.0 at.%), as-deposited and after annealing for 1 
min. at 1000oC, determined by RBS/ERD and SE. The relative change of the parameters is given in 
the last row of the table. 

 
 

Figure 10: Effusion signals measured during annealing an Er-doped Al2O3 film ([Er] ~ 1.0 at.%). The 
heating rate was 20oC/min. The various prominent mass-over-charge ratios are displayed in Figs. (a)-
(d) and correspond with mainly H2, H2O, CO2 and CH4 (or CxHy). 
 
 
4. Discussion 
 
The optical activation of Er3+ upon annealing the Er-doped Al2O3 films can be attributed to 
the significant structural changes in the films at high temperatures. In principle two effects 
can play a role here. First, it may be speculated that the fraction of optically active Er3+ ions 
increases.2,44 Second, the influence of non-radiative processes that compete with the 
luminescence yield can be significantly reduced during annealing. The importance of the 
second effect was demonstrated for Er2O3 and Er-implanted Al2O3 films, where a 
significant enhancement of the lifetime of the 4I13/2 level was observed with increasing 
annealing temperature.[2,45] Non-radiative relaxation can take place when Er3+ ions 
 

 
 

[H] 
(1021 cm-3) 

Thickness 
(nm) 

Refractive 
index 

ρmass 
(g/cm3) 

as-grown 2.6±0.1 206±2 1.66±0.02 3.6±0.1 
1000oC 0.17±0.01 165±2 1.83±0.02 4.5±0.1 
% change  -95% -20% +10% +25% 
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Figure 11: XRD spectra, comparing (a) Al2O3 films with (b) Er-doped Al2O3 ([Er] ~ 1.0 at.%) for 
various annealing temperatures (1 min, N2). The film thickness was ~200 nm (as-deposited). 
 
 
transfer energy by coupling to the phonon modes of Al2O3 (phonon energy of 870 cm-1),2 or 
to impurities in the host material. Al2O3 exhibits a relatively high phonon energy compared 
to e.g. chlorides and other halides,4,5 and, therefore, a relatively high non-radiative 
recombination rate may be expected.46 On the other hand, the transition from an amorphous 
to polycrystalline Al2O3 structure (Fig. 11) is expected to lead to only a slight variation in 
the phonon energy distribution. As these minor changes only occur for temperatures > 
900oC, the coupling to phonon modes of Al2O3 cannot account for the general trend of 
increasing luminescence yield upon annealing. As a counter effect, we hypothesize that 
grain boundaries in the polycrystalline Al2O3 constitute additional quenching sites for the 
Er3+ luminescence. Apart from the phonon modes of the host lattice, OH impurities have 
been identified as prominent quenching sites for Er3+ luminescence.2,28,47 An important 
quenching mechanism is concentration quenching, i.e. the transfer of energy between Er3+ 
ions until it is non-radiatively dissipated.13 The energy migration between Er3+ ions is 
expected to be effective concerning the relatively high Er concentrations in our films. The 
broad energy range of the OH stretching vibration around ~3600 cm-1 (Ref. 33) matches 
closely with the energy between 4I11/2→

4I13/2 states (~3670 cm-1). Furthermore, the energy 
of the second harmonic of the OH vibration is relatively close to the energy between the 
4I13/2→

4I15/2 states (~6500 cm-1). Other impurities, such as CHx, can also be identified as 
possible quenching centers. The stretching vibration of CH3 is located in the infrared 
absorption spectrum at an energy of ~2945 cm-1,27,33 which is in the same energy range as 
that of OH. 
 The removal of hydrogen from the films during annealing may explain the negative 
correlation between the Er3+ and Si photoluminescence. The normalized Er and Si PL 
signals are displayed in Fig. 12a as a function of annealing temperature, together with the 
loss of hydrogen from the film in Fig. 12b. The hydrogen loss was estimated by integrating  
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Figure 12: (a) Normalized PL signals for Si and Er3+ (corresponding to Fig.4). Lines serve as guides 
to the eye. (b) The hydrogen content in the film as a function of annealing temperature, estimated 
from the thermal effusion measurements. 
 
 
the m/z = 2 effusion signal (H2) and calibrated by the initial hydrogen content as obtained 
by ERD. Note here that the effusion of hydrogen from the film in the form of H2O was not 
taken into account. Figure 12 reveals that a small fraction of hydrogen can leave the film by 
effusion into vacuum at moderate temperatures of ~350-450oC. The mobilized hydrogen 
can also diffuse toward the interface and passivate defects, as was recently demonstrated by 
a secondary ion mass spectroscopy study on deuterated Al2O3 thin films.48 Accordingly, 
very low interface defect densities ≤ 1011 eV-1 cm-2 have been reported for Al2O3 thin films 
annealed at 400oC.22 By increasing the annealing temperature > 450oC, significant amounts 
of OH groups are removed from the (Er-doped) Al2O3 films. While this represents the 
removal of quenching centers coinciding with the activation of the Er3+ luminescence, the 
hydrogen loss will also take place at the interface which leads to a drop of the Si PL and a 
decreasing level of surface passivation. When the film is depleted of hydrogen (T ~ 
1000oC), the Er3+ luminescence is activated to the full extent, whereas the surface 
passivation by the films is lost. These results demonstrate the trade-off between optical 
activation of Er3+ and the silicon surface passivation quality.  
 Finally it is noted that these results suggest a limited potential of Er-doped Al2O3 for 
silicon technology in combining surface passivation with the upconversion of infrared light. 
In fact, the most efficient upconversion processes generally occur in host materials with 
low phonon energies such as NaY0.8F4.

4-7 Nonetheless, in photovoltaics, technology based 
on UC processes to harvest sub-band gap photons has not yet advanced to the point where 
such devices are practical. Fundamental issues, such as the typically small absorption cross-
section of Er (~10-20 cm-2) 27,49,50 and the strong dependence of the UC efficiency on the 
light intensity,4,13,39 complicate a straightforward solution based on UC for significantly 
increasing Si solar cell efficiencies.  
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5. Summary 
 
Atomic layer deposition was used to successfully synthesize Er-doped Al2O3 films on Si 
substrates. Under excitation of 532 nm light, these films exhibited broad Er3+ luminescence 
at 1.54 µm after a high-temperature annealing step. Also 2 and 3-photon upconversion 
luminescence was detected under excitation of 1.48 µm light. Furthermore, the Er-doped 
Al2O3 films afforded a high level of surface passivation leading to a significantly-enhanced 
Si luminescence (factor 60 higher compared to unpassivated Si). A close correlation 
between the removal of OH impurities during annealing and the increase of Er3+ 
luminescence was demonstrated. A change from amorphous to polycrystalline Al2O3 at 
annealing temperatures > 900oC did not play a significant role in the optical activation. In 
contrast to Er, the Si luminescence decreased at high annealing temperatures indicating a 
decreasing level of surface passivation. 
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Abstract 
 
Very low surface recombination velocities < 6 cm/s and < 11 cm/s were obtained for 
SiOx/a-SiNx:H stacks synthesized by plasma-enhanced chemical vapor deposition on low 
resistivity n- and p-type c-Si, respectively. The stacks induced a constant effective lifetime 
under low illumination, comparable to Al2O3 on p-type Si. Compared to single layer a-
SiNx:H, a lower positive fixed charge density was revealed by second-harmonic generation 
measurements, while field-effect passivation was absent for a reference stack comprising 
thermally-grown SiO2. The results indicate that hydrogenation of interface states played a 
key role in the passivation and remained effective up to annealing temperatures > 800oC. 
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Minimizing the surface recombination of charge carriers is a key issue for high efficiency 
silicon solar cells. Not all passivation schemes that have been investigated proved to be 
equally well applicable to n- and p-type Si surfaces in solar cells. While generally providing 
a high level of passivation for p-type and (diffused) n-type Si surfaces,1-5 a-SiNx:H films 
(SiNx, in brief) can lead to compromised solar cell performance when applied on the p-type 
Si base at the rear side. This is related to the presence of an inversion layer below the 
surface induced by the fixed positive charge density, Qf, present in (nearly-)stoichiometric 
SiNx (with refractive index, n = ~1.9-2.2),5 which can lead to current flow between the rear 
metal contacts. This effect is known as parasitic shunting.5 The positive charges in SiNx 
originate from the so-called K centers, which are dangling bonds of Si atoms that are 
backbonded to three N atoms.6-8 Therefore, Si-rich SiNx films generally exhibit a lower Qf 
than (nearly-)stoichiometric N-rich films.8 Consequently, Si-rich SiNx leads to high sheet 
resistances or the absence of an inversion layer. However, the chemical and thermal 
stability of these films may prove insufficient. Alternatively, it has been suggested that the 
effect of parasitic shunting can be reduced or avoided by the use of a (thin) SiO2 layer 
between Si and SiNx.

9,10 SiO2/SiNx stacks comprising thermally-grown SiO2 provide a high 
level of passivation,11-13 with surface recombination velocities Seff < 10 cm/s, and have led 
to enhanced solar cell efficiencies.10 In contrast, low-temperature SiOx synthesized by 
plasma enhanced chemical vapor deposition (PECVD) in combination with a SiNx capping 
layer has not resulted in a comparable high level of passivation yet. For such PECVD 
SiOx/SiNx stacks, the lowest value (Seff ~ 40 cm/s) was reported recently by Hofmann et al. 
for low resistivity p-type c-Si.9  

In this Letter, a very high level of passivation is reported for PECVD SiOx/SiNx stacks 
on low resistivity c-Si with Seff < 6 cm/s. These stacks comprised SiNx with a refractive 
index of 2.05, which is known to be chemically stable during high temperature 
metallization processes in solar cells. By optical second-harmonic generation spectroscopy 
(SHG), it is shown that the positive charge density for the stacks was reduced significantly 
compared to single layer SiNx. This difference was in line with observations for a 
comparable stack comprising thermally-grown SiO2, which exhibited virtually no field-
effect passivation. Furthermore, the thermal stability (up to 850oC) of the stack was found 
to be very high, which can be ascribed to effective hydrogenation of the Si/SiOx interface 
under influence of the SiNx layer. The results presented are especially timely because 
various low-temperature passivation schemes, such as aluminum oxide (Al2O3),

14-16 are 
currently under evaluation as replacements for the standard aluminum back surface field 
(BSF) in solar cells with thinner Si wafers.  

The low-temperature SiOx (~50 nm) films were synthesized at a rate of ~1 nm/s, at a 
substrate temperature of ~300oC, in a parallel-plate PECVD reactor.17 Rutherford 
backscattering spectroscopy and elastic recoil detection revealed an O/Si ratio of ~2.1 and a 
hydrogen content [H] of ~9 at.%. The SiNx films were deposited by PECVD, using a linear 
microwave source, at a substrate temperature of ~350oC. Results on “standard” SiNx films 
with a refractive index of 2.05 (N/Si ratio = 1.15, [H] = 9.3 at.%) were compared to Si-rich 
SiNx films with a relatively high refractive index of ~2.7 (N/Si ratio = 0.5, [H] = 16.1 at.%). 
The SiNx films (~70 nm) were deposited either on top of the PECVD SiOx or, for 
comparison, directly on c-Si. As substrates, 3.5 Ω cm n-type and 2.2 Ω cm p-type FZ (100)  
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Figure 1: SiOx/SiNx stacks (50 nm / 70 nm) compared with single layer SiNx (70 nm) on (a) 2 Ω cm 
p-type c-Si (b) 3.5 Ω cm n-type c-Si. The refractive index of SiNx was 2.05. Data for plasma ALD 
Al2O3 (30 nm) is also given. All samples were annealed at 400oC (10 min., N2). 
 
 
c-Si wafers were used. Prior to deposition, the bare wafers received a short treatment in 
diluted HF. In addition, the field-effect passivation was compared to a stack comprising 50 
nm thermally-grown SiO2 (dry oxidation, 950oC) on n-type c-Si. The surface passivation 
properties were evaluated by measuring the effective lifetime τeff of the minority carriers by 
the photo conductance decay method (Sinton WCT 100). The upper limit of Seff was 
determined from the effective lifetime by assuming an infinite bulk lifetime, i.e. Seff < W / 
2τeff, with W the wafer thickness of 280 µm, and will be quoted at an injection level of 
5×1014 cm-3.  

The PECVD SiOx films did not afford a significant level of surface passivation in the 
as-deposited state, with Seff < 500 cm/s.17 The surface passivation could be improved 
somewhat, i.e. to Seff < ~ 100 cm/s, by annealing at 400oC in forming gas (10% H2 in N2). 
However, the passivation was not stable and degraded over time. The deposition of the 
SiNx capping films on top of as-deposited SiOx led to a significantly improved surface 
passivation, e.g. Seff < 27 cm/s for SiNx with n = 2.05 on n-type Si. This can be related to the 
incorporation of hydrogen, e.g. from the plasma,18 which reduces the interface defect 
density during “in situ annealing” at the deposition temperature of ~350oC. After post-
deposition annealing of the SiOx/SiNx stacks at 400oC (10 min., N2), the surface passivation 
performance improved even more. A very low Seff  < 6 cm/s (τeff = 2.3 ms) and Seff  < 11 
cm/s (τeff =1.3 ms) were obtained for n- and p-type c-Si, respectively (Figs. 1 and 3). 
Compared to single layer SiNx on n-type Si, the passivation quality of the stack was only 
slightly lower. However, on p-type Si, the SiOx/SiNx stack was clearly superior to the single 
layer SiNx. The level of passivation induced by atomic layer deposited (ALD) Al2O3, 
containing > 5×1012 cm-2 negative charges,16 was higher, but not substantially so, than that 
for the stacks, as shown in Fig.1. For example, Seff < 4.5 cm/s was obtained for Al2O3 on p-
type Si. Another important observation is related to the injection level dependence of the 
effective lifetime. Single layer SiNx on p-type Si exhibited a very strong injection level 
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Figure 2: Optical second-harmonic generation spectra for a SiNx film, a PECVD SiOx/SiNx stack, and 
a thermal SiO2/SiNx stack. Both SiO2 films had a thickness of 50 nm. The SiNx (n = 2.05) thickness 
was 70 nm. The Si substrates were n-type. The solid lines are fits to the data, taking the various 
resonances and the optical propagation into account. The dashed line represents the EFISH 
contribution corresponding to the SiNx film while the dotted line corresponds to the stack comprising 
PECVD SiOx. 
 
 
dependence (Fig 1a), similar to Al2O3 on n-type c-Si (Fig. 1b). The observed decreasing 
lifetime at low injection levels was attributed to the recombination in the inversion layer 
that is formed below the Si surface.14,19 In sharp contrast, the stacks on n- and p-type c-Si 
exhibited a constant effective lifetime at low injection levels which is important for solar 
cell operation.  
 Second-harmonic generation (SHG) spectroscopy was used to investigate the 
differences in the level of field-effect passivation. SHG allows for contactless probing of 
the electric field below the Si surface induced by fixed charges in the dielectric.20,21 
Second-harmonic photons are resonantly generated at an energy of 3.4 eV in the space 
charge region of Si when the sample is irradiated by laser light of 1.7 eV. This electric-field 
induced SHG (EFISH) contribution is a measure of the field-effect passivation, and can be 
extracted from the measured data by modeling the spectral dependence taking other 
contributions to the SHG signal as well as the optical propagation in the film(s) into 
account.20,21 The SHG spectra for single layer SiNx and the corresponding SiOx/SiNx stack 
are compared in Fig. 2. The spectrum for SiNx is clearly dominated by the EFISH 
contribution at 3.4 eV, indicating the presence of a significant number of positive charges 
(Qf > 1×1012 cm-2, as verified by corona charging experiments). For the stack, the SHG 
intensity was significantly lower than that of SiNx. From the modeling, we established that 
the ratio between the EFISH amplitudes (scaling with the square root of the EFISH 
intensity) of the stack and the single layer SiNx was ~0.6. As Qf is approximately 
  

2.6 2.8 3.0 3.2 3.4 3.6

0

4

8

12

16
 SiN

x

 PECVD SiO
x
/SiN

x

 Thermal SiO
2
/SiN

x

 

 

S
H

G
 in

te
n

si
ty

 (
a

.u
.)

SHG photon energy (eV)



Effective passivation by PECVD SiOx/a‐SiNx:H stacks  

 

 175

Figure 3: Thermal stability for (a) SiOx/SiNx stacks (50 nm / 70 nm) and (b) SiNx layers (70 nm). 
SiNx films with two different refractive indices are compared. The Si substrates were n-type. 
Annealing was done in sequential steps of 1 min, except for the annealing temperatures of 400oC (10 
min) and 850oC (30s).  
 
 
proportional to the EFISH amplitude, we can conclude that the stack exhibited a 
significantly lower level of field-effect passivation. This difference was even more 
pronounced for a stack comprising thermal SiO2. This stack did not reveal a significant 
EFISH contribution, indicating that virtually no field-effect passivation was present. We 
recently reported similar observations for SiO2/Al2O3 stacks.17,18 These results in 
combination with the lifetime data in Fig.1 suggest that recombination in the inversion 
layer plays less of a role for the stacks than for single-layer SiNx on p-type Si. Regarding 
solar cells, the lower Qf for the stacks will lead to the formation of an inversion layer with a 
higher sheet resistance or to the absence of inversion. The results indicate that the fixed 
positive charge density depends on whether SiNx is applied directly to c-Si or on top of 
SiO2. Previous studies have indicated that the charge density of SiNx can be manipulated by 
hole/electron injection into the underlying Si substrate.6-8,22 Therefore, the lower Qf 
observed for the stacks may be related to the SiO2 interlayer acting as a barrier for the 
interaction between Si and SiNx. Moreover, the absence of fixed charges in the stack 
comprising thermal SiO2 might suggest that the positive charges measured for the PECVD 
SiOx/SiNx stack are present mainly in the SiOx film rather than in the SiNx layer.  
 A high thermal stability of a surface passivation scheme is a prerequisite for application 
in solar cells with screen-printed contacts. Therefore, the passivation properties of the 
SiOx/SiNx stacks were monitored for increasing annealing temperatures in the range of 400-
850oC and compared to the corresponding single layer SiNx films (with n = 2.05 and n = 
2.7). The results are given in Fig. 3 and two main observations can be discerned. First, the 
stacks exhibited qualitatively a similar trend as the corresponding single layer SiNx. 
Second, we observe that the stack with SiNx (n = 2.05) exhibited a higher thermal stability 
(> 700oC) compared to that for n = 2.7. We consider the decrease in passivation at high 
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annealing temperatures to be indicative of the dehydrogenation of the Si/SiOx interface.11,18 
The observed differences between Si-rich and N-rich SiNx capping films are consistent with 
the fact that the diffusion and release of hydrogen, initially bonded as Si-H and N-H in 
SiNx, is very sensitive to film composition.23-25 Effusion of hydrogen in Si-rich SiNx was 
shown to occur at lower temperatures compared to more compact SiNx,

24,25 which led to a 
reduced availability of hydrogen at high annealing temperatures. Therefore, the results in 
Fig. 3 suggest a more effective hydrogenation of the interface at higher annealing 
temperatures for N-rich SiNx than for Si-rich SiNx capping films. 
  In summary, the results presented show that a very high level of surface passivation can 
be achieved by SiOx/SiNx stacks synthesized by PECVD at temperatures < 350oC, also 
under low illumination levels. We have experimentally established that these stacks, as well 
as stacks comprising thermal SiO2, exhibited a significantly reduced field-effect passivation 
compared to single layer SiNx. It is discussed that the chemical passivation, induced by 
effective hydrogenation under influence of the SiNx capping layer, plays a key role in the 
passivation mechanism and thermal stability of the stacks. 
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Chapter 11 
 
Plasma‐assisted ALD for the conformal 
deposition of SiO2: process, material and 
electronic properties 
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Abstract 
 
Plasma-assisted atomic layer deposition (ALD) was used to deposit SiO2 films in the 
temperature range of Tdep = 50-400 oC on Si(100). H2Si[N(C2H5)2]2 and an O2 plasma were 
used as Si precursor and oxidant, respectively. The growth process was characterized in 
detail, using in situ diagnostics such as spectroscopic ellipsometry and mass spectrometry. 
Ultrashort precursor doses (~50 ms) were found to be sufficient to reach self-limiting ALD 
growth with a growth-per-cycle of ~1.2 Å (Tdep = ~200oC). The films exhibited a refractive 
index of 1.46 ± 0.02, a mass density of 2.0 ± 0.1 g/cm3, and an O/Si ratio of 2.1 ± 0.1, 
virtually independent of the substrate temperature. Moreover, the plasma ALD process led 
to a high conformality (95 ± 5 %), as was demonstrated for a trench with an aspect ratio of 
~30. The results therefore demonstrate a time-efficient ALD process for the conformal and 
uniform deposition of SiO2 at low substrate temperatures. The electronic (interface) 
properties of the films were studied by capacitance-voltage and photoconductance decay 
measurements. After forming gas annealing, a surface recombination velocity of Seff < 30 
cm/s was achieved for low resistivity n-type c-Si wafers, which, however, was not stable 
over time. The application of an ultrathin ALD Al2O3 capping layer on top of the SiO2 films 
improved the interface quality as well as the stability of the film dramatically. The interface 
defect densities decreased from ~1012 eV-1 cm-2 (at mid gap) for single layer SiO2 to < 1011 
eV-1 cm-2 for the stacks. Correspondingly, the stacks induced ultralow Seff values < 3 cm/s. 
The fixed (interface) charge density of SiO2 was positive with values of Qf < 1012 cm-2. For 
the SiO2/Al2O3 stacks, positive charges associated with SiO2 and negative charges 
associated with the SiO2/Al2O3 interface both determined the effective fixed charge density. 
The negative charge density was found to decrease strongly with increasing SiO2 interlayer 
thickness (1-30 nm).  
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1. Introduction 
 
The key importance of thermally grown silicon dioxide (SiO2) for applications in silicon-
based microelectronics needs no introduction.1,2 Also in silicon photovoltaics, SiO2 is a 
very important material. The low interface defect densities associated with the Si/SiO2 
interface reduce surface recombination significantly and have enabled high solar cell 
efficiencies.3-6 Temperatures > 800oC are typically required to form SiO2 by thermal 
oxidation of Si. Alternative methods for the synthesis of SiO2 have been developed to avoid 
such high temperatures and long processing times. They may also enable single side 
deposition and a high level of control of the material properties and film thickness. These 
alternative methods include (wet) chemical oxidation, (plasma-enhanced) chemical vapor 
deposition, sputtering and electron beam evaporation.  

Atomic layer deposition (ALD) is an alternative CVD-like method that recently gained 
considerable attention. In ALD, the substrate is sequentially exposed to two precursors 
(e.g., a Si-precursor and an oxidant) which each react with the surface until saturation. ALD 
allows for precise thickness control, optimal large-area uniformity, and the conformal 
coating of demanding substrate topologies.7-9 Therefore, the advantages of ALD may 
expand the range of applications for SiO2. ALD SiO2 films may find applications as 
protective or insulator coating, or can be used in nanolaminate structures with tailored 
optical and electronic properties.10,11 The films can also be used in spacer defined double 
patterning processes for example for dynamic random access memory (DRAM) 
technology.12 In addition, ultrathin films may be useful as interlayers for high-k materials.13 
In Si photovoltaics, SiO2 can be used in double-layer surface passivation schemes, for 
example comprising Al2O3 or a-SiNx:H capping layers, with tailored interface 
properties.14-16 

In the first reports, ALD SiO2 was synthesized employing SiCl4 and H2O which 
required relatively high substrate temperatures (> 300oC) and long precursor exposures.17,18 
In recent years, various alternative Si precursors have been tested in combination with O3 or 
H2O as the oxidants. These processes include the use of pyridine (C5H5N) and Al as 
catalysts on the surface.17,11,19 The approach employing Al was referred to as rapid ALD as 
it resulted in deposition rates above the “theoretical” maximum of one monolayer per ALD 
cycle. In addition, more recently a thermal ALD process for low-temperature SiO2 was 
reported which was free of catalysts or corrosive by-products.20 In this respect, the use of 
precursors with amino ligands has also shown promising results, in particular when 
combined with H2O2, O3, or O2 plasma as the oxidant.21-24 Very recently, also SiH4 has been 
used as Si precursor during plasma-assisted ALD with CO2 plasma as oxidant.25 SiO2 films 
grown with ALD have been reported to exhibit low carbon content, and a high electrical 
breakdown field.10,22 Nevertheless, to improve properties such as the chemical etch rate or 
the interface defect density, annealing at a temperature of 1000oC was shown to be 
beneficial.20  

Here, we report on a plasma-assisted ALD process for synthesis of SiO2 at low substrate 
temperatures of 50-400oC. The ALD process employed H2Si[N(C2H5)2]2 as the Si precursor 
(Figure 1). The plasma-assisted ALD process was characterized in detail and the results are 
compared to the well-understood ALD process of Al2O3 using Al(CH3)3. We show that the 
ALD SiO2 process was compatible with short cycle times and led to an excellent 
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conformality even on structures with an aspect ratio of ~30. The electronic properties of the 
Si(100)/SiO2 interface were investigated using photoconductance decay and capacitance-
voltage measurements. We demonstrate that interface defect densities < 1011 eV-1 cm-2 (at 
mid gap) can be reached when using ultrathin Al2O3 capping layers and annealing at 
moderate temperatures (~400oC).  

The paper is organised as follows. After the experimental details, the characterization of 
the ALD SiO2 process will be presented in Section 3.1. In addition, the material properties 
and the influence of the substrate temperature will be addressed and data with respect to the 
conformality will be presented. Subsequently, a brief discussion on the surface chemistry is 
included on the basis of in situ measurements in Section 3.2. The final sections discuss the 
surface passivation properties (Section 3.3) and the electronic (interface) properties 
(Section 3.4) of the SiO2 films and SiO2/Al2O3 stacks. 
 

Figure 1: Vapor pressure of the H2Si[N(C2H5)2]2 (SAM.24) precursor used for ALD of SiO2 as a 
function of the temperature. The vapor pressure is compared to the one of Al(CH3)3 (TMA). This 
precursor is commonly used for ALD of Al2O3. The precurors are schematically represented in the 
figure. 
 
 
2. Experimental details 
 
The SiO2 films were deposited in the Oxford Instruments OpAL reactor. This is an open-
load system, suited for both plasma and thermal ALD and operating at typical pressures of 
150 mTorr. A remote O2 plasma was used during the oxidation step in the ALD cycle. 
H2Si[N(C2H5)2]2 (SAM.24, Air Liquide) was used as the Si precursor (Fig. 1). This is a 
liquid (melting point < -10oC) which exhibits a high vapor pressure, i.e. ~100 Torr at 100oC 
(Fig. 1). The SAM.24 was held in a stainless steel bubbler heated to 50oC and the precursor 
was introduced into the reactor by ultrashort doses (10-120 ms) using fast ALD valves. A 
flow of Ar as well as the O2 flow were continuously on during the process. The latter was 
feasible as no evidence was found for reactions between the Si precursor and O2 under the 
experimental conditions used. The substrate temperature during deposition, Tdep, was varied 
between 50 and 400 oC. The reactor wall temperature was 180oC unless the substrate 
temperature was lower. Under these conditions the wall and substrate temperature were 
equal. To allow for direct comparison, Al2O3 was synthesized in the same reactor using 
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Al(CH3)3 as the metal precursor and H2O or O2 plasma as the oxidant.26-28 All films were 
deposited on Si (100) wafers which received a short treatment in diluted HF (~1% in DI-
H2O) to remove the native oxide prior to loading the wafers into the ALD reactor. 

In situ spectroscopic ellipsometry (SE) measurements were used for optimizing the 
ALD process. The growth-per-cycle, GPC, and refractive index were determined by using a 
Cauchy optical model to fit the ellipsometry data. Rutherford backscattering spectroscopy 
(RBS) and elastic recoil detection (ERD) employing ~2 MeV He2+-ions from the singletron 
at the Eindhoven University of Technology (Acctec B.V.) and transmission Fourier 
transform infrared absorption (FTIR) measurements were used to analyze the film 
composition. The surface morphology was investigated by atomic force microscopy (AFM) 
measurements in semi-contact mode and by high-resolution transmission electron 
microscopy (TEM). Scanning electron microscopy (SEM) was employed to visualize the 
conformal deposition of SiO2 in high aspect ratio trenches. The deposition process itself 
was studied in real time by quadrupole mass spectrometry (QMS) probing the gas in the 
exhaust line and by optical emission spectroscopy (OES) through a view port located on top 
of the ALD reactor. 

The interface quality and surface passivation properties of the ALD SiO2 films was 
evaluated from the effective lifetime τeff of the minority carriers in double-side coated 
floatzone (FZ) n-type Si wafers (~3.5 Ω cm). τeff was determined with photoconductance 
decay in the transient mode and quasi-steady-state-mode (for τeff < 100 µs) using a Sinton 
lifetime tester (WCT 100). The upper level for the surface recombination velocity Seff,max 

was extracted at an injection level of 5×1014 cm-3 by the expression: 
 

 , 2eff max
eff

W
S





,    (1) 

 
with W the thickness of the silicon wafer (~280 µm). In the derivation of this expression it 
is assumed that all recombination takes place at the surface. Capacitance-voltage 
measurements were performed on metal-oxide-semiconductor structures to extract the 
interface defect density (Dit) and the fixed charge density Qf.

29 Evaporated Al was used for 
the metal contacts which were applied after post-deposition annealing of the samples. The 
latter was performed in a rapid thermal annealing furnace (ramp up > 30oC/s) in N2/H2 or 
N2 environment. 

 
 

3. Results and discussion 
 
3.1. ALD process and material characterization 
 
The ALD process was monitored by in situ spectroscopic ellipsometry (SE) by taking data 
points after a certain number of cycles. The SiO2 film thickness is plotted as a function of 
the number of ALD cycles in Fig. 2a for substrate temperatures of 50 oC, 200oC and 250 
oC. For the latter two temperatures, the SiO2 thickness increased linearly with the number 
of cycles. A slight non-linearity was observed for Tdep = 50 oC, which we attribute to 
parasitic CVD reactions as will be discussed below. In addition to SE, thickness 
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information was extracted from a cross-sectional TEM micrograph of a sample which 
consisted of alternating layers of Al2O3 and SiO2 with each a varying thickness as set by the 
number of cycles per layer (Figs. 3). The TEM and SE data proved to be in excellent 
agreement. The growth-per-cycle (GPC) was determined from the slope of the curves in 
Figs. 2, with values of 1.2 Å/cycle and 1.1 Å/cycle obtained for substrate temperatures of 
200 oC and 250 oC, respectively. These GPC values are similar to those obtained for plasma 
ALD of Al2O3.

26,27 Moreover, no indications for a significant growth delay on H-terminated 
Si(100) substrates were found for the SiO2 ALD process, which is also similar to what has 
been observed for Al2O3.

26  

Figure 2: SiO2 film thickness as a function of the number of ALD cycles. (a) Substrate temperatures 
of 50 oC, 200 oC and 250 oC. The film thickness was measured by in situ spectroscopic ellipsometry 
(SE). (b) SiO2 film thickness, extracted from the transmission electron microscopy (TEM) image in 
Fig. 3, compared with values determined by in situ SE on the same sample. The substrate temperature 
Tdep was 200oC. 
 

Figure 3: High-resolution cross-sectional TEM image of a stack with alternating layers of ALD 
Al2O3 and ALD SiO2 deposited using 10-40 cycles each. The substrate temperature was 200oC. The 
extracted layer thicknesses are shown in Fig. 2b. 
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Figure 4 shows the effect of the duration of the successive steps in the ALD recipe, i.e., 

the precursor dosing, precursor purge step, plasma exposure, and plasma exposure purge 
step. In the corresponding experiments one process parameter in the ALD recipe was varied 
whereas the duration of the other steps was taken sufficiently long to guarantee saturated 
ALD conditions for the non-varied process parameters. The substrate temperature was set 
to 250oC. The growth process of SiO2 is compared to plasma-assisted ALD of Al2O3 at 
250oC (Figure 4e-h). From the figure it is evident that ultrashort precursor dosing times 
(~50 ms) were already sufficient to reach self-limiting growth with a GPC of ~1.1 Å. These 
short dosing times were only slightly higher compared to those used for the Al(CH3)3 
precursor for ALD of Al2O3. The fact that short dosing times are sufficient is in agreement 
with the expectations based on the relatively high vapor pressure of the SAM.24 precursor. 
Many processes for other oxides using different precursors require much longer dosing 
times. For instance, ALD of TiO2 and Ta2O5 require dosing times > 1s using alkylamide 
precursors in a similar remote plasma and thermal ALD reactor.30,31 The duration of the 
purge step after precursor dosing was required to be > 2 s. For shorter purge times, residual 
precursor remaining in the reactor volume can react in the plasma, causing parasitic 
(PE)CVD-like growth and a higher GPC value. Regarding the O2 plasma step, a plasma 
exposure time > 1 s was found to be sufficient to reach a saturated GPC, indicating the 
rapid removal of the precursor ligands. For very short plasma exposure times, a drop in the 
refractive index below ~1.46 was observed. This decrease can be attributed to the 
incorporation of impurities in the SiO2 film that originate from the Si precursor. The plasma 
exposure time required for ALD SiO2 is slightly shorter than for plasma ALD of Al2O3 

which requires plasma times of ~2 s to reach saturated growth. However, with in situ 
spectroscopic ellipsometry only the center of the Si wafer is probed and to ensure saturation 
over the full wafer surface, a plasma exposure time of 4 s was employed in all subsequent 
experiments. Interestingly, the purge after the plasma step had a significant impact on the 
GPC. This is in contrast to the ALD process for Al2O3, where the purge step after O2 
plasma exposure was found to have little influence on the GPC and could be reduced well 
below 0.5 s. We attribute the higher GPC for shorter purges (< 2 s) to reactions between 
residual H2O, formed during the plasma process,32 with the Si precursor injected in the 
subsequent step. Although it is known that the H2Si[N(C2H5)2]2 precursor reacts with H2O, 
it is relevant to mention here that we were unable to develop a thermal ALD process for 
SiO2 using SAM.24 as precursor and H2O as the oxidant. No film growth was observed. 
Instead, even with the shortest possible H2O doses applied, powder formation occurred in 
the reactor as was noticeable by the naked eye. 

The thickness uniformity of the SiO2 films deposited by plasma-assisted ALD at 250 oC 
was evaluated by mapping the thickness by spectroscopic ellipsometry. A precursor dose 
time of 50 ms was used, while all other steps in the ALD cycle (Fig. 4) were set to 3s. For a 
8 inch (200 mm) wafer the nonuniformity, defined by the difference between the maximum 
and minimum thicknesses divided by the twice the average thickness of all data points 
measured,26 was < 3.5%. The thickness nonuniformity achieved on 4 inch (100 mm) wafers 
was ~1%.  
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Figure 4: (a)-(d) Saturation curves for the growth-per-cycle, GPC, and refractive index, n, of the SiO2 
films as measured by in situ spectroscopic ellipsometry as a function of the 4 process parameters in 
the ALD recipe. (e)-(h) Saturation curves for the GPC of Al2O3 films. The substrate temperature was 
250 oC for both the SiO2 and Al2O3 process. 
 
 
Material properties and role of substrate temperature 
 
Figure 5 shows the effect of the substrate temperature between 50 and 400 oC on the growth 
rate and refractive index of SiO2. The length of the purge steps in the lower temperature 
regime was extended (up to 10 s at 50 oC), as it is more difficult to remove H2O at lower 
temperatures which could impact the saturation behavior of the process. The GPC was 
observed to decrease with increasing deposition temperature from ~1.7 Å/cycle at 50 oC to 
0.8 Å/cycle at 400 oC. The refractive index was fairly constant with a value of n = 
1.46±0.02 (photon energy of 2 eV) between 100 and 300 oC. Below 100 oC and above 300 
oC the refractive index was somewhat lower. It can therefore not be excluded that some 
non-ideal ALD behavior takes place at the lowest and highest temperatures investigated. At 
the low substrate temperature of 50 oC, additional CVD reactions may contribute to the 
higher GPC and lower n. This might also explain the slightly non-linear trend between the 
film thickness and number of cycles observed at this deposition temperature as shown in 
Figure 2. Despite the long purging times (10 s) after the plasma step, the accumulation of 
some residual H2O in the reactor, with which the precursor can react, may play a role in 
these observations. For temperatures reaching 400 oC, thermal stability issues of the 
precursor and its ligands can start to play a role.  

Table 1 shows RBS and ERD data obtained for substrate temperatures of 100, 200 and 
300 oC. The table shows that the number of Si atoms deposited per cycle decreases with 
increasing substrate temperature. This clearly demonstrates that the decrease of the GPC 
with increasing substrate temperature can be attributed to reduced precursor adsorption per 
cycle at higher temperatures. Similar results were obtained for Al2O3 synthesized by 
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plasma-assisted ALD,27,31 which could be attributed almost fully to the decrease in the 
number of Al atoms deposited per cycle for increasing substrate temperatures. For Al2O3, 
the decrease in GPC with increasing temperature is mainly due to a loss of –OH surface 
groups due to thermally activated dehydroxylation reactions.8,33,34 The similarity between 
both ALD processes indicates that the OH surface coverage is also a key parameter 
controlling the growth rate of ALD SiO2 as will be discussed in more detail later. 
 
 
Table 1: Data on ALD SiO2 as determined from the RBS and ERD measurements. In the calculation 
of the mass density the film thickness as obtained by SE was used. The thickness of the films was in 
the range of 35 – 45 nm. 
 

Substrate 
temperature 

(oC) 

Si atoms 
per cycle  

(1014 cm-2) 

[Si] 
 

(at.%) 

[O] 
 

(at.%) 

[H] 
 

(at.%) 

O/Si  
ratio 

 

ρmass 

 (g/cm3) 
 

100 2.8 ± 0.1 29.1 ± 0.8 61.3 ± 1.5 9.6 ± 0.9 2.1 ± 0.1 2.0 ± 0.1 
200 2.3 ± 0.1 29.9 ± 0.8 62.9 ± 1.5 7.1 ± 0.7 2.1 ± 0.1 2.0 ± 0.1 
300 1.9 ± 0.1 29.6 ± 0.8 62.3 ± 1.5 8.1 ± 0.8 2.1 ± 0.1 2.1 ± 0.1 

 

Figure 5: Influence of the substrate temperature during deposition on (a) the refractive index, n, and 
(b) the growth-per-cycle, GPC, of SiO2 as determined with in situ spectroscopic ellipsometry.  
 

 
The fact that good SiO2 material properties were obtained between 100 and 300 oC can 

be concluded from Table 1. The Si and O content correspond with an O/Si ratio of 2.1 ± 0.1 
and the hydrogen content of the films is 7 – 10 at.% depending on the substrate 
temperature. The carbon and nitrogen content of the films was below the detection limit of 
the RBS measurements of ~5 at.%. Apart from the hydrogen content, the material 
properties were found to be virtually independent of the substrate temperature in the range 
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of 100 – 300 oC. This also holds for the mass density which was found to be 2.0 ± 0.1 
g/cm3.  

Fourier transform infrared absorption spectroscopy was used to compare the ALD SiO2 
films with thermally-grown SiO2. Figure 6 shows the FTIR spectra. The data reveal a shift 
of the Si-O-Si stretching and Si-O-Si rocking modes toward lower wavenumbers for the 
ALD SiO2 film. This is in agreement with the slightly non-stoichiometric nature of the 
films and the fact that the mass density of ALD SiO2 is slightly lower compared to typical 
values for wet thermally grown SiO2 films (~2.2 g/cm3). The FTIR data also confirm the 
presence of hydrogen in the ALD SiO2 films by the observation of SiO-H bending (~920 
cm-1) and SiO-H stretching (2500-3600 cm-1) signatures in the spectrum. 

Figure 6: FTIR spectra of ALD SiO2 prepared at 200 oC (48 nm film thickness) and thermal SiO2 
grown by wet oxidation at ~900oC (295 nm film thickness). The most prominent absorption peaks 
have been assigned (see Ref. 37 and references therein). The absorbance is normalized by the film 
thickness. A Si wafer without SiO2 served as a reference to obtain the absorption spectra. 
 
 
Surface morphology 
 
The surface morphology of the SiO2 films was studied by AFM in semi-contact mode. A 
root-mean-square surface roughness of 1.9 and 1.6 Å was obtained for films deposited at 
100oC (film thickness 51 nm) and 200oC (48 nm), respectively. The fact that these values 
were not higher than those obtained for uncoated polished Si wafers demonstrates that the 
SiO2 films were deposited with negligible roughening on the Si(100) substrate. The latter 
can also be appreciated from the interface morphology as visualized in the TEM image of a 
SiO2/Al2O3 stack displayed in Fig. 7. Perfectly smooth Si/SiO2 and SiO2/Al2O3 interfaces 
can be observed. From the AFM data, it also follows that the aforementioned small 
(PE)CVD growth component at low substrate temperatures is not pronounced yet at 100 oC 
as this would likely have resulted in enhanced surface roughness.  
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Conformality 
 
The conformality of the ALD process was examined on a structure with high-aspect ratio 
trenches using high-resolution SEM. The various trenches exhibited aspect ratios (AR, i.e., 
depth of trench divided by average width) between ~10 and ~30 and were fabricated by 
deep reactive ion etching (DRIE). The trenches exhibit a thermal SiO2 layer of ~ 100 nm on 
the surfaces. To obtain sufficient optical contrast between the layers, an Al2O3 film was 
deposited prior to ALD SiO2 deposition. The length of the various steps in the ALD SiO2 
recipe was increased slightly compared to the requirements for ALD growth on a planar 
surface (Fig. 4): The recipe included a dose time of 90 ms, a purge time of 5s, a plasma 
time of 4.5s and a subsequent purge time of 6s. Figure 8 shows the SEM image of a trench 
with an aspect ratio of AR = ~30. The SiO2 film was deposited using 830 cycles. The film 
thickness at the surface was determined with SEM to be 100±5 nm, which was in good 
agreement with the 102±1 nm obtained by spectroscopic ellipsometry for a planar reference 
sample. At the bottom of the trench a thickness of 95±5 nm was extracted from the SEM 
graph. This demonstrates a very high conformality (95-100%) for the plasma-assisted ALD 
process. These results are important as there is only a limited amount of literature available 
on the conformality of plasma-assisted ALD processes (see Ref. 35 and references therein). 
For example, good results have previously been reported for AR up to ~15.36 

The high conformality that was demonstrated for plasma-assisted ALD of SiO2 implies 
that the recombination of oxygen radicals in the trench was not significant in affecting the 
conformality. A recombination-limited growth regime would have resulted in a significant 
variation of film thickness along the depth of the trench.35 Furthermore, it is interesting to 
note that the deposition of Al2O3, prior to the SiO2 film, exhibited a lower conformality for 
the ALD settings employed. The thickness of the film at the bottom of the trench was 
determined to be ~50 nm compared to the ~100 nm on the surface. For a trench with AR of 
~10, a conformality of 100% was obtained for Al2O3. The lower conformality for AR = ~30 
could indicate that longer plasma exposure times (i.e. > 4.5 s) are required to reach 
saturation at the bottom of the trench. Another factor affecting the conformality could be a 
higher recombination rate of oxygen radicals on the Al2O3 surface than on SiO2.

35  
 

 
Figure 7: High-resolution TEM image of an ALD SiO2 film of 7.0 ± 0.3 nm thickness deposited on a 
H-terminated Si(100) wafer. The SiO2 was covered by an Al2O3 film deposited by plasma ALD. 
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Figure 8: High-resolution SEM images of a high-aspect ratio trench in Si coated by 830 cycles of 
ALD SiO2. The SiO2 was deposited on top of thermal SiO2/ALD Al2O3 layers for optical contrast. 
The depth and average width of the trench were 18.5 and 0.6 µm, respectively, resulting in an aspect 
ratio of ~30.  
 
 
3.2 Surface chemistry 
 
From the data presented and on the basis of literature reports, some aspects of the surface 
chemistry during ALD SiO2 can be briefly addressed. As mentioned previously, from the 
decrease of the GPC for increasing substrate temperatures (Fig. 5b), we can conclude that 
the ALD process is governed by surface chemical reactions involving –OH groups. Note 
here that the presence of residual –OH groups was demonstrated by the FTIR spectrum 
showing a clear signature of SiO-H bonds in the films (Fig. 6). During the precursor step, it 
is therefore most likely that the –N(C2H5)2 ligands of the precursor react with the surface –
OH groups producing volatile HN(C2H5)2. A reaction involving the breaking of the Si-H 
bond in the precursor is very unlikely.24 We propose therefore similar surface chemical 
reactions during the first ALD half cycle as reported by Burton et al.19 for the 
SiH(N(CH3)2)3 precursor which is comparable to the present precursor: 

 
Si-OH* + H2Si[N(C2H5)2]2  SiO-SiH2[N(C2H5)2]2-x* + x HN(C2H5)2, 

 
where surface species are indicated by *. In this precursor adsorption reaction, only one (x 
= 1) or both (x = 2) of the –N(C2H5)2 ligands may react. In the second half cycle, the 
surface reactions will be dominated by O radical species delivered by the plasma.32 From 
similar cases studied previously (e.g., Al2O3 from Al(CH3)3 and O2 plasma32 and Ta2O5 
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from Ta[N(CH3)2]5 and O2 plasma30)  it can be hypothesized that combustion-like reactions 
dominate: 
 

SiH2N(C2H5)2* + O  Si-OH* + H2O +  COx + other (N-containing) species. 
 
In the latter expression the species are not balanced as it is unclear what reaction products 
are actually created. In the second half cycle also N-containing species need to be produced 
for the case that not all precursor molecules react with the –OH covered surface through the 
release of both –N(C2H5)2 ligands, i.e. when x ≠ 2 for all precursor molecules adsorbing. 

Evidence for the fact that x ≠ 2 for all precursor molecules was obtained from 
quadrupole mass spectrometry (QMS) measurements. Figure 8 shows time-dependent mass 
spectrometry data for a number of selected mass-over-charge m/z ratios. The enhanced 
signals at m/z = 72 (N[C2H5]2

+) and m/z = 73 (HN[C2H5]2
+) during the first half cycle are 

consistent with the removal of the precursor ligands during precursor adsorption. However, 
it should be noted that these signals can also originate from the cracking of the precursor 
molecule in the mass spectrometer. Very small signals at these m/z values were also 
observed during the second half cycle whereas the signals were absent during steps in 
which the plasma was ignited without preceding precursor dosing. This suggests that after 
the first half cycle indeed a fraction of the -N(C2H5)2 ligands remain intact on the surface.24 
The latter can also be concluded from the other species observed during the second half 
cycle. During this plasma step, the prominent m/z ratios that were detected included m/z = 2 
(H2

+), m/z = 18 (H2O
+), m/z = 28 (CO+) and m/z = 44 (CO2

+). Figure 9 shows the signals at 
m/z = 18 and m/z = 44. The fact that combustion products such as CO2 are observed during 
the plasma step clearly indicates that some -N(C2H5)2 ligands remain on the surface after 
precursor adsorption.  

The interpretation of mass spectrometry for plasma-assisted ALD processes is more 
complicated than for thermal ALD as the reaction products released from the surface can 
react in the plasma leading to the creation of other species and fragments. The mass 
spectrometry data as shown in Figure 9 should therefore be interpreted with care.32 
However, plasma-assisted ALD also allows investigation of the optical emission spectrum 
during the plasma step.38 Figure 10 shows two optical emission spectra, one for a plasma 
step during ALD (recorded immediately after plasma ignition) and one for a regular O2 
plasma without preceding precursor dosing step. The presence of OH and H emission (i.e., 
Hα, Hβ, Hγ of the Balmer series) is clearly observed for the plasma step during ALD. These 
excited fragments are formed in the plasma by (electron-induced) dissociation of volatile 
species originating from the reactor surfaces and substrate. The inset shows the transient Hα 
emission during the plasma step in the ALD cycle. The increase and subsequent decrease of 
the signal suggests that the reaction products are formed within the first second after plasma 
ignition. This interpretation is consistent with the fast saturation behavior as displayed in 
Figure 4c. The Hα emission disappears within 3-4 s after plasma ignition which is similar to 
the residence time of the gas species in our reactor at the operating pressure used (~150 
mTorr). This indicates that the surface reactions take place almost instantly after plasma 
ignition. Interesting is also that no signal due to CN emission is observed during the plasma 
step. This emission was prominently present in the emission spectra during plasma ALD 
from Ta2O5 from Ta[N(CH3)2]5 and O2 plasma.30  
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Figure 9: Data from quadrupole mass spectrometry (QMS) for selected mass-over-charge ratios, i.e., 
m/z = 18 (H2O

+), 44 (CO2
+), 72 (N[C2H5]2

+), and 73 (HN[C2H5]2
+).  During the measurements the 

substrate temperature was 250 oC and the wall temperature was 180 oC. In the first part of the figure 
only the precursor is pulsed, in the second part only the plasma and in third part both the precursor 
and plasma are pulsed (regular ALD cycle, with extended purge times for clarity). 
 

 

Figure 10: Optical emission spectra (OES) for the plasma step during plasma-assisted ALD and for a 
regular plasma step without preceding precursor dosing. The latter served as a reference. The most 
prominent emission lines have been assigned. The inset shows the transient signal due to Hα emission 
after the ignition of the plasma at 0 s.  
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Figure 11: Injection-level-dependent effective lifetime for a single layer ~45 nm SiO2 film (annealed 
400oC, N2/H2, 20 min) and for a ~12 nm SiO2 / ~30 nm Al2O3 stack (annealed 400oC, N2, 10 min). 
The inset shows the long-term stability corresponding to the single layer SiO2 film after annealing. As 
substrates, 3.5 Ohm cm n-type FZ c-Si wafers were used. 
 
 
3.3 Surface passivation properties 
 
Surface passivation by single layer SiO2 

 

The surface passivation properties were evaluated for n-type Si wafers that were coated on 
both sides with SiO2 (20-45 nm) using a deposition temperature of ~200oC. The films 
afforded no significant surface passivation in the as-deposited state indicated by a very low 
effective lifetime of τeff = ~ 4 µs. Similar results were reported for plasma ALD Al2O3 
films.39,40 The as-deposited Al2O3 films exhibited a very high defect density at mid gap (Dit 
~1013 eV-1 cm-2), at least partially related to the vacuum UV (VUV) radiation present in the 
plasma.40 It is expected that VUV also plays a role in the poor passivation quality obtained 
for as-deposited ALD SiO2. Figure 11 shows the injection-level dependent effective 
lifetime after annealing the ALD SiO2 films in forming gas (mixture of ~10% H2 in N2) at a 
temperature of 400oC. The passivation properties improved significantly during annealing, 
resulting in τeff values up to 560 µs (Δn = 1×1014 cm-3), which correspond to Seff < 25 cm/s. 
Nonetheless, the level of surface passivation after annealing was not stable in time and 
gradually deteriorated (inset Fig. 11). This transient behavior is indicative of progressively 
higher Dit values. Issues with the long term stability of the passivation by silicon oxides 
have been reported before for chemical oxides.41  

In an attempt to improve the passivation properties of ALD SiO2, the effect of a high 
temperature annealing step at 900oC (1 min) was studied. A reduction of the film thickness 
by ~10% was observed during this annealing step and also the refractive index decreased, 
indicating significant densification of the film. However, subsequent annealing in forming 
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gas at 400oC did not lead to a significantly improved level of passivation or stability 
compared to a reference sample which did not receive the 900oC annealing step. The results 
show that the level of passivation associated with ALD SiO2 was significantly lower than 
obtained by thermally-grown SiO2 for which typically Seff values < 10 cm/s are obtained.  
 
 
Surface passivation by SiO2/Al2O3 stacks 
 
We have recently demonstrated that the interface properties of SiO2 films synthesized by 
high-rate plasma enhanced chemical vapor deposition (PECVD) could be improved 
dramatically by the application of an Al2O3 capping film and subsequent annealing.14 For 
these stacks, comprising Al2O3 films with a thickness down to ~5 nm, very low surface 
recombination velocities with values of Seff < 5 cm/s were achieved.14 

Figure 11 shows the effective lifetime for a 12 nm ALD SiO2/30 nm Al2O3 stack after 
annealing in N2 (400oC, 10 min). Note that in contrast to single layer ALD SiO2, annealing 
in N2/H2 was not necessary. The high effective lifetimes up to ~7 ms correspond to 
exceptionally low Seff < 3 cm/s for n-type Si.15 It is furthermore important to mention that 
the effective lifetime induced by the SiO2/Al2O3 stacks remained virtually constant over the 
monitored period of several months. Preliminary results suggested that the passivation 
performance for p-type Si was lower than for n-type Si. Values of Seff < 17 cm/s and < 50 
cm/s were obtained for stacks comprising SiO2 with a thickness of ~1 and 12 nm, 
respectively, using 2 Ω·cm p-type c-Si substrates. This difference between n- and p-type Si 
may be related to the positive charges present in the stacks comprising relatively thick SiO2 
interlayers as will be discussed below. On p-type Si, a small positive charge density may 
attract the minority carrier electrons toward the surface increasing the recombination rate. 

For application in high-efficiency solar cells, it is relevant to mention that the stacks 
exhibited a good thermal stability during high temperature processing.14 
 
 
3.4 Capacitance‐voltage measurements 
 
Capacitance-voltage measurements were carried out to study the electronic interface 
properties corresponding to the ALD SiO2 films and SiO2/Al2O3 stacks. The C-V data are 
shown in Fig 12, for SiO2 thicknesses in the range of 1-30 nm. The measurements were 
performed using frequencies of 1, 10, 100 kHz. The voltage was swept from -4 to 4V to go 
from accumulation to inversion conditions.  
 
Dielectric constant 
 
The dielectric constant k was determined from the capacitance density Cox of the dielectric 
(by the Hauser model) and the thickness information from SE, by: 
 

0
oxCd

k


       (2) 
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with d the film thickness, and ε0 the vacuum permittivity. Table 2 gives the dielectric 
constants obtained for the SiO2 films and the stacks after annealing at 400oC. For the 
thinnest film (~5 nm), for example, a dielectric constant of k = 4.7±0.4 was extracted from 
the C-V data. The higher k-values obtained for ALD SiO2 relative to thermally-grown SiO2 
(k ~3.9) can likely be attributed to the presence of residual OH groups in the material 
(Table 1).20,42 In comparison, Hiller et al. reported a value of k = 6.1 (as-deposited) and k = 
3.6 after annealing at 1000oC for ALD SiO2 films.20 For a stack comprising an ALD SiO2 
film of 1 nm and an Al2O3 layer of 30 nm, a value of k = 8±0.4 was determined. This value 
was similar (within measurement accuracy) to the value obtained for an Al2O3 reference 
film deposited on H-terminated Si (Table 2). These values are in good agreement with those 
reported in the literature for single layer Al2O3 (k = ~7-9).26,43-45 As expected, the dielectric 
constants of the stacks are observed to decrease for increasing SiO2 interlayer thickness due 
to the lower k-value associated with SiO2. 
 
Fixed charges in ALD SiO2 
 
The extraction of fixed charges from the flat band voltage shift VFB requires an assumption 
about the position of these charges. In a first approximation, it is common to assume that all 
charges reside at the Si/SiO2 interface. The effective fixed charge density Qeff (expressed in 
cm-2) is then simply given by the relation: 
 

oxmsFBeff CVqQ  )(        (3) 

 
with ms the work function difference between the Al contact and the p-type Si substrate, 
and q equal to the elementary charge. For single layer ALD SiO2, we observed a linear 
trend between VFB and the SiO2 thickness. By extrapolation, an y-axis intercept of  
-1.14±0.02 eV was found which represents the value of ms. Moreover, this linear relation 
implies that the assumption of the presence of the charges at the interface is reasonable, as 
charge distributed in the bulk of a film would lead to a nonlinear thickness dependence. For 
ALD SiO2, relatively small VFB values were observed with corresponding positive Qf values 
in the range of 6-8×1011 cm-2 (Table 2). The fact that no hysteresis was observed in the C-V 
characteristics indicates that the VFB shifts were not caused by mobile charges. The 
presence of positive fixed charges is well-known for SiO2 deposited at low temperatures, 
and has for instance been reported for PECVD and ALD SiO2 films.14,20,46 This is in 
contrast to thermally-grown oxides for which the charge density is typically much lower, 
unless the films have been exposed to significant UV irradiation or electrical stressing.1,46 
The microscopic origin of the positive charges is not unambiguous as it depends on the 
nature of the oxide and the post-treatments. One defect that can be responsible for positive 
charges is the so-called E’ center (Si atom backbonded by 3 O atoms).1 However, for 
PECVD SiO2, Buchanan et al. have provided evidence that another type of defect, also 
within tunneling distance (i.e < 5 nm) of the Si substrate, is more likely to be responsible 
for the fixed charges.46 It has also been hypothesized that H may be involved in the 
generation of the positive charges.20,47  
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Figure 12: Capacitance-voltage (C-V) measurements for (a) single layer ALD SiO2 films after 
annealing in forming gas (400oC, N2/H2, 10 min.) and (b) for SiO2/Al2O3 stacks after annealing in N2 
(400oC, 10 min). The SiO2 thickness was varied and the Al2O3 film thickness was 30 nm. The 
transients were measured using frequencies of 1, 10 (not shown), 100 kHz. The C-V measurements 
were carried out several weeks after the annealing treatment. As substrates, 2  cm, p-type c-Si 
wafers were used. 
 
 
Fixed charges in SiO2/Al2O3 stacks 
 
In contrast to the single layers, large positive VFB values were observed for the SiO2/Al2O3 
stacks comprising thin SiO2 interlayers (thickness of 1 and 2.5 nm) and for a single layer 
ALD Al2O3 reference sample deposited on H-terminated Si (Table 2). These VFB values 
indicate the presence of a significant amount of net negative charge. When we apply the 
model of Eq. 3, we find a decreasing effective negative Qeff for increasing SiO2 thickness 
(Table 2). For the thickest SiO2 interlayer of 30 nm, a negative VFB is found corresponding 
to a positive Qeff of +6×1011 cm-2 when assuming that all charges are located at the Si/SiO2 
interface. However, the latter assumption is not realistic for the stacks. To further interpret 
the VFB values in terms of fixed charges, we can also consider the influence of multiple 
charge contributions. It is well known that the negative charges associated with Al2O3 are 
mainly located near the SiO2/Al2O3 interface.48-50 The negative charges will shift away from 
the Si interface when using SiO2 interlayers between Si and Al2O3. In addition, positive 
charges associated with SiO2 need to be taken into account. The latter can also be directly 
appreciated from the stack with a 30 nm interlayer. Therefore, in addition to the relation 
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given in (3), an alternative, more complex model can be introduced which accounts for a 
positive charge contribution Qpos at the Si/SiO2 interface and a negative charge contribution 
Qneg at the SiO2/Al2O3 interface:49,50 
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  (4) 

 
For simplicity, we consider dSiO2 to be the nominal ALD SiO2 thickness as determined by 
SE. In order to obtain an estimate of Qneg using Eq. 4, a value for Qpos of +8×1011 cm-2 may 
be appropriate, i.e. the value obtained for thick SiO2 films without capping layer. In 
addition, in contrast to Eq. 3, we cannot use the experimentally determined values for Cox in 
Eq. 4. Therefore, we consider kSiO2 and kAl2O3 to be constant, with values of 5.5 and 8, 
respectively. Using these values, it is found from the analysis that Qneg decreases with 
increasing SiO2 interlayer thickness from ~6×1012 cm-2 (no ALD SiO2) to ~4×1011 cm-2 (30 
nm SiO2). Note here that the latter value (and its polarity) should be interpreted with care as 
this value significantly depends on the accuracy of the substituted value for Qpos. However, 
as expected, models (3) and (4) lead to the same main conclusion that the negative charge 
density associated with Al2O3 is strongly reduced for thicker SiO2 interlayers. Moreover, 
for sufficiently thick SiO2 films the fixed positive charges play a more dominant role.  

In general, these observations are in good agreement with a recent study by Wolf et al. 
using C-V measurements.52 In addition, the results are in line with a recent study using 
optical second-harmonic generation (SHG) experiments.15 The SHG measurements are 
sensitive to electric fields induced in the space charge region below the Si surface caused 
by the fixed charges present in the passivation scheme.15,48 It was found that the induced 
electric field strongly decreased for increasing SiO2 interlayers and vanished for a SiO2 
interlayer thickness of ~5 nm. However, a small net positive charge density was determined 
by SHG for an interlayer thickness of 12.5 nm while the C-V results suggested a small, but 
negative Qeff for this stack. These observations may be related to the fact that SHG is a 
fundamentally different measurement technique. For example, SHG is a non-contacting and 
non-intrusive technique, while the C-V measurements obviously require the application of 
metal contacts. The latter may influence directly or indirectly the fixed charges in the stack. 
For example, the exact value for ms may slightly depend on the dielectric below the metal 
contact (i.e. SiO2 or Al2O3).

47  
The strong dependency of Qneg on the SiO2 thickness may point to a role of charge 

injection from the Si substrate in defect states at the remote SiO2/Al2O3 interface during 
annealing.15 The SiO2 interlayer could serve as a barrier for charge injection and affect the 
formation of negative charges accordingly. As discussed in Ref. 15, the changes in net fixed 
charge density and associated field-effect passivation had a significant impact on the level 
of passivation but also on the injection level dependence of the effective lifetime. 
 
Interface defect density 
 
The interface defect density was determined from the frequency dispersion in the C-V 
data.29 The difference in the high and low frequency C-V characteristics corresponding to 
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the ALD SiO2 films is indicative of the presence of a significant amount of electronically 
active interface defects (Fig. 12a). Relatively high Dit values of ~1012 cm-2 eV-1 were 
obtained for single layer ALD SiO2 films after forming gas annealing (Table 2). This is 
consistent with the relatively high Seff values that were measured for similar samples, 
especially after aging (inset Fig. 11). In strong contrast, ultralow Dit values were obtained 
for the SiO2/Al2O3 stacks, with Dit < 1011 cm-2 eV-1. In addition, the data did not reveal a 
clear relation between Dit and the SiO2 film thickness (1-30 nm). Therefore, the stacks 
induced a high level of chemical passivation regardless of SiO2 thickness. The low defect 
densities can be related to the effective hydrogenation of the interface under influence of 
hydrogen from the Al2O3 capping film.53 During annealing, the prominent Pb-type defects 
(Si dangling bond) at the Si/SiO2 interface are effectively passivated by hydrogen. From the 
data in Table 2, it can be concluded that the use of an Al2O3 capping layer leads to a 
significantly higher interface quality than obtained by annealing the ALD SiO2 films in 
forming gas. 
  
 
Table 2: SiO2 thickness dependent electronic properties of ALD SiO2 films and ALD SiO2/Al2O3 
stacks. As a reference, the data for Al2O3 on Si is shown.40 The relative dielectric constant k, effective 
fixed charge density Qeff (Eq. 3), negative charge at SiO2/Al2O3 interface Qneg (Eq. 4) and interface 
defect density at mid gap Dit were extracted from the C-V measurements (Fig. 12). The estimated 
error in the dielectric constant is ~0.4; the error in Qf for single layer SiO2 and Al2O3 is estimated to 
be ±2×1011 cm-2; the error in Dit for single layer SiO2 is ~0.5×1012 cm-2. The error in the Dit values for 
the stacks leads to maximum Dit values of 1011 cm-2 eV-1. The SiO2 films were annealed in H2/N2, 
while the Al2O3 and SiO2/Al2O3 stacks were annealed in N2. 
 
Layer(s) 
 

k VFB Qeff 
(cm-2) 

Qneg * 
(cm-2) 

Dit 
(eV-1 cm-2) 

5 nm SiO2 4.7 -1.26 +6×1011 - 2×1012 
12.5 nm SiO2 5.7 -1.45 +8×1011 - 1×1012 
30 nm SiO2 6.1 -1.86 +8×1011 - 1×1012 

30 nm Al2O3 on Si (ref.) 8.0 2.5 -5.8×1012 - 9×1010 
1 nm SiO2 / 30 nm Al2O3 8.0 0.83 -2.6×1012 -3.6×1012 5×1010 
2.5 nm SiO2 / 30 nm Al2O3 7.2 0.63 -2.0×1012 -3.3×1012 4×1010 
12.5 nm SiO2 / 30 nm Al2O3 6.8 -0.69 -4×1011 -1.9×1012 4×1010 
30 nm SiO2 / 30 nm Al2O3 5.8 -2.2 +6×1011 -4×1011 1×1011 

* Using Eq. 4, using Qpos = 8×1011 cm-2 
 
 
4. Conclusions 
 
A plasma-assisted ALD process for SiO2 has been developed employing H2Si[N(C2H5)2]2 
as Si precursor in combination with an O2 plasma as the oxidant. It was demonstrated that 
the ALD process is suited for the low-temperature synthesis of high-quality SiO2 films with 
the material properties being relatively insensitive to the substrate temperature in the range 
of 100 – 300 oC. The ALD process combined comparatively high growth rates (0.8 – 1.7 
Å/cycle) with relatively short dosing and purge times. Moreover, the plasma-assisted ALD 
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process led to a good conformality for trenches with an aspect ratio of ~30, even for 
relatively short plasma exposures of 4.5s.  

Regarding the electronic properties, the interface defect density was relatively high (Dit 
~1012 eV-1 cm-2, after aging) for single layer ALD SiO2. The application of an Al2O3 
capping layer in conjunction with a low-temperature anneal led to a dramatic improvement 
in the interface quality with Dit < 1011 eV-1 cm-2. Corresponding ultralow surface 
recombination velocities < 3 cm/s were measured for these stacks. The thickness of the 
SiO2 interlayer was found to control the fixed charge density associated with the 
SiO2/Al2O3 stacks. A transition from a high negative net charge density to a relatively low 
positive net charge density was observed. 

These results may have implications for a wide range of existing and future applications 
in which the thickness control and conformality of the ALD SiO2 films are critical factors. 
Moreover, the ALD SiO2 nanolayers can be applied in effective surface passivation 
schemes for future high-efficiency silicon solar cells. 
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Abstract 
 
An alternative plasma-enhanced chemical vapor deposition (PECVD) method was 
developed and applied for the deposition of high-quality aluminum oxide (AlOx) films. The 
PECVD method combined a continuous plasma with ultra-short precursor injection pulses. 
We demonstrate that the modulation of the precursor density in the reactor leads to 
enhanced control over plasma-surface interactions. By variation of the time interval 
between the sequential Al(CH3)3 precursor injection pulses (10-50 ms) into the O2 plasma, 
the deposition rate (> 30 nm/min) and material properties could be tailored. In-situ 
diagnostics revealed that the deposition process was governed by fast precursor depletion 
and film growth directly after the precursor pulse. Subsequently, in the remainder of the 
interval between the precursor pulses, densification of the layer took place under influence 
of the O2 plasma. The resulting AlOx films exhibited a low impurity content and refractive 
index > 1.6 for optimized process settings. The AlOx material quality was also 
demonstrated by the excellent surface passivation of low resistivity n-type crystalline 
silicon as indicated by ultra-low surface recombination velocities < 1 cm/s. The structural 
properties and interface quality were quite similar as obtained for atomic layer deposited 
films. Apart from AlOx, we anticipate that pulsed-flow PECVD processes may also prove 
beneficial for the synthesis of other functional thin films. 
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1. Introduction 
 
Aluminum oxide (Al2O3) thin films have numerous applications and can be used, for 
example, as protective- and barrier coatings,1-5 as optical coatings and waveguides,6-9 and as 
dielectric layers.10,11 In addition, it has recently been established that AlOx films can be used 
for the effective passivation of silicon surfaces.12-20 Depending on the application, AlOx is 
commonly synthesized by methods such as sputtering,17,21 chemical vapour deposition 
(CVD),22,23 plasma-enhanced CVD (PECVD)6,7,18-20,24-33 and atomic layer deposition 
(ALD).1-5,13-16,34-41 The latter two methods are especially suitable for the synthesis of high-
quality AlOx thin films at low substrate temperatures.  

During ALD, growth proceeds through repetitive cycles of self-limiting surface 
reactions between gas-phase precursors and surface groups.34,36 For the synthesis of Al2O3, 
the ALD cycle consists of two half cycles (Fig. 1a). In the first half cycle the Al precursor 
is injected into the reactor and reacts with surface OH groups. Al(CH3)3 is by far the most 
popular Al-precursor (for both ALD and PECVD processes),7,18,34-37 but also other 
precursors have been used including AlCl3.

25,26,33,42 In the second ALD half cycle, the 
oxidant is introduced and reacts with the methyl-terminated surface (when using Al(CH3)3). 
Purge steps prevent the precursor and oxidant from interacting. Traditionally, H2O is 
employed as oxygen source during (thermal) ALD.34 More recently, O3 and atomic O 
generated by an O2 plasma have been used as alternative oxidants.37-41 In general, plasma-
enhanced ALD (in brief, plasma ALD) has proven to be beneficial for the deposition of 
high-quality low-impurity films especially also at low substrate temperatures.37  

The main difference between plasma ALD and PECVD processes is related to the 
plasma duty cycle and precursor delivery (Figure 1). In contrast to ALD, continuous 
precursor gas flows are used during PECVD, in combination with a continuous (Fig. 1b) or 
a pulsed plasma (Fig 1c). Pulsed-plasma processes can increase the deposition rate, 
improve the material quality or enhance deposition uniformity, with modulation frequencies 
ranging from several 100 kHz down to 1-100 Hz.6 During plasma-ALD, both the (metal-) 
precursor and the plasma are pulsed. While ALD leads to better film uniformity and 
conformality, the deposition rate obtained by PECVD is generally significantly higher. The 
higher deposition rate for PECVD is related to the fact that the precursor is dissociated in 
the plasma leading to a continuous formation of growth precursors. Recently, an alternative 
PECVD process has been reported for the high-rate deposition of Al2O3 films while 
maintaining conformality.43,44 This was achieved by pulsing the plasma at very low 
frequencies (~ 1 Hz), while the metal- and oxygen precursors were supplied continuously. 
Furthermore, another recent development is spatial ALD.45,46 The idea of spatial ALD is 
based on the separation of the metal- and oxygen precursor in (multiple) different zones of 
the reactor while the substrate moves underneath. This concept avoids the lengthy purge 
time generally associated with conventional temporal ALD processes and thus enables the 
synthesis of Al2O3 at high deposition rates. 

Apart from the already discussed continuous and pulsed processes, another interesting 
alternative method, which to our knowledge has not been evaluated so far, may be the 
combination of a continuous plasma with ultrashort precursor pulses (Fig. 1d). We denote 
this process pulsed-flow PECVD (PF-PECVD). The rapid modulation of the precursor gas  
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Figure 1: Schematic representation of deposition processes: (a) plasma-enhanced ALD; (b) PECVD 
with continuous precursors flows; (c) pulsed-plasma PECVD, (d) pulsed-flow PECVD. 

 
 

flow is enabled by the use of fast ALD valves instead of the mass-flow-controllers that are 
typically used for precursor injection during PECVD. 

Here, we investigate the PF-PECVD process by the synthesis of high-quality 
amorphous AlOx thin films and present a characterization of the deposition process. We 
demonstrate that this process is technologically relevant as the AlOx films were deposited at 
high growth rates (> 30 nm/min), while the material properties, such as refractive index, 
were comparable to those obtained by ALD. Moreover, the PF-PECVD process enabled a 
high level of control over the AlOx structural properties by tuning the interval between the 
precursor pulses. In addition, very low surface recombination velocities Seff < 2 cm/s were 
obtained for Si(100) after annealing the AlOx films. This reflects a similar electronic 
interface quality as that obtained by plasma ALD. 

In addition, the process is scientifically appealing: The fast (~0.2-2 Hz) modulation of 
the Al(CH3)3 precursor leads to the essential decoupling of “film growth” and “film 
modification”—processes that normally occur simultaneously during PECVD processes 
with continuous precursor flows. Therefore, this novel approach enables to study these 
processes independently. During the time interval between two precursor pulses, the 
precursor concentration changes rapidly in the plasma and two different plasma regimes 
can be distinguished. Directly after the precursor pulse, the plasma is precursor-rich and 
rapid film growth takes place. In the remainder of the pulse interval, the plasma operates in 
a precursor-depleted-regime during which primarily film oxidation and densification takes 
place under influence of the O2 plasma. This can be considered a “chemical densification” 
process, rather than a physical process governed by ion bombardment. The observations 
indicate that the modulation of the precursor concentration in the plasma leads to a 
completely new deposition regime compared to continuous flow PECVD processes.  

This article is structured as follows. After the experimental details in Section 2, the 
influence of the main process parameters on film growth and AlOx properties is reported in 
Section 3.1. In Section 3.2, the growth mechanism and the transient plasma chemistry is 
discussed. Finally, Section 3.3 discusses the surface passivation properties and thermal 
stability of the films. 
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2. Experimental details 
 
The PECVD AlOx films were grown in an Oxford Instruments OpALTM reactor equipped 
with a remote plasma source. The inductively coupled O2 plasma was generated using a 
power in the range of 150-250 W. The substrate temperature was varied between 50 and 
300 oC, and the reactor was operated at a pressure of ~170 mTorr. The PECVD process was 
based on a continuous O2/Ar plasma combined with ultrashort pulses of Al(CH3)3 (TMA) 
precursor injected into the reactor at regular pulse intervals. This liquid precursor exhibits a 
high vapour pressure (~20 Torr at 25oC) and was introduced into the reactor vapour-drawn. 
The fast ALD valves allow for very short TMA pulses, with duration, tTMA, down to 10 ms. 
The time interval between the precursor pulses is denoted as “pulse interval” (with duration 
Δt) in the remainder of this work. The pulse frequency is approximately 1/Δt, as tTMA << Δt.  

Reference films were synthesized by plasma ALD in the same reactor.16,19 This ALD 
process consisted of alternating steps of Al(CH3)3 precursor dosing and O2/Ar plasma 
treatment separated by purge steps to avoid parasitic CVD reactions. For both ALD and 
PECVD, the O2 and Ar process gasses were fed into the reactor at constant flow rates of 50 
sccm and 20 sccm, respectively. We verified that Al(CH3)3 was unreactive with O2 under 
the conditions used, which allowed for the constant flow of O2 during ALD. 

The plasma process was monitored by optical emission spectroscopy (OES, Ocean 
Optics 2000) along the line-of-sight through a viewport at the top of the plasma source and 
by quadrupole mass spectrometry (QMS, Pfeiffer Prisma) in the gas exhaust line. 
Spectroscopic ellipsometry (J.A. Woollam, M2000) was employed both in-situ and ex-situ 
to monitor the growth process and determine the film thickness and refractive index (at 2 
eV). The atomic composition was determined by Rutherford backscattering spectroscopy 
(RBS) using 1-2 MeV He2+ ions and elastic recoil detection (ERD) at AccTec BV. In 
addition, X-ray photon spectroscopy (XPS; K-Alpha Thermofisher) and transmission 
Fourier-transform infrared spectroscopy (FTIR, Bruker Tensor 27) were used for material 
analyses. For the latter technique, a bare Si wafer was used as a reference to obtain the 
infrared absorption spectra of the AlOx films.  

To enable lifetime spectroscopy and to evaluate the surface passivation quality, AlOx 
films were deposited on both sides of low resistivity (~3.5 Ω·cm) n-type double-side 
polished floatzone (FZ) (100) c-Si wafers with a thickness W = ~280 µm. The wafers 
received a short dip in diluted HF (1%) prior to deposition. As the as-deposited AlOx did 
not provide significant passivation, the surface passivation by AlOx was activated by a post-
deposition anneal at 400oC for 10 minutes in N2,. The effective lifetime of the minority 
carriers (τeff) was determined by μ-PCD (Semilab WT2000) and by photoconductance decay 
(Sinton tool, WCT-100). The upper limit for the surface recombination velocity (Seff,max) 
was calculated from τeff and is quoted at an injection level of 1×1015 cm-3 by assuming an 
infinite bulk lifetime: Seff < W/2τeff . 
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3. Results 
 
3.1. Growth characteristics and material properties 
 
This section focuses on the relation between film growth, material properties and the key 
process parameters. 
 
A. Influence of pulse length and number of cycles 
 
Figure 2 shows the influence of the number of precursor pulses and the pulse length (tTMA) 
on the growth rate of ALD and pulsed-flow PECVD for a fixed Δt = 3.5s. As expected, the 
AlOx film thickness scaled linearly with the number of precursor pulses for both PF-
PECVD and ALD. For PF-PECVD, the “growth-rate per pulse” (GPP) was dependent on 
the pulse time and increased from ~0.25 nm to > 1 nm for tTMA between 10 and 60 ms. This 
increase in growth rate can be ascribed partially to a lower mass density of the AlOx films 
at higher tTMA, as will be discussed below. For ALD, the growth rate was independent of the 
precursor pulse length with a constant value of ~0.12 nm/cycle.35,19 The saturation of the 
growth rate is inherent to the ALD process as ALD is governed by surface chemical 
reactions that automatically end when all available surface groups have reacted. Figure 2 
also shows that a variation of the plasma power between 150 and 250 W did not 
significantly affect the PF-PECVD growth rate, which implies that film growth was not 
limited by the plasma reactivity for the settings employed. The linear trend indicates that all 
precursor injected was activated, i.e. the plasma operated under high depletion conditions. 
 
 

 
Figure 2: Comparison between PECVD and plasma ALD (a) AlOx film thickness versus number of 
TMA  pulses and (b) growth per pulse, GPP, versus TMA pulse length.  
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B. Influence of pulse interval 
 
Figure 3 shows the influence of the pulse interval on the growth rate and refractive index 
for various substrate temperatures. The pulse length was kept constant at tTMA = 10 ms 
during the experiment. An increase of the pulse interval from 0.5 to 3.5s led to a significant 
reduction of the growth rate. This reduction in GPP correlated with an increase in refractive 
index. For pulse intervals > ~2s, the GPP and refractive index leveled off at approximately 
constant values of ~0.25 nm and 1.61 (for Tdep = 200oC), respectively. The refractive index 
was only slightly lower than for plasma ALD Al2O3 (~1.64) synthesized at the same Tdep.

19 
The increase in the refractive index is closely linked with film densification. For example, 
the mass density of the films increased from 2.4±0.1 g/cm3 to 2.7±0.1 g/cm3 by increasing 
Δt from 1.5 to 3.5s (Table 1). These observations can be explained by rapid film growth 
during the precursor pulse, and subsequent film densification during the remainder of the 
pulse interval, as will be experimentally established in Section 3.2.  

To study the relation between the pulse interval and the AlOx structural properties in 
more detail, infrared absorption measurements were carried out. Figure 4 shows the FTIR 
transmission spectra of AlOx films deposited using 100 precursor pulses, for Δt values of 
0.5, 1.5 and 3.5s. Three regions of interest can be distinguished in the spectra: the 
absorption of the Al-O stretching vibration between 400-1000 cm-1, O-C-O and C=O 
stretching vibrations (in brief, C-O) centered around 1600 cm-1 and the broad signature of 
the O-H stretching vibrations between 2700 and 3700 cm-1.33,47,48 In addition, the spectra 
reveal the presence of a thin interfacial silicon oxide layer (Si-O-Si stretching band, 1020-
1090 cm-1) that is formed during AlOx deposition, in agreement with previous observations 
for PECVD and ALD.13,20,29 It is observed that OH absorption was significant for the 
sample with Δt = 0.5s, but decreased for higher Δt. This is consistent with the decrease in 
hydrogen content from ~ 13.2 at.% (Δt = 1.5 s) to ~7.5 at.% (Δt = 3.5s) as determined with 
ERD (Table 1).The number of Al atoms deposited per pulse did not increase significantly 
by extending the pulse interval from 1.5 to 3.5s. This indicates that the effect of a longer 
pulse interval was mainly to improve the material quality by an increase in mass density 
and a decrease of the O/Al ratio (from ~1.8 to ~1.6). The O/Al ratio was slightly higher 
than obtained for nearly-stoichiometric plasma ALD Al2O3 (~1.5),19,35 which can be 
attributed mainly to the higher hydrogen content of the PF-PECVD films (Table 1).  
 
C. Role of the substrate temperature 
 
Besides the pulse interval and the TMA pulse length, the substrate temperature (50-300oC) 
had a significant impact on the growth process.19 The deposition rate was found to decrease 
with increasing Tdep (Fig. 3a,b). For example, for Δt = 3.5s, R decreased from ~20 to ~5 
nm/min between Tdep = 50oC and 200oC. Also the value of the refractive index was 
dependent on the substrate temperature, with n = 1.52 for Tdep = 50oC and n = 1.61 for Tdep 

= 200oC (for long Δt). The FTIR data in Figs. 4 reveal that an increase in substrate 
temperature or in pulse interval had a similar impact on the AlOx structural properties. 
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Figure 3: (a) Deposition rate R, (b) growth rate per pulse, GPP, and (c) refractive index n as a 
function of the pulse interval during PECVD (tTMA = 10 ms). 
 
 
 
Table 1: Material properties of PECVD films (variation of pulse interval Δt and substrate temperature 
Tdep) determined from RBS and ERD measurements. Properties of plasma ALD Al2O3 are shown as 
reference. To calculate the mass density, ρmass, the thickness determined by SE was used. All films 
were deposited using a plasma power of 150W and tTMA = 20 ms. 
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The decrease in Al-O absorption observed for increasing Tdep can be attributed to the lower 
growth rate and therefore thinner AlOx films that were deposited at higher Tdep. This is 
consistent with the RBS data in Table 1 that revealed that the number of Al atoms deposited 
per precursor pulse decreased with increasing Tdep. Furthermore, the films synthesized at 
higher substrate temperatures contained less C and H impurities. The C-O related 
absorption was clearly visible in the spectra of the films deposited at Tdep = 50 and 100oC, 
whereas a significant amount of carbon was not detected for Tdep = 200oC as also confirmed 
by additional XPS measurements ([C] < 1 at.%). The decrease in OH absorption with 
increasing Tdep was corroborated by ERD. The hydrogen content decreased from ~ 14.5 to 
2.2 at.% for Tdep between 100oC and 300oC (Table 1). Therefore, the low refractive indices 
(< 1.55) associated with films deposited at low Tdep can be ascribed to film porosity caused 
by the presence of a significant amount of OH groups in the bulk (i.e. AlO(OH) structure). 
A comparable trend between Tdep and the hydrogen content was reported for AlOx films 
deposited by other PECVD and plasma ALD processes.31,19,35 In conclusion, the increase in 
growth rate when decreasing the substrate temperature can be ascribed to the incorporation 
of hydroxyl groups leading to a lower mass density as well as to an actual increase of the 
number of Al atoms deposited per pulse. The latter can be related to a reduced surface 
desorption of the growth species at lower Tdep. 

Finally, we note here that the PF-PECVD process was not optimized for thickness 
uniformity. A nonuniformity of ~10% was obtained for a 100 mm wafer. This can be 
primarily attributed to a directional flow of Al(CH3)3 as the precursor was injected through 
a valve in the side wall of our reactor. It is expected that the uniformity can be improved 
significantly by a more homogeneous precursor injection into the plasma. 
 
 
 

Figure 4: Infrared absorption spectra for (a) films deposited using various pulse intervals (Tdep = 
200oC) and (b) films deposited using various substrate temperatures 50-300oC (Δt = 3.5s). All films 
were deposited using 100 pulses (tTMA = 20 ms). Note that the y-axis scales in Figs. (a) and (b) are not 
the same. 
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3.2 Growth mechanism and plasma chemistry 
 
In this section, the growth kinetics and transient plasma chemistry of the PF-PECVD 
process will be addressed. 
 
A. Film growth kinetics 
 
An experiment was designed to study the growth mechanism during a pulse interval by 
measuring the evolution of the film thickness and refractive index as a function of the 
plasma time directly after the precursor pulse. Various films were deposited using plasma 
times between 0.4 and 6s, repeating 100 precursor pulses. Each deposition cycle was 
interrupted by a 4s purge to avoid precursor accumulation in the reactor. The refractive 
index and thickness were determined by spectroscopic ellipsometry. The measured 
thickness was divided by 100 to obtain the thickness of the layer corresponding to a single 
precursor pulse. Figure 5 shows that only during the first ~0.7±0.1 s after the precursor 
pulse film growth occurred, with the film thickness reaching a maximum of ~0.4 nm (tTMA = 
10 ms). Hence, during this initial time interval the growth rate was ~0.6 nm/s, while the net 
growth flux is estimated to be ΓAl = ~2×1019 m-2 s-1 at Tdep = 200oC (using data in Table 1). 
The associated refractive index of 1.51±0.03 indicates that the initially deposited film 
exhibited a low (mass-) density. For plasma times > 0.7s, the film thickness was observed 
to decrease significantly and saturate at a value of ~0.21 nm. Simultaneously, the refractive 
index increased up to ~1.61 as the film approached a constant thickness. These observations 
indicate significant structural changes of the films initially deposited after precursor 
injection under influence of the O2 plasma.  

To study the structural change in more detail, XPS measurements were performed. The 
bonding configuration of Al is shown in Figure 6 for a plasma time of 0.4 and 4.2s after the 
precursor pulse. We focus on the Al 2p spectra, as the O 1s signal around 531.5 eV is 
relatively insensitive to structural variations. For pure Al2O3, the Al 2p peak is located at 
~74.6 eV in the XPS spectrum.31,49 When a significant fraction of hydroxyls is present, the 
binding energy of Al increases: AlO(OH) and Al(OH)3 species have been reported to 
appear at ~76.7 eV and 74.3-75.9 eV, respectively.49 For the sample deposited using a long 
plasma step of t ~ 4s, the Al 2p peak consisted mainly of the Al2O3 contribution. For a 
shorter plasma time of 0.4s, the Al 2p spectrum was significantly broader and was shifted 
towards higher binding energies. The hydroxyl contribution in the Al 2p spectrum was 
found to be prominent. In addition, a small amount of carbonate groups was present in the 
film as indicated by the signal at ~78 eV. The XPS measurements show the transition from 
a hydroxyl-rich material toward a more prominent Al2O3 structure for increasing plasma 
times. Quantitative XPS analyses of the samples corresponding to Fig. 5 suggested that the 
oxygen concentration slightly decreased, while a relative increase of the Al concentration 
was observed for longer plasma times. This is consistent with the initially deposited films 
being slightly O-rich due to the presence of a significant amount of hydroxyl groups. 
Furthermore, the carbon concentration was reduced for longer plasma exposure times. Both 
C-O (290-293 eV) as well as C-C/C-H (~285 eV) signatures were present in the C 1s 
spectrum (not shown). The carbon content decreased from ~2 at.% to < 1 at.% for 
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Figure 5: Evolution of (a) layer thickness and (b) 
refractive index during one pulse interval. The 
thickness and refractive index were determined from 
films deposited after 100 pulses for each plasma 
setting. Before every pulse, the reactor was purged (i.e., 
no plasma) to prevent possible precursor accumulation. 
 

Figure 6: XPS spectra showing the Al 
2p signal of films corresponding to 
Fig.5 with plasma times of 0.4 and 4.2s. 
The Al 2p peak was simulated using 
three contributions, representative of 
Al2O3 (~74.4 eV), Al-OH (~75.5 eV) 
and Al-COx (~78 eV). The C1s carbon 
peak was used to correct for charging 
effects in the various samples. 
 

 
increasing plasma time from 0.4 to ~4.2s It is notable that the carbon concentration was 
significantly lower than the hydrogen content in the films (Table 1). Apparently, the PF-
PECVD process did not lead to a significant incorporation of carbon, from the Al(CH3)3 
precursor, into the film. It can be concluded, therefore, that the densification of the AlOx 
films under influence of the O2 plasma was mainly related to the removal of the significant 
amount of hydroxyl groups initially present in the film after precursor injection. 
 One may expect that the densification of the film under influence of the O2 plasma is 
governed mainly by penetration and diffusion of atomic O in the subsurface region and the 
subsequent effusion of volatile reaction products, such as H2O and CO2, out of the film. In 
addition, other species present in the plasma, such as atomic H, may also play a role in film 
modification. It is expected that the time required for film modification is correlated with 
the thickness of the film deposited in the first second(s) after precursor injection. To 
investigate this hypothesis, tTMA was increased from 10 to 50 ms, leading to the deposition 
of a substantially thicker film > 0.8 nm directly after the precursor pulse (Fig. 5). Indeed, 
significantly longer plasma times were required to modify this thicker layer. A refractive 
index of 1.59±0.01 was achieved after ~1.5s of plasma exposure for tTMA = 10 ms, whereas 
for tTMA = 50 ms a plasma time of ~6s was required. This shows that a thickness increase of 
the film by approximately a factor 2 required an increase of the plasma exposure time by a 
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factor ~4. This is consistent with the hypothesis of a diffusion-limited process. Further 
evidence is provided by the temperature dependence shown in Fig. 3: When the deposited 
layer became very thick (> 2 nm), densification was observed to be strongly impeded. In 
addition, this effect can be exacerbated by a reduced diffusion coefficient of oxygen in the 
film at lower substrate temperatures. More in general, it is expected that the extent to which 
film modification is correlated with the film thickness is dependent on the plasma source 
(i.e., flux of O radicals, etc.) and may also be different when depositing other materials.50 

  
B. In-situ plasma diagnostics 

 
Mass spectrometry (QMS) and optical emission spectroscopy (OES) were carried out to 
gain insight into the plasma chemistry and growth mechanism. The QMS measurements 
were carried out during deposition and compared with a reference process with only 
precursor dosing (i.e., without plasma). Results for QMS and OES are given in Figs. 7 and 
8. Three prominent mass-over-charge ratios m/z are shown in Fig.7: m/z = 15 (CH3

+) is 
indicative of the presence of CH3, CH4 or more general CxHy in the plasma. A ratio of m/z = 
44 (CO2

+) corresponds with CO2 and m/z = 27 (Al+) corresponds with Al(CH3)3 and Al-
containing fragments in the plasma. In addition, C2H4 species may have a small 
contribution in the m/z = 27 signal through C2H3

+. The results show that CO2 was produced 
in the plasma after precursor dosing. In addition, CO+ (m/z = 28), H2O

+ (m/z = 18) and H2
+ 

(m/z = 2) were also measured, in agreement with Szymansky et al.43 The presence of H2O 
and H2 in the plasma was corroborated by OES by the detection of OH* (309 nm) and H* 
emission—species that also appear during plasma ALD.51 On the other hand, CO* emission 
(520 nm) was not detected and also the presence of Al* (~309 nm) and AlO* (~486 nm)43,51 

could not be conclusively established as these wavelength regions overlap with those of OH 
and Hβ, respectively. 
 A transient decrease of the QMS signals was observed during each pulse interval 
(Fig.7). The decay time corresponded well with the OES transients for the Hα (656 nm) 
emission (Fig.8). The observation that the QMS transients were similar for the plasma- and 
the reference process indicates that the transient behavior can be mainly attributed to the 
gas residence time. The time scales were consistent with the estimated residence time of 
~3s calculated by taking into account the pumping speed and reactor volume. 
 Another observation pertains to the change in the QMS signal intensity as a function of 
the number of precursor pulses. During the reference process in which only Al(CH3)3 is 
pulsed without plasma, the CH3

+ signal decreased, while the Al+ signal increased with 
increasing number of precursors pulses. These observations for the reference process can be 
explained by reactions of Al(CH3)3 with residual H2O and OH species present at the reactor 
walls initially, under formation of CH4 and AlOx. Therefore, at the beginning of the 
experiment, the m/z = 15 signal is presumably indicative of the presence of CH4 (reaction 
product) and Al(CH3)3 in the reactor, whereas later in the experiment the reduced signal at 
m/z = 15 can be ascribed predominantly to cracking of the precursor only. With the plasma 
on, the m/z = 15 and 27 signals were significantly higher than during the reference 
measurement. The increase in m/z = 15 can be attributed to the formation of CH4 in the 
plasma. We tentatively ascribe the increase in m/z = 27 to the dissociation of Al(CH3)3 in 
smaller fragments with cracking patterns in which the Al+ signal appears more clearly 
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relative to Al(CH3)3. Also the formation of C2H4 in the plasma may contribute to the m/z = 
27 signal through the detection of C2H3

+. 
 The Hα emission transients in Fig. 8 show another important insight into the relation 
between the pulse interval and the precursor concentration in the plasma. For relatively 
short pulse intervals (Δt = 0.5 and 1.5s), the average Hα emission increased during the first 
number of Al(CH3)3 pulses and, subsequently, saturated at a higher level than observed for 
Δt = 3.5s. These observations can be explained by the accumulation of precursor (and 
reaction products) in the plasma when the pulse interval is reduced well below the 
residence time. Therefore, it is likely that the precursor is not fully depleted when using 
short pulse intervals. Under these conditions, deposition and surface treatment occur 
simultaneously as is the case for PECVD using continuous precursor flows.  
 
 

  

Figure 7: QMS measurements of the PECVD 
process with pulsed precursor injection. For 
reference, a process without plasma but with 
pulsed precursor injection was included. Mass-
over-charge ratios m/z with the prominent 
corresponding species are given. Note that, apart 
from Al+, the m/z = 27 signal may also be related 
to C2H3

+ indicative of C2H4. Substrate temperature 
was ~200oC, tTMA = 20 ms with a pulse interval of 
Δt = 10 s. 

Figure 8: Hα emission line (~656 nm) vs time 
during plasma operation for pulse intervals of Δt = 
0.5, 1.5 and 3.5 s (tTMA = 20 ms). 
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Figure 9: Schematic representation of the growth mechanism during pulsed-flow PECVD. 
 
 
C. Discussion growth mechanism 
 
The current understanding of the deposition mechanism that emerges from the collective 
results is summarized by the schematic representation shown in Fig. 9. The PF-PECVD 
process has two modes during a pulse interval: rapid film growth and subsequent 
oxidation/densification. The repetition of these modes leads to layer-by-layer growth. The 
existence of two distinct modes was also reported for a pulsed-plasma PECVD process of 
Al2O3 with a constant Al-precursor flow: this process exhibited a growth mode in the initial 
stages after plasma ignition and a plasma treatment mode (“O-atom anneal”) in the 
remainder of the plasma-on time.43,44,52 However, in contrast to PF-PECVD, the separation 
between the two modes originated from the fact that growth automatically stopped shortly 
after the plasma was switched on. The latter was attributed to the complete oxidation of the 
Al-precursor in the gas phase by the O2 plasma (for their settings employed). Obviously, 
the two growth modes observed during a PF-PECVD cycle have a different origin and are a 
direct consequence of pulsing the precursor. Finally, it is interesting to note that the PF-
PECVD process also bears similarity with reports on the layer-by-layer deposition of 
microcrystalline silicon. In the latter case, the deposition of an ultrathin amorphous silicon 
film (H2/SiH4 plasma) was alternated by H2 plasma treatment to crystallize the material.53  
 
 
3.3 Surface passivation  
 
AlOx films have recently become an important candidate material for surface passivation of 
(commercial) high-efficiency Si solar cells.13-20,48,54-56 The films lead to low interface defect 
densities (Dit  1011 cm-2 eV-1 at mid gap) in conjunction with a strong field-effect 
passivation by negative fixed charges near the interface that reduce the electron density 
and, therefore, the recombination rate of charge carriers at the Si surface.48,56 As reported 
previously, the PF-PECVD AlOx films have been shown to afford a high level of 
passivation on n- and p-type c-Si after annealing at a moderate temperature of 400oC.19 
Here, we study the influence of the pulse interval during deposition on the passivation 
performance of the films. In addition, the thermal stability of the passivation will be 
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examined by exposing the films to a high temperature annealing step (“firing”) as used 
during the metallization of screen-printed solar cells. 
 Data for the surface passivation performance of the AlOx films are given in Figs. 10 and 
11. The AlOx films were deposited at 200oC, and annealed subsequently at 400oC (10 min, 
N2). A monotonic decrease of the surface recombination velocity was observed for 
increasing pulse interval (Δt = 0.5-3.5s) during deposition. The upper limit of Seff decreased 
from ~1×103 cm/s (Δt = 0.5s) to ultralow values of 0.8 cm/s (Δt = 3.5s). The corresponding 
deposition rate decreased from ~60 nm/min to ~6 nm/min. The improvement of the 
passivation performance was correlated with the increase of the refractive index of the films 
for increasing Δt. This was also observed when reducing the TMA pulse from 20 ms to 10 
ms which led to improved passivation in conjunction with a higher refractive (Fig.10c). The 
correlation with the refractive index demonstrates an optimum passivation performance for 
relatively dense AlOx films. On the other hand, the results also indicate that a high level of 
passivation (Seff < 10 cm/s) can be achieved in a broad range of material properties, as was 
also concluded previously from an experiment in which the deposition temperature was 
varied.19 The maximum passivation performance obtained here is similar to that for ALD 
Al2O3 films (when using H2O, an O2 plasma or O3 as the oxidants)16,19,56 and AlOx films 
deposited by microwave PECVD.18 In sharp contrast, the deposition rate of PF-PECVD 
was significantly higher than for ALD (Table 1).  

Figure 10: (a) Deposition rate R, (b) refractive index, n, and (c) maximum surface recombination 
velocity, Seff,max , as a function of the pulse interval, Δt. As substrates, 3.5 Ohm cm n-type c-Si wafers 
were used. Seff,max was determined after annealing (400oC, 10 min). The film thickness was 30-40 nm 
and Tdep = 200oC and tTMA = 20 ms. 
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Figure 11: Injection-level-dependent effective lifetime for Al2O3 films deposited using various pulse 
intervals Δt. The measurements correspond to Fig. 10. 
 
 
The effect of a high temperature step (> 800oC) on the passivation performance is shown in 
Fig.12 for two AlOx films deposited using Δt = 0.5s and Δt = 2.5s. These samples were 
fired in an industrial belt-line furnace.57 For the latter sample, the effective lifetime of 8.8 
ms, obtained after annealing at 400oC, decreased to 2.1 ms (Seff < 7 cm/s). Despite this 
decrease, this level of passivation remains adequate for application in high-efficiency solar 
cells. A similar degradation of the passivation was reported for fired ALD Al2O3 films.57-59 

In contrast, the passivation induced by the high-rate deposited film with Δt = 0.5s was 
activated by the firing step. The effective lifetime as low as 15 µs after annealing increased 
significantly to 450 µs (Seff < 31 cm/s) after firing. It is likely that this improvement was 
linked to the densification of the film during the firing step. To test whether significant 
densification occurs during high temperature annealing, an AlOx sample with a refractive 
index of 1.51±0.02 was exposed to a temperature of 800oC (1 min). The refractive index 
was observed to increase to 1.56±0.02, while the film thickness decreased by approximately 
20%. These structural changes during annealing can partly be ascribed to the significant 
effusion of hydrogen from the AlOx at these elevated temperatures.57 The removal of 
hydrogen will lead a denser material, while the films remain amorphous up to temperature 
of ~850-900oC.60 Note here that the effusion of hydrogen can, in some cases, also lead to 
the formation of small blisters (local film delamination) during rapid thermal processing at 
high temperatures. The control and reduction of blister formation, e.g. by tuning the 
material properties, is an important issue when optimizing surface passivation films for 
solar cell performance.  Furthermore, the improvement of low-quality AlOx during firing 
can significantly relax the requirements concerning the structural properties of AlOx when 
it is applied in solar cells with screen-printed metallization. This is technologically relevant 
as it may provide scope for fast deposition processes. 
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Figure 12: μ-PCD plots showing the effective lifetime for two halves of 4 inch wafers with the left 
side deposited using Δt = 0.5s and the right side deposited using Δt = 2.5s (a) after annealing at 400oC 
(b) after subsequent firing (T > 800oC) in an industrial belt line furnace. The film thickness was 30-40 
nm and Tdep = 200oC and tTMA = 20 ms. 
 
 
4. Concluding remarks 
 
A PECVD process was developed during which the precursor flow was pulsed at typical 
frequencies < 1 Hz into a continuous remote plasma. The pulse length (~10-20 ms) and 
pulse frequency were key parameters to control the growth process and to tailor the 
material properties. The material properties could be tuned to be comparable with Al2O3 
synthesized by plasma ALD, while the deposition rate was significantly higher for PF-
PECVD. Moreover, the AlOx films provided a high level of silicon surface passivation (Seff 
< 1 cm/s), and exhibited an adequate thermal stability during high temperature annealing. 

Two plasma regimes were distinguished during each precursor pulse cycle. In the initial 
stage after precursor injection, a high precursor concentration in the plasma leads to rapid 
growth of a low-density hydrogxyl-rich AlOx film. In the remainder of the pulse interval, 
the plasma operates in a precursor depleted regime. In this stage, primarily surface and film 
modification occurs under influence of the O2 plasma, leading to further 
oxidation/densification of the AlOx films.  

Preliminary experiments have demonstrated the successful transfer of the pulsed flow 
process for AlOx to an expanding thermal plasma technique.61 In addition to the AlOx 
results, preliminary experiments have shown that high-quality SiO2 films with a refractive 
index of 1.46±0.01 and negligible carbon content can be deposited by PF-PECVD. These 
results were achieved by using ultrashort doses of silanediamine into an O2 plasma. 
Moreover, by combining the SiO2 and AlOx processes, mixed oxides were successfully 
deposited and the atomic Si and Al concentration could be tuned with high precision. 
Therefore, pulsing the precursor during PECVD may be in an interesting option for the 
deposition of a range of other thin films and compounds with tailored material properties. 
In addition, the PF-PECVD method can mitigate the typically low deposition rate of 
conventional ALD for applications without very stringent requirements concerning 
conformality. 
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Summary 

This thesis is concerned with nanolayer surface passivation schemes and corresponding 
deposition processes for envisaged applications in crystalline silicon solar cells.  
 
Surface passivation, i.e. the reduction of electronic recombination processes at 
semiconductor surfaces, is essential for realizing high Si solar cell efficiencies. In turn, the 
increase in the energy conversion efficiency is a major driver for reducing the costs of 
photovoltaic electricity. However, at present, effective surface passivation schemes have 
been implemented in only a fraction of industrial Si solar cells. Therefore, the development 
of suitable surface passivation schemes and related technology is currently a key topic in 
photovoltaic research. This is underscored by the immense attention that aluminum oxide 
(Al2O3) has captured in recent years after being introduced as an effective surface 
passivation material in 2006. Al2O3 thin films appeared to have some advantages over 
contending technologies for the passivation of the rear side of p-type Si solar cells and for 
the passivation of the p+ emitter in n-type Si cells. Along with the use of Al2O3, atomic 
layer deposition (ALD)—with its benefits of submonolayer growth control and excellent 
uniformity and step-coverage—was also introduced as a novel deposition method in the 
field of Si photovoltaics.  
 
This thesis addresses topics ranging from the fundamental mechanisms that govern the 
properties of nanolayer surface passivation schemes to the industrial feasibility of the 
technology. These aspects are closely interwoven, as improved fundamental understanding 
forms the basis for developing, optimizing, implementing and commercializing the relevant 
technologies. The focus throughout the thesis is on Al2O3 and on ALD, both of which 
enabled new opportunities for developing and studying nanolayer surface passivation 
schemes. A share of the research was carried out in collaboration with strategic partners, 
including the solar cell manufacturer Q-Cells.  
 
The properties of the Al2O3 films were evaluated on multiple levels: Firstly, the surface 
passivation quality of the films was studied in relation to various technologically relevant 
parameters such as ALD conditions, annealing recipes, material properties and film 
thicknesses. It was found, for instance, that Al2O3 films with thicknesses down to 5-10 nm 
synthesized by plasma-assisted and thermal ALD induced ultralow surface recombination 
velocities, Seff < 5 cm/s, on low resistivity n- and p-type Si in a relatively wide processing 
parameter window. Secondly, the chemical passivation (i.e., the reduction of the interface 
defect density) and field-effect passivation by negative fixed charges (i.e., the shielding of 
electrons from the surface), responsible for the passivation quality of Al2O3, are addressed 
in detail. While its negative fixed charge density is a distinguishing property relative to 
other relevant surface passivation materials, it is established that the effective chemical 
passivation, as demonstrated by very low defect densities of Dit < 1011 cm-2 eV-1 at mid gap, 
also plays a key role in the Al2O3 passivation properties. Finally, the fundamental 
mechanisms controlling the chemical- and field-effect passivation were addressed 
experimentally using innovative approaches. For example, the diffusion of hydrogen 
present in the Al2O3 films (typically ~3 at.%) during annealing was studied with thermal 
effusion experiments and was correlated with the hydrogenation of interface defects. The 
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latter, in combination with the presence of an interfacial SiO2 layer, are key to the low Dit 
values achieved by Al2O3. Regarding the field-effect passivation, the thickness of the 
interfacial SiO2 was identified as a key parameter controlling the negative fixed charge 
density associated with Al2O3. This experimental study relied on using an ALD SiO2 
process for interface engineering with Ångström resolution. It was combined with 
diagnostics such as electric-field induced second-harmonic generation for the contactless 
probing of the changes in charge distribution for thicker SiO2 interlayers. 
 
This thesis also addresses surface passivation stacks, such as Al2O3/a-SiNx:H, SiOx/a-
SiNx:H and SiO2/Al2O3 stacks. The newly introduced SiO2/Al2O3 stacks are compatible 
with very low Seff values, regardless of the SiO2 synthesis method. In fact, the use of Al2O3 
capping layers enabled an unprecedented high interface quality for low-temperature 
synthesized SiO2. This appears to be mainly related to a very effective hydrogenation of the 
remote Si/SiO2 interface during annealing. For both SiO2/Al2O3 and SiO2/a-SiNx:H stacks, 
field-effect passivation was reduced significantly compared to the corresponding single 
layers, which can avoid—sometimes undesirable—inversion conditions. Therefore, by 
using surface passivation stacks, not only the optical and chemical properties, but also the 
underlying passivation mechanisms can be controlled and optimized for solar cell and other 
electronic applications. 
 
Regarding solar cell processing, various aspects pertaining to the feasibility of Al2O3 and 
related technologies are addressed. For instance, the thermal stability of Al2O3-based 
passivation schemes proved to be adequate. Moreover, films deposited using batch- or 
spatial ALD methods—specifically designed by a number of companies to meet the 
throughput requirements for PV manufacturing—were shown to exhibit similar properties 
as obtained by single-wafer laboratory reactors. In addition, a pulsed-precursor PECVD 
process is reported as an alternative method for the fast deposition of Al2O3 and other 
materials. 
 
The development and understanding of Al2O3-based surface passivation schemes in 
conjunction with the new ways of investigating, controlling and manipulating their 
properties, as outlined in this thesis, are important for the ongoing developments in the field 
of photovoltaics aiming at higher efficiencies and lower costs per kilowatt-hour. Based on 
the recent announcements about enhanced efficiencies for industrial-type rear-passivated 
solar cells and the installation of high-throughput deposition systems for Al2O3 in solar cell 
pilot lines, it is expected that Al2O3-based surface passivation schemes will provide a leap 
in performance of a large share of commercially available solar modules in the coming 
years. In a broader context, the relevance of this thesis may extend to the field of  
(nano-)electronics in which the continuous reduction of device dimensions demands even 
more stringent requirements of thin film technology. Extrapolating the rapid developments 
in recent years, it is expected that ALD will play an increasingly important role for Si-
based, but probably also other, photovoltaic applications in the near future. 
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