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I. Framework
A. Metal oxides and their applications
Metal oxide (MO) thin films play an important role in many applications due to the wide
range covered by their optical, mechanical, structural, chemical and electrical properties.
Most of them are characterized by a wide bandgap (>3 eV) and high transparency, while
their refractive index, response to an external voltage, conductivity and crystallinity depend
on the specific metal oxide. The most widespread applications of the metal oxide thin films,
based on each of these properties, are presented below.
The broad range of refractive index values, from 1.54 (Al2O3) to 2.60 (TiO2), makes
metal oxide films suitable as medium- and high-index materials in optical coatings [1]. For
example, the optical filters use combinations of high and low refractive index materials in
order to select a range from the transmitted or reflected light. The antireflection coatings
are also a relevant example of optical coatings, where the principle of total reflection
between two media with very different refractive index values is used in order to reduce the
light reflection in devices such as ophthalmologic and camera lenses or solar cells. Metal
oxides, which have been used extensively as antireflection coatings, include tantalum oxide
(Ta2O5) [2] and titanium oxide (TiO2) [3].
Electrochromic windows are other intensively studied applications of the metal oxide
films, which are based on electrochromism, i.e., the reversible change in the film optical
properties when a voltage is applied. Besides tungsten oxide (WO3), which is the most used
MO for this type of applications, molybdenum oxide (MoO3), vanadium oxide (V2O5) and
nickel oxide (NiO) have also been studied [4,5].
The mechanical properties of the MOs are also largely used in various applications. For
example, the ability of some MOs to generate an electric potential in response to applied
mechanical stress, called piezoelectric effect, is applied in surface acoustic wave devices,
piezoelectric sensors and actuators. This effect appears only in (poly)crystalline, non
conductive materials. Although the most suitable for this purpose are bulk ternary MOs, such
as ceramics and crystals, in the last years also MO films with piezoelectric properties have
been investigated, e.g., lead zirconate titanate (PbZr1-xTixO3, PZT) [6] or zinc oxide
(ZnO) [7].
Due to their highly insulating properties, some MO films can be used as gate dielectrics
in complementary metal-oxide-semiconductor (CMOS) devices. The best gate dielectric has
been, for many years, silicon oxide (SiO2), which has the advantage of low defect density
and high quality-interface with the Si substrate. The rapidly shrinking of the transistor
feature size revealed the need of finding an alternative gate dielectric for SiO2. In this sense
high-κ materials such as aluminum oxide (Al2O3), titanium oxide (TiO2), tantalum oxide
(Ta2O5) and hafnium oxide (HfO2) are being considered. An interesting overview of this class
of materials and the associated technological challenges can be found in Ref. [8].
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Other applications include gas and moisture diffusion barriers, which use amorphous and
very dense films for drink/food/medical packaging, flexible solar cells and OLED
encapsulation [9]. In the last case the requirements on the water vapor and oxygen
transmission rates are very demanding (<10-5 g/m2day and 10-3 cm3/m2dayatm,
respectively) because of the very long shelf-life required, e.g., up to 5-10 years. Besides the
standard material used in these applications, i.e., SiO2, there are also several MOs, such as
aluminum oxide (Al2O3) and ITO, which showed promising results [10].
Another class of MOs is the Transparent Conductive Oxides (TCOs), which combine the
wide bandgap (3-4.6 eV), characteristic to dielectrics, with the low electrical resistivity
(<10-3 Ωcm), characteristic to metals. They are highly transparent in the visible region and
highly reflective in the near infrared, where the so-called “free carrier absorption” takes
place. In general, TCOs are polycrystalline, although, recently, studies on amorphous TCOs
have also been performed [11]. The degree of crystallinity (grain size) influences the
electron transport, i.e., better crystallinity (larger grains) leads to higher film conductivity.
Their numerous applications include front electrodes in solar cells [12,13] and organic light
emitting diodes (OLEDs) [14], contacts in transparent thin film transistors (TTFTs) [15] and
electrochromic devices [16], low-emissivity windows [17], flat panel displays [18] or gas
sensors [19]. Each application has different requirements upon the optoelectronic and
structural properties of the TCO film. For example, for some applications amorphous films
are desired because they are normally easier to etch and smoother than the polycrystalline
films [11]. A summary of the advantages and disadvantages of different TCOs with respect
to different applications is presented by Gordon [20,21].
The first reported TCO was cadmium oxide (CdO) in 1907 [22], obtained by thermal
oxidation of sputtered cadmium. Nowadays the most researched TCOs are tin oxide (SnO2),
indium oxide (In2O3) and zinc oxide (ZnO). Besides the binary compounds, also ternary ones
have been tested, the most successful being cadmium stannate (Cd2SnO4); an interesting
overview of these compounds is given by Coutts et al. [23]. The majority of the TCOs can
be doped n-type, but, in order to fabricate transparent diodes exclusively from TCOs also

p-type materials are needed. The first p-type TCO, reported by Kawazoe et al., was
CuAlO2 [24], and since then the search of new p-type transparent conductors revealed a few
more materials [25-29]. Transparent homojunctions have also been obtained, mainly using
ZnO [30].
Among this variety of metal oxides, specific growth studies of zinc oxide and aluminum
oxide were carried out in this work. The technological and scientific background of this
research, as well as the most important results, will be presented in the remainder of this
chapter.
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A.1. Zinc oxide
Zinc oxide is a II-VI wide bandgap (~3.4 eV) semiconductor which, due to its
remarkable properties, has been subject of intensive research in the last decades. To give
an idea, by searching articles containing “ZnO” and “zinc oxide” in the title, over 15000
results are returned, more than half being published after year 2000 (source: Web of
Science) (Fig.1). The huge interest shown for this material is justified by the wide area of
possible applications, summarized below. Being a very active field, also a few extensive
reviews on ZnO material have been written, representative being [31-33].

number papers
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1000

500
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1960

1970

1980

year
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2000

Figure 1. The number of publications having “ZnO” and “zinc oxide” in the title, as found in
Web of Science

Zinc oxide has been used in many fields over the years, from rubber and concrete
industries to medicine and cosmetics. More recently, ZnO has been implemented in TCO
applications, such as solar cells, liquid crystal displays (LCDs), or energy saving/heatprotecting windows.
Other advantages of ZnO are the resistance to high energy radiation, which makes it
suitable for space applications, as well as the stability and amenability to wet chemical
etching, which can be exploited for the fabrication of small size devices. Moreover, the high
exciton binding energy (60 meV compared to 25 meV for GaN), makes it a strong candidate
for UV light emitters.
ZnO single crystals with mobilities up to 200 cm2/Vs have been obtained by several
groups recently, using vapor-phase [34], pressurized melt [35] and hydrothermal [36]
techniques. The availability of high quality ZnO substrates opened new possibilities for
growing high quality epitaxial GaN, a III-V semiconductor commonly used in UV lasers and
diode applications [37], which has a very small lattice mismatch, of about 2%, with ZnO.

5

___________________________________________________________________________________________

Zinc oxide also proved to be a promising gas sensor, due to the reversible changes
encountered by its surface conductivity upon exposure to different gases. Studies performed
on ZnO as sensor for combustible gases (H2 [38], liquid petroleum gas-LPG [39], CH4 [40]),
toxic gases (CO [41], H2S [40], NOx [42]), food freshness (NH3 [43], trimethylamine [44]) or
ozone [45]) have been reported.
Another interesting class of materials is formed by the dilute magnetic semiconductors
(DMS), which have been thoroughly studied in the last years due to their potential in the
spintronics field. DMSs refer to III-V compounds (GaN, GaAs, AlN etc.) and II-VI materials
(CdTe, ZnSe, CdSe, CdS etc.). Among the last ones, ZnO has received special attention since
the predictions of Dietl [46]. Ferromagnetism was obtained by doping zinc oxide with
various transition metals, such as Mn, Co, V, Sc, Ti, Ni, Cr, Fe or Cu. Despite the
considerable efforts put in these studies, the exact causes for ferromagnetism in ZnO are
still not known, since also contradictory results for the Curie temperature* have been
reported. Nice overviews of the properties of ZnO-based magnetic semiconductors can be
found in Refs. [47-49].
A “hot topic” in the past few years has arisen from the extraordinary ability of ZnO to
self-assemble into nanostructures. In only few years a large variety of nanocrystalline ZnO
structures have been reported, such as wires, rods, walls, belts, combs, springs, spirals,
tetrapods and even cages. The ZnO nanostructures can be used in (nano) sensors [50], field
effect transistors (FETs) [51,52], lasing [53], hybrid solar cells [54,55], or for manufacturing
AFM cantilevers [56]. The techniques used for obtaining the ZnO nanocrystalline structures,
both catalyst-assisted, such as a vapour-liquid-solid (VLS) growth method and molecular
beam epitaxy (MBE) or catalyst-free, such as (MO)CVD, aqueous solution growth, and
electrodeposition. Overviews of the progress and prospective in the ZnO “nanofield”,
together with amazing pictures of these structures, are given in the reviews [31,50,57-61].

ZnO as Transparent Conductive Oxide
Zn is more abundant than In and Sn (94 ppm compared with 0.1 ppm and 2 ppm,
respectively [62]) and less toxic than Cd, which makes ZnO a desired alternative for the
most common used TCOs at the moment, i.e., indium tin oxide (In2O3:Sn, ITO), fluorine
doped tin oxide (SnO2:F) and cadmium stannate (Cd2SnO4). Actually, in the continuouslyincreasing LCD market, finding a good replacement for ITO is a requisite because In
supplies are going worryingly to a shortage [63,64]. Zinc oxide, as an n-type TCO, has
resistivity values lower than 510-4 Ωcm and transmission in the visible region above 80%. In
Table I a succinct comparison between different TCOs is presented.
In its stoichiometric, defect-free form, zinc oxide is a semiconductor. This is, however,
difficult to obtain in practice because of the presence of native defects, such as O vacancies
(VO) and Zn interstitials (Zni), which cause substoichiometry. These so-called “point defects”
*

the temperature above which materials stop having magnetic properties.
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are always present in the material and can act as shallow donors, with energy levels of
about 30 meV below conduction band [65,66]. In addition to the native defects, van de
Walle [67] predicted unintentional doping by H, always incorporated as impurity, due to its
presence in most deposition systems. This theory was proven by several groups [68,69] and
now H is believed to be an important, if not dominant cause for the n-type conductivity in
the as-grown, “undoped” ZnO films. The strongest debate at the moment refers to the
effect of VO and Zni, new theories revealing that VO is actually a deep donor and cannot
contribute to the native n-type conductivity [70]. The results of this debate are important for
applications which require high purity semiconducting ZnO, e.g., single crystal substrates or
channel layers for TFTs.
Table I. Basic polycrystalline TCO properties: a comparison

ZnO:Al

ITO

SnO2:F

Cd2SnO4

crystal structure

wurtzite

cubic bixbyte

rutile

orthorhombic

resistivity [Ωcm]

210

10

310

210

transmission [%]

> 85

> 85

> 85

> 80

bandgap [eV]

3.4-3.6

3.7-4.05

3.6-4.1

2.7-3

applications

solar cells

flat panel displays

solar cells
protective coatings
architectural windows

solar cells

-4

-4

-4

-4

For other applications, such as electrodes in solar cells, high conductivity is required. The
conductivity σ can be improved by increasing either the electron mobility µ, or the electron
concentration n:

σ = neµ

(1)

The improvement of the electron mobility can be achieved, in the case of polycrystalline
films, by increasing the grain size, which enhances the electron path in the material (as it
will be explained in Chapter 2).
For increasing the electron concentration, doping with foreign elements is necessary,
and the donors can come either from group III, i.e., Al, B, Ga, In, Sn, or from group VII,
such as F, Br, Cl. If these atoms are incorporated substitutionally at the Zn and O site,
respectively, then they can act as shallow donors and lead to electron concentrations in the
order of 1021 cm-3. The n-type doping of ZnO with group IV elements, with a minimum
resistivity of 4·10-4 Ωcm, has also been reported [71]. In these cases the background
electron concentration, caused by native point defects and/or hydrogen, can be neglected,
being at least two orders of magnitude lower (1016-1018 cm-3 compared to 1019-1021 cm-3 for
intentionally-doped films).
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The two routes for increasing the ZnO conductivity, however, are not independent. Care
needs to be taken when increasing the electron concentration, because values above
1021 cm-3 can seriously limit the mobility, due to electron scattering at ionized impurities. For
some applications, such solar cells, increasing the mobility is even preferred over a high
doping level because the latter induces light absorption in the near infrared region of the
solar spectrum by free electrons, leading to lower cell efficiencies [72].



p-type zinc oxide

Similar to other wide bandgap semiconductors, zinc oxide is characterized by the
so-called “doping asymmetry”, meaning that it mostly exhibits n-type conductivity. ZnSe,
CdS, or GaN are also generally n-type, while ZnTe is usually p-type. Obtaining both n- and

p-type ZnO is required for fabricating ZnO-based optoelectronic devices.
Synthesizing p-type ZnO is a big challenge because of the presence of native donor
defects and low dopant solubility. After the initial studies on p-type ZnO films reported by
Minegishi et al. in 1997 [73], many attempts for achieving p-type conductivity using different
dopants were reported. Mostly group V elements, such as N [74], As [75], P [76], Sb [77]
were studied as potential acceptors (at the O site). Also elements from group I, such as Li,
Na or K, were predicted to introduce a shallow acceptor level [78]. However, the drawback
is that they have the tendency to incorporate interstitially rather than substitutionally at the
Zn site. In this sense, experiments performed on ZnO:Li [79] showed that the film resistivity
increased, while remaining n-type. Several groups reported on undoped p-type ZnO
obtained in an oxygen-rich atmosphere, which promotes film overstoichiometry (O/Zn>1)
[80,81]. A solution for the low dopant solubility might be codoping with a donor atom [82],
e.g., small concentrations of Ga or Al can enhance the incorporation efficiency of nitrogen
[83,84].
Theoretical calculations showed that nitrogen is the best candidate for p-type doping of
ZnO [85]. Nitrogen can incorporate either in atomic or molecular form, but only the first one
is recommended for achieving p-type conductivity [86]. The reason is that, while N can act
as a shallow acceptor, N2 results in a double donor if incorporated in the ZnO lattice.
Following this, precursors such as NO or NO2 are preferred to the N2-containing N2O or N2. If
the latter are used, a high N production is required, which is difficult to achieve in many
techniques used for ZnO deposition.
To conclude, reliable p-type ZnO films and ZnO homojunctions have only been achieved
in the last couple of years. Besides these “successful” articles, there are many more reports
on the failure of the p-type doping, often despite using the same approach. This indicates
that in depth studies, which could lead to understanding of the exact doping mechanisms,
are “a must” for obtaining reproducible and stable p-type ZnO material.
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A.2. Aluminum oxide
Aluminum oxide (Al2O3) is one of the most studied metal oxides due to its very
interesting properties: it is a good barrier to (Na) ions and impurities, highly resistant to
electron beam and UV radiation, but also to more complex environments, such as plasma,
where there is a synergy between (V)UV radiation and radicals/ion bombardment. Al2O3 also
has a relatively high dielectric constant (7.7, compared with 3.9 for SiO2) and very high
thermal conductivity (0.36 W/cmK compared to 0.014 W/cmK for SiO2) [87]. Therefore,
alumina films are suitable for microelectronics, optical waveguides and sensors. The high
hardness of crystalline Al2O3 (position 9 on Mohs scale of mineral hardness) justifies its
commercial use in abrasives or as protective coating for cutting tools and sensors. The most
stable crystalline phase is α-Al2O3. For some applications, other phases are desired (like the
metastable κ-Al2O3, due to the lower porosity and smaller grains [88]). Therefore, many
studies were performed for determining under which conditions one phase or the other was
developing, especially until a decade ago.
More recently, new applications gained a lot of interest, such as gas and moisture

diffusion barriers for food packaging and flat panel displays. These applications use
temperature-sensitive substrates (e.g., polymers) and, therefore, the Al2O3 thin films need
to be deposited at low temperatures, preferably below 150 ºC. At such low temperatures the
grown Al2O3 films are amorphous, which is beneficial for this type of applications, because,
due to their disordered structure, amorphous materials have no inter-grain leaking channels.
The amorphous Al2O3 films obtained at low temperatures are dense (refractive index n=1.6
at RT) when deposited by sputtering [89] and atomic layer deposition [90]. When deposited
by chemical vapor deposition, however, they are often porous (n<1.55) and contain many
(Al-)OH groups, detectable by FTIR [91]. More details on the deposition techniques can be
found in Section A.3.
Common routes for improving the density of these films are a further increase in the
substrate temperature or post-annealing, resulting in higher refractive index, lower OH
incorporation, or even crystallization above 600 ºC [92]. However, none of these solutions is
suitable for low thermal budget applications, such as for barrier coatings on polymer
substrates. For Al2O3 films deposited by remote plasma-enhanced chemical vapor deposition
techniques, a tool which can lead to an improvement in the film properties without
increasing the substrate temperature above the critical value is the addition of ion
bombardment, e.g., by applying an external RF bias to the substrate. This has already been
proven to be effective in densifying other amorphous films, such as a-Si:H [93], SiNx [94],
and SiO2 [95], deposited by a remote plasma deposition technique (more details about this
technique will be presented in Section A.3).
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A.3. Deposition techniques for ZnO and Al2O3
Various techniques are used for the deposition of metal oxides: wet techniques,
including spray pyrolysis and sol gel, which are relatively fast and cheap, but lack good
uniformity control. Dry techniques include Physical Vapor Deposition (PVD) and Chemical
Vapor Deposition (CVD). The most widespread PVD techniques are pulsed laser deposition

(PLD), vacuum evaporation and sputtering. They all consist of a solid metal or metal oxide
target which are ablated/evaporated/sputtered (in a reactive atmosphere, if a metal target is
used) and then redeposited on a substrate. Among them sputtering has been established as
a very suitable technique for metal oxide deposition, due to the cleanliness of the process
and the possibility of easily tuning the film composition via the target composition. Thermal
CVD techniques are classified according to the working pressure (atmospheric-APCVD, low
pressure-LPCVD) and are very suitable for large area scaling, delivering uniform high quality
films, at higher deposition rates than PVD.
A variation of CVD is plasma enhanced chemical vapor deposition (PECVD). This
technique has gained a lot of interest over the years due to several (potential) advantages
over the classical (thermal) CVD:
1. Low deposition temperatures (<250 ºC), due to the plasma reactivity, which facilitates
the precursor molecule dissociation and radical formation in the gas phase;
2. Potential for high deposition rates;
3. The possibility of “tuning” the film properties by means of a controlled ion bombardment
at the film growing surface, depending on the reactor geometry/ electrode configuration
and on the power supply (from DC to AC in the KHz-MHz and VHF ranges), like in the
case of Al2O3 presented in this thesis;
4. High flexibility in tuning the plasma chemistry, which makes possible significant changes
in growth mode. A consequence of this can be the possibility of growing, in the same
deposition system, both natively rough/smooth, conductive/resistive films, as addressed
in the case of ZnO presented in this thesis;
5. High dissociation degree of different molecules: for example, a high N2 dissociation
degree can increase the nitrogen doping efficiency for achieving p-type ZnO (as
discussed in this thesis).
The characteristic reactor geometry for the PVD and CVD techniques, together with their
advantages/disadvantages,

the

typical

deposition

parameters

and

precursors,

are

summarized in Frame 1.
In the ZnO and Al2O3 fields, sputtering and CVD are by far the most used techniques.
Because CVD is more interesting for the work performed in this project, we summarized in
Table II the most important results obtained with this technique on ZnO deposition. It can
be seen that the most used precursor for the CVD of ZnO is diethylzinc, in combination with
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different oxidizers. The conductivity and transparency of the CVD-deposited films are
comparable with the ones deposited by sputtering and PLD, with the observation that CVD
seems to induce a dependence of the conductivity on thickness and a native roughness. The
variety of precursors used for low temperature deposition of Al2O3, on the other hand, is
much broader in the case of CVD (Table III). Reliable p-type ZnO has only recently been
achieved and the most important results obtained with the CVD technique are shown in
Table IV. This table shows that p-type doping of ZnO by CVD, reported by only a few
groups, has mainly been achieved by using single N-containing precursors.
Despite its advantages, the PECVD technique is presently being employed for ZnO and
Al2O3 deposition only by a few research groups around the world. The reasons for this are
the challenges, which are also involved in the PECVD of metal oxide. A few examples include
a limited knowledge of the reactions undergoing in the plasma phase and at the surface of
the growing films, because of the complex chemistry associated with the use of
metalorganic and alkide precursors. However, it is exactly this complexity which allows to
obtain distinctive growth modes (from purely chemistry- controlled, to ion bombardmentaided) and morphology developments, from porous to highly dense film matrix, from sub- to
stoichiometric film chemistry, each one of them “delivering” specific electrical and optical
film properties.
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Frame 1: Typical deposition techniques used for metal oxide deposition
Physical Vapor Deposition (PVD)
sputtering [96]
variable parameters: pressure, bias
voltage (at the target), power,
oxygen partial pressure, temperature
parameter

INERT GAS

PLASMA

POWER
SUPPLY

range

PLASMA

COATING
FLUX

REACTIVE
GAS INJECTION

metal targets in oxygen
atmosphere (reactive
sputtering/evaporation)

pressure [mbar]
temperature [ºC]
dep rate [nm/s]

SUBSTRATE(S)
ELECTRODE

TARGET (-)

metal oxide targets

precursors

evaporation [97]

POWER
SUPPLY

SUBSTRATE

VACUUM
CHAMBER
AT PARTIAL
VACUUM

10-2-10-3
as low as RT
< 1-2 nm/s

ELECTRON BEAM
EVAPORATION
PRESSURE
BARRIER

VACUUM
PUMPS

Advantages:
• straightforward relation between
target and film composition
• low impurity level
• excellent uniformity
• good film quality

VACUUM
CHAMBER

VACUUM
PUMPS

Disadvantages:
• relative low deposition rates
• difficult to upscale to large areas
• target contamination (“poisoning”)

Chemical Vapor Deposition (CVD)
hot-wall LPCVD [97]
Pressure sensor

rf-PECVD
Gas flow in

3-zone furnace

Electrode
with showerhead

Wafers

Gas to pump

Pump
Gas inlet
Load door

Powered electrode
with substrate

Quartz tube

RF power supply
(with matching network)

CVD = thermal decomposition of the precursors
at the surfaces at low (LPCVD), intermediate and
atmospheric (APCVD) pressure

Advantages PECVD:





Advantages:
 suitable for large scale deposition
 higher deposition rates
 simple/inexpensive configuration
Disadvantages:
 vapor pressure and handling of precursor
may be an issue (precursor delivery)
 relatively high deposition temperature
 precursors need to react with each other at
the surface - surface reactions not available for
every precursor
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high reactivity at low temperatures
wide range of precursor chemistry
possibility for high deposition rates
versatility in reactor geometry and
electrode configuration
Typical parameter ranges for CVD
parameter

range
metal halides

precursors

metalorganics
metal alkides

pressure [mbar]
temperature [ºC]
dep rate [nm/s]

10-2-atm
as low as RT
up to 1-2

Table II. n-type ZnO deposition by CVD
Nr. crt. Material
1

UZO
ZnO:B

Dep. technique
(photo-)MOCVD

2

UZO

single source CVD

3

ZnO:Ga
UZO

single source CVD

4

ZnO:B

MOCVD

5

ZnO:Al

AP-MOCVD

6

ZnO:F

AP-MOCVD

7

ZnO:Ga

AP-MOCVD

8

ZnO:B

AP-MOCVD

13

9

ZnO:Al

MOCVD

10

ZnO:Ga

LP-MOCVD

11

UZO
ZnO:Al
ZnO:Ga

MOCVD

13

ZnO:B

LP-MOCVD

14

ZnO:Al

PE-MOCVD (ECR)

15

UZO

PE-MOCVD (rf)

12

16

ZnO:Ga

17

UZO
ZnO:Al
ZnO:Al
ZnO:Al

18
19

MOCVD

PE-MOCVD (rf)
PE-MOCVD (ETP)
RF sputtering
PLD

Precursors
Zn(C2H5)2/H2O
B2H6
MeZn(OPr')
MeZn(OBu')
ZnO-Ga2O3/H2 ?
Zn(C2H5)2/H2O
B2H6
Zn(C2H5)2/D2O
Zn(C2H5)2/C2H5OH
Al(C2H5)3
Zn(C2H5)2/C2H5OH
C3F6
Zn(C2H5)2/H2O
Ga(C2H5)3
Zn(C2H5)2/(CH3)3COH
B2H6
Zn(C5H7O2)2/H2O
Al(C5H7O2)3
Zn(C2H5)2/O2
Ga(C2H5)3
(C2H5)ZnN(C2H5)2/O2
Zn(C5H7O2)2/O2
(Al&Ga)(C5H7O2)3
Zn(C2H5)2/H2O
B2H6
Zn(C2H5)2/O2/H2
Al(CH3)3
Zn(C2H5)2/O2
Zn(C2H5)2/O2
Ga(CH3)3
Zn(C2H5)2/O2
Al(CH3)3
ZnO:Al2O3 target
ZnO:Al2O3 target

Legend:
MOCVD = metalorganic chemical vapor deposition
PE-MOCVD = plasma-enhanced MOCVD
LP-MOCVD = low pressure MOCVD
AP-MOCVD = atmospheric MOCVD
PLD = pulsed laser deposition

Pressure

Tsubs

Resistivity

Transmission

[mbar]

[°C]

[nm/s]

[µm]

[Ωcm]

[%]

8

150

0.6
0.7

2.4

1.2-16
2·10-2-7·10-4

NA

20

250 - 400

0.06 - 0.12

0.19 - 5.5

300 - 900

NA

alternative precursors

Auld et al. [b]

NA
1.3-33

RT- 650
120 - 270
100 - 300
100 - 150

NA

NA
2.5

5·10-4
NA
2·10-3

GZO stable up to 650°C
max grain size: 500 nm at 150°C
natively textured, opt at 150°C
smooth films

Ataev et al. [c]
Wenas et al. [d1]

2·10-3

> 85
> 85
> 80
90

[Al]=0.3-1.2 at%, thickness effect

Hu et al. [e1]

8

Dep. rate Film thickness

0.3 - 0.9

2

atm

367 - 444

1.1 - 1.65

0.25 - 0.85

8.3·10-4 - 4.5·10-4

85

atm

350 - 470

0.4 - 4

0.78

2·10-3 - 4·10-4

Observations

Reference

UV exposure increases conductivity

Yamada et al. [a]

> 85

[F]=0.1-1 at%, rough by water

Hu et al. [e2]

-4

Hu et al. [e3]
Hu et al. [e4]

atm

150 - 470

0.25 - 2

0.25 - 1.2

10 - 4·10

> 80

[Ga]=2.5-7.5 at%, thickness effect
very complete paper

atm

300 - 420

max 2.5

0.25 - 1.3

10-3- 5·10-4

> 80

smooth films; thickness effect

-3

Wenas et al. [d2]
Wenas et al. [d3]

80

350 - 550

max 0.5

0.19 - 0.36

4.6·10

> 85

0.4

400

0.1 - 1

0.05 - 0.8

2.6·10-4

> 85

atm

250 - 350

0.1

400

> 85

133

475 - 540

0.03 - 0.14

NA

1.4 - 0.3
9·10-3
2·10-3

> 400 nm very rough
doping Al efficiency < sputtering
smooth films; grains ~ 50 nm
thickness effect
poor volatility of the precursor at RT

> 85

Ga doping seems more efficient

Haga et al [i]

0.5

130 - 235

1.2 - 3.7

2 - 2.5

1.5·10-3

> 80

natively textured, thickness effect
pyramid growth, micromorph solar cells

Fay et al. [j,j2]

~1.3

200

0.3

NA

7·10-3

92 - 96

H2 necessary for high conductivity

Martin et al. [k]

0.7

325 - 400

0.2 - 0.6

0.2 - 1.4

5.1·10-2- 4.5·10-3

~ 85

0.2 - 0.6

350

0.45

0.2 - 2.5
2.5
4·10-4 - 4·10-2
6.7·10-3 (O2)

150 - 300
200
100, 330
200

0.2 - 0.55
0.5
0.2 - 0.9
NA

0.4
1
100 - 1350
100 - 300

References:
[a] Yamada et al. , Jpn. J. Appl. Phys.2 30, L1152 (1991)
[b] Auld et al. , J. Mat. Chem. 4, 1249 (1994)
[c] Ataev et al. , Thin Solid Films 260, 19 (1995)
[d1] Wenas et al. , Jpn. J. Appl. Phys. 2 30, L441 (1991)
[d2] Wenas et al. , J. Appl. Phys. 70, 7119 (1991)
[d3] Wenas et al. , Jpn. J. Appl. Phys. 2 33, L283 (1994)
[e1] Hu et al. , J. Appl. Phys. 71, 880 (1992)

-3

-4

best 7.5·10

2·10-3
6·10-4
10-2- 3·10-4
3.7·10-4

~ 93
> 80
> 80
90

smooth films
analogy with hydrocarbon chemistry
smooth films (2 nm)
grains 50-100 nm, pillar-like
natively rough, a -Si:H solar cells
AZO smoother, higher Ar flow necessary
highest mobility AZO sputtering (44.2 cm2/Vs)
anode for OLEDs

Sato et al. [f]
Li et al. [g]
Suh et al. [h]

Robbins et al. [l1]
Robbins et al. [l2]
Groenen et al. [m]
Agashe et al. [n]
Kim et al. [o]
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Table III. Low temperature Al2O3 deposition
technique (Al precursor)

Tsubs [oC]

bias[V]

deposition rate
[nm/min]

photo-CVD + DC bias
(TMA/N2O)

140-400

>200
positive and
negative

200

photo-CVD (ATI)

260-370

-

<10

rf-PECVD (TMA/N2O)

150-300

-

32-40

rf-PECVD (TMA/N2O)

120-300

-

AP-MOCVD (ATSB)

330

-

rf-PECVD (AlCl3/CO2/H2)

300-500

-

540
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remote MW-PECVD + rf bias
(TMA/O2)
dc reactive sputtering (Al
target+O2 )
ion beam assisted deposition
(IBAD)
(vapoured Al+O ion
bombardment)
filtered cathodic vacuum
system
(Al cathode/O2)
filtered cathodic vacuum
system
(Al cathode/O2)
Hot wall-CVD
(Al(acac)3/synthetic air)
ETP-PECVD + rf bias
(TMA/O2)

refractive index

1.52 (positive bias)
1.63 (negative bias)
1.55 (260 oC)
1.60 (370 oC)
1.53 (150 oC)
1.56 (200-300 oC)

reference

Solanki et al. [98]
Saraie et al. [99]
Kang et al. [87]

18 (120 oC)
9 (300 oC)
5-20
8 (500 oC)
40 (300 oC)

-

Kim et al. [91]

1.56–1.63
1.61 (300 oC)
1.73 (500 oC)

Haanappel et al. [100]

-100

187-250

-

Tristant et al. [102]

<80

-

54

1.50-1.62

Henry et al. [10]

<250

-

-

1.30 (10keV, amorphous)

Lin et al. [101]

Shimizu et al. [103]

1.62 (20keV, γ-Al2O3)
RT?

-

30-42

1.65–1.71

Zhao et al. [104]

RT?

-

30

1.70–1.73
(annealing <600 oC);
annealing at 900 oC: γ-Al2O3

Zhao et al. [105]

500

-

4

-

Pflitsch et al. [106]

<150

0 to -40

6

1.40-1.60

this thesis

Legend: TMA=trimethylaluminum; ATI=aluminum tri-isopropoxide; ATSB=aluminum-tri-sec-butoxide; Al(acac)3=aluminum acetylacetonate
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Table IV. p-type ZnO deposition by CVD
Material

Deposition
technique

ZnO:N

CVD

ZnO:N

MOCVD

ZnO:N

PECVD+annealing

ZnO:N

single source CVD

ZnO:N

MOCVD

Precursors
Zn/ZnO powder
NH3
Zn(C2H5)2/NO
Zn(C2H5)2/NH3
oxidation of Zn3N2
Zn(CH3COO)22H2O
CH3COONH4
Zn(C2H5)2/NO

Resistivity

Reference

[Ωcm]
34

Minegishi et al. [73]

20

Li et al. [107]

153

Li et al. [108]

20

Lu et al. [109]

3

Xu et al. [110]

In the work presented in this thesis a remote plasma-enhanced (PE-)MOCVD technique,
so-called “expanding thermal plasma (ETP-)MOCVD”, was applied for depositing ZnO and
Al2O3 thin films. A picture of the experimental setup is presented in Figure 2 and more
details on the experimental conditions can be found in Frame 2. The ETP technique was
previously applied in our group for the deposition of high-quality and high-rate a- and
nc-Si:H [111,112], a-SiNx:H [113], a-C:H [114] and SiO2 [115] thin films.

Figure 2. The ETP-MOCVD deposition system for zinc oxide and aluminum oxide

Using this expertise, a project on zinc oxide deposition using the expanding thermal
plasma technique [116] started in 1999, in collaboration with TNO Eindhoven. In that
project, feasibility studies on the ETP technique for ZnO deposition were performed. The
deposited films were characterized by high transparency in the visible region (>80%) and
15
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low resistivity values (undoped ~10-3 Ωcm and Al-doped: ~6·10-4 Ωcm). Moreover, the ZnO
films exhibited native roughness or “texture” (>4% of film thickness), an important property
in solar cell applications, where the light path within the active layer is enhanced by the
electrode roughness, increasing, therefore, the efficiency of the solar cell.
In figure 3 typical cross-sectional SEM pictures of a natively rough ZnO film and of an
(a, µc)-Si solar cell, respectively, are presented. Unstabilized and unoptimized cell
efficiencies of up to 9.5 % were obtained for the a-Si:H solar cells, values which are
comparable with the efficiency of a cell that uses Asahi U-type SnO2:F (commerciallyavailable TCO) as front electrode. More details about the ZnO films and plasma properties,
as well as about the a-Si:H solar cell applications, can be found in Roland Groenen’s PhD
thesis [117] and articles [118-123].

front electrode

pin
active layer

glass substrate

back reflector

Figure 3. Cross-sectional SEM picture of an undoped ZnO film (left) and of pin (a, µc)-Si solar
cell structure, with ZnO as front electrode (right)

In the initial phase of the present project, started in 2003, the applicability of ZnO as
front electrode in µc-Si:H solar cells, deposited in collaboration with Forschungszentrum
Juelich†, was demonstrated. In Table V the initial efficiencies of both types of solar cells are
presented. For a-Si:H solar cells a comparison is made between the undoped ZnO by
ETP-MOCVD and Asahi-U type SnO2:F, which is a commercially-available TCO and
considered as being the best TCO for a-Si:H applications. The µc-Si solar cells [124] were
deposited on both undoped and Al-doped ZnO, obtained by ETP-MOCVD, and compared
with those deposited on post-etched ZnO obtained by sputtering in Juelich [125]. Note that
our ZnO layers were natively rough, thus no extra step was needed in order to make them
suitable for these specific applications. The lower efficiency can be attributed to the
unoptimized morphology and electrical properties.

†

These solar cells were deposited in collaboration with prof. B. Rech’s group in Juelich. The authors
gratefully acknowledge Menno van den Donker, who deposited and characterized the cells.
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Table V. The initial efficiency of (a, µc)-Si solar cells deposited on ETP-ZnO and on standard
SnO2:F, respectively undoped ZnO (UZO) and Al-doped ZnO (AZO)
front electrode

ηini [%]

a -Si:H
UZO (ETP)

9.5

SnO2:F (Asahi-U)

9.6

µc -Si:H
UZO (ETP)

5.4

AZO(ETP)

7.1

AZO(Juelich)

8.5

A parameter which is directly related to the electrode quality is the solar cell quantum
efficiency (QE). QE is defined as the number of electron-hole pairs collected for every
photon that enters the cell. This parameter depends on the TCO transparency, i.e., if the
electrode is not transparent the light cannot arrive to the active layer, and on the TCO
roughness, i.e., a rougher electrode enhances the light path inside the active layer of the
cell, increasing the amount of electron-hole pairs generated. In Figure 4 the spectral
quantum efficiency curves for the µc-Si:H solar cells, deposited on both undoped and
Al-doped ZnO, are shown. The higher efficiency obtained in the low wavelength region when
using Al-doped ZnO as front electrode can be attributed to an increase in the ZnO bandgap
upon doping, namely the Burstein-Moss shift [126]. QE in the 600-1100 nm region, on the
other hand, is lower for the Al-doped ZnO films, because of the “free carrier absorption”,
taking place when the electron concentration is high (21020 cm-3 for ZnO:Al compared with
21019 cm-3 for undoped ZnO).
1.0
µc-Si:H solar cell:
undoped ZnO
ZnO:Al

0.8

QE

0.6
0.4
0.2
0.0
300

400

500

600

700

800

900

1000 1100

wavelength (nm)
Figure 4. The spectral quantum efficiency curve of a pin µc-Si:H solar cell using both undoped
and Al-doped ZnO front electrodes
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Frame 2. The remote PE-MOCVD setup used for the zinc oxide and
aluminum oxide deposition
Part I – Expanding thermal plasma for MOCVD
To deposit zinc oxide and aluminum oxide films we used the expanding thermal plasma
technique, which was described in detail elsewhere [116,127]. The plasma is generated
inside an argon-fed high pressure (300-650 mbar) cascaded arc channel (2.5 mm channel
diameter) and then it expands supersonically, via a nozzle, into a low pressure
(0.2-1.5 mbar) deposition chamber. The ionization efficiency of Ar in this cascaded arc is
5-25 %, depending on the arc current, as determined by Langmuir probe measurements,
performed at 20 cm distance from the plasma source (Fig. 5) [117]. The reactor chamber,
as well as an image of the expanding Ar plasma, are presented in Figure 7.

20

20

(a)

20

-3

15

5
30

10

40

50

60

arc current [A]

35 sccm O2

15

50 sccm O2

18

70A

10

(b)

0 sccm O2

25

ion density [10 m ]

arc efficiency [%]

15

18

-3

ion density [10 m ]

30

70

50A

5
30A
0

10

5

0
0

50

100

150

200

0

radial position [mm]

50

100

150

200

probe position [mm]

Figure 5. Radial ion density profiles (a) in an Ar plasma, at different arc current values and (b)
in an Ar/O2 plasma, at different O2 flow values; the downstream pressure was 0.1 mbar; the Ar
flow was 840 sccm

 Ar/O2 plasma
In the expanding thermal plasma, the electron temperature is very low (~0.2–0.3 eV)
[128]. As a consequence, the Ar+ ions and electrons, produced in the cascaded arc plasma
source, are consumed by O2 injected downstream, according to the charge exchange
reaction (2a), followed by the dissociative recombination reaction (2b) [129]:
Ar+ + O2  O2+(*) + Ar(*)

kCE ~ 4.6·10-17 m3s-1

(2a)

O2+ + e  O + O(*)

kDR ~ 1.95·10-13 m3s-1

(2b)

The significant consumption of Ar+ by O2 can also be observed in the radial ion density
profiles determined by Langmuir probe measurements and shown in Figure 5(b).
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 Ar/O2/metalorganic (MO) plasma
Although not clear yet whether atomic or molecular oxygen plays the most important
role in the metal oxide film formation, the chemistry in MO/oxygen plasma systems is
often associated with the hydrocarbon chemistry [117,130]; for example, for O2/Zn(C2H5)2
(DEZ) system the complete combustion reaction is:
Zn(C2H5)2 + 7O2  4CO2 + 5H2O + ZnO

(3)

Confirmation that this association is valid is given by mass spectrometry measurements
(Fig. 6), performed by Groenen et al. [117], although the role of the plasma has not been
fully investigated in this case (DEZ and O2 react also in the absence of plasma).

0.030
0.025

0.008

+

+

CO , C2H4
solid
+

+

+

CO2 , C2H4O , C3H8

0.006

I/IAr

0.015

++++
OOOO
HHHH 2222

+

0.020
+

H2

open

0.004

+

O2 ; 1/4 I/IAr

0.010

+

0.002
0.005

+

+

C2H5 , CHO
C2H2

0.000
0

25

+

0.000

50

75

100

oxygen flow [sccm]

125

Figure 6. Different fragments related to the combustion chemistry in an Ar/O2/DEZ plasma
(from Ref. [117])

Therefore, the ratio MO/O2 is critical in the deposition process of metal oxides. For
ZnO, in particular, specific “oxygen-poor” conditions are necessary for promoting the film
substoichiometry and increasing conductivity. However, the oxygen flow can not be
decreased below a critical value, because the incomplete combustion can lead to high C
impurity level in the deposited films. Moreover, the excess of H produced in these
conditions can also contribute to the intrinsic conductivity of the ZnO films.
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Part II – Technical details
The metalorganic precursors, i.e., diethylzinc (Zn(C2H5)2, DEZ) and trimethylaluminum
(Al(CH3)3, TMA) are premixed in a heated metallic cylinder and then injected in the
deposition chamber via an injection ring (Φ=15 cm), situated 30 cm away from the plasma
source (right in front of the substrate, not shown in the picture). Oxygen can be injected
either in the arc nozzle or via an injection ring (Φ=10 cm), placed 6.5 cm in front of the
arc. Both injection rings have 8 small holes, equally distanced. During the depositions of
nitrogen-doped ZnO, for achieving the highest dissociation efficiency, nitrogen gas was
injected in the arc channel. Working with metalorganic precursors, especially in oxygenpoor conditions, leads to high contamination of the reactor walls with carbon-containing
compounds. In order to simplify the cleaning procedure, an Al foil (0.5-1 mm thick) was
used to cover the walls and was periodically replaced. The samples were deposited in a
wall-conditioned reactor, i.e., prior to the experiment at least two deposition runs were
performed after the Al foil replacement.
oxygen ring
viewing ports
cascaded arc

substrate
holder
loadlock

arc nozzle

precursor lines

to the pumps
ports for injecting DEZ, TMA

Figure 7. Deposition reactor (left) and side view of the expanding Ar plasma, the nozzle and
the O2 ring (right)

The reactor has a number of viewing ports which were used for in situ ellipsometry,
optical emission spectroscopy and mass spectrometry measurements, but also for visual
inspection of the (deposition) plasma. A separately-pumped loadlock system is used to
introduce the substrate in the reactor without breaking the vacuum. A heater block with a
PID controller allows to achieve the desired substrate temperature. For better heat
conduction between the copper joke and the substrate, a small flow of helium, regulated by
a needle valve, was used. An agreement within 10% was achieved for Tsubs>200 ºC [117].
The ranges of different deposition parameters are listed in Table VI.
The typical sample size was ~ 2x2 cm2, placed in the middle of the substrate holder and
uniform within 10% (sheet resistance). For the 10x10 cm2 used for solar cells a uniformity
of <30% was observed. The uniformity of the samples increased when the pressure was
lowered, due to the widening of the plasma beam.
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Table VI. Ranges of deposition parameters used in the ETP-MOCVD process

parameter

range

arc current [A]

20 - 70

arc pressure [mbar]
Ararc flow [sccm]

300 - 650

DEZ flow [g/h]
ArDEZ [sccm]

0 - 25

0 - 2000
0 - 200

TMA flow [g/h]
ArTMA [sccm]

0-2
0 - 200

O2 flow [sccm]

0 - 200

N2 flow [sccm]
Tsubs [ºC]

0 - 200
100 - 400

downstream pressure [mbar]

0.1 - 2.5

The liquid precursors, i.e., DEZ and TMA (Akzo Nobel, SSG grade), are evaporated at
constant rate by two controlled evaporating and mixing units from Bronkhorst HighTech
B.V., which are heated up to 80 ºC for DEZ and 100 ºC for TMA, both using Ar as carrier
gas (ArDEZ and ArTMA) [131]. The liquid delivery system is shown in Figure 8. Because of
the high reactivity of the metalorganics with O2 and moisture, a fairly complicated
assembly of lines, manual and pneumatic valves, together with a spare line towards a
pumped “condenser” vessel is used to increase the safety of the system. Note that this
type of precursors is normally dosed with bubblers [132], which are easier to handle, but
not as precise, especially at very low flow rates. CEM systems are more accurate;
however, a lot of care needs to be taken when working with metalorganics because of
their tendency to form powder in contact with very small amounts of (residual) oxygen or
water, which can lead to blockages in the CEM lines.

TMA

DEZ

Figure 8. The liquid (DEZ and TMA) supply units
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B. Goal and outline of the thesis
There are two major challenges in the field of plasma enhanced chemical vapor
deposition. One is the role of plasma, i.e., chemistry, radicals, ion bombardment, which have
an influence on the film growth. The other one is the film growth mode, i.e., nucleation,
grain formation, surface roughness, and its impact on the film macroscopic properties.
In the research presented in this thesis we chose to focus on understanding and

controlling the growth of metal oxide thin films, and, in particular, of ZnO films deposited by
means of the ETP-MOCVD technique. Achieving this goal will indicate routes towards further
improvement of the ZnO film optoelectrical and morphological properties and, eventually,
widens the application area of these films.
Depending on the application, ZnO films with different properties, either thin or thick,
smooth or rough, conductive or resistive, n-type or p-type, are required. For example,
currently, in the case of CVD-deposited ZnO, only layers thicker than 1 µm have satisfactory
low resistivity (<10-3 Ωcm) as transparent front electrodes in solar cell applications.
Reducing the electrode thickness to less than 300 nm would make the solar cell more cost
efficient, while the amount of light entering the cell (given by the electrode transparency)
would also increase.
In this thesis the dependence of the intrinsic properties (crystallinity, stoichiometry,
doping level etc.) and extrinsic properties (grain size, morphology) on the film thickness was
studied and correlated with the electrical characteristics of the deposited layers, as a first
important step in understanding the ZnO film growth by ETP-MOCVD. An extensive set of

ex situ and in situ film diagnostic techniques was employed to characterize the ZnO films.
The availability of optical film diagnostics (spectroscopic ellipsometry) allowed to investigate
the in grain electronic properties, essential for defining the role of grain boundaries in
limiting the electron transport in the ZnO films. In the field of p-type ZnO, more attention
was given to the study of plasma chemistry and its influence on the doping efficiency. The
feasibility of the ETP-MOCVD technique for the deposition of other metal oxides, such as
aluminum oxide (AlOx) was also demonstrated. Moreover, two routes towards the control of
film growth were further elaborated. In the case of Al-doped ZnO, the transition from

pyramid-like to pillar-like growth modes was possible by changing the downstream pressure
in the ETP-MOCVD setup. In the case of AlOx, the densification was achieved by adding ion
bombardment to the ETP-MOCVD process.
The thesis is structured into two parts: the first part addresses the research framework
and the second part reports on the experimental results. Chapters 2-5 contain papers either
submitted or published in peer-reviewed international journals.
The influence of the pressure on the AZO film growth mode and, in particular, on the
electrical and morphological film properties, is presented in Chapter 2. The in situ monitoring
of the ZnO film growth by spectroscopic ellipsometry measurements is presented in Chapter
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3, which addresses real time information on the film roughness, for the undoped ZnO films
(first part of Chapter 3), and on the growth mode and the in grain electronic properties for
Al doped ZnO films (second part of Chapter 3). The study of the nitrogen incorporation in
the ZnO grown using a metalorganic Zn precursor, in an activated nitrogen environment, is
presented in Chapter 4. Finally, in Chapter 5, the study of the aluminum oxide film
deposition at low substrate temperature in the presence of a substrate biasing technique is
reported, demonstrating the feasibility of the ion bombardment-aided ETP-MOCVD technique
in obtaining AlOx films compatible with temperature-sensitive substrates.

II. Zinc oxide deposition in a remote plasma MOCVD process: a short
overview of the main results
A. Al-doped ZnO film growth
A serious challenge in the ZnO deposition by MOCVD is the strong gradient in the
electrical properties with the film thickness. From literature it appears that this gradient is
very much dependent on the deposition technique and specific working conditions. For
example, Fay et al. [133] reported a strong resistivity gradient with thickness for the ZnO:B
films deposited by LP-MOCVD, i.e., from ~2.2 Ωcm at 37 nm to ~1.2·10-3 Ωcm at 3 µm,
while the gradient observed by Hu et al. for both ZnO:B [134] and ZnO:Ga [135] deposited
by AP-MOCVD is rather limited, from ~9·10-4 Ωcm at 160 nm to ~3.8·10-4 Ωcm at 1200 nm.
In the work presented in this thesis, referring to ZnO:Al deposited by ETP-MOCVD, a similar
gradient to Fay et al. is observed, i.e., from ~0.3 Ωcm at 70 nm to 7·10-4 Ωcm at 1300 nm.
The dependence of the electrical properties on the film thickness is not a novelty, being
observed for ZnO films in all deposition techniques, including PLD [136], sputtering
[72,137,138] or spray pyrolysis [139]. In those cases, however, the resistivity gradient does
not exceed an order of magnitude in the first 200-300 nm of film growth, after which it
decreases to a plateau value, referred to as “bulk value”. A stronger gradient was observed
for the sputtered films only when polymer substrates were used [140]. Figure 9 reviews
several results reported in literature. Note in this figure the scaling behavior of the resistivity
in the case of the ZnO films deposited by ETP-MOCVD. This allows one to determine the
local values of the resistivity at a specific thickness, as described in detail in Chapter 2.
The resistivity gradient with thickness can generally be related to a gradient in carrier
concentration and/or in carrier mobility. When the electron concentration is constant, the
resistivity gradient can be attributed entirely to an electron mobility variation, which is
caused by the electron scattering at impurities and/or grain boundaries. In this work, the
lateral grain development during film growth is found to be responsible for the resistivity
gradient in the AZO films deposited by ETP-MOCVD (as it will be extensively addressed in
Chapter 2). This is also the case of Fay et al. [141], as well as, although to a much smaller
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extend, of most sputtering and PLD work. In other cases, such as Qu et al. [142], where
both carrier concentration and mobility change during growth, the resistivity gradient cannot
be solely attributed to a variation in grain size. Although many studies mention it, they do
not report any in depth analysis of the resistivity gradient or of the routes to control such
development. It is exactly this kind of studies which represents the novelty of the work
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Figure 9. Resistivity gradient for doped ZnO films deposited by different techniques. For
clarity, full symbols refer to MOCVD and empty symbols to PLD and sputtering

The growth mode characterized by a strong resistivity gradient and grain development,
characteristic to some of the MOCVD processes, is being referred to in this thesis as

pyramid-like, while the one characterized by a very small resistivity gradient and very limited
or no grain development, typical to sputtering and PLD processes, is being referred to as

pillar-like or columnar. The two growth modes (structures) are schematically shown in
Figure 10.
The work presented in this thesis addresses the origin of the resistivity gradient
occurring during the growth of AZO films by ETP-MOCVD (Chapters 2 and 3) and provides a
route for controlling and monitoring its development in situ and real time. Firstly, we
demonstrate the possibility of “switching” growth mode, i.e., from pyramid-like to pillar-like
in our PE-MOCVD process by tuning a process parameter, i.e., the working pressure in the
downstream region. Furthermore, we use an extensive set of ex situ electrical,
morphological and compositional diagnostic measurements for identifying and characterizing
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the two growth modes. The two structures are found to differ in terms of nucleation
(incubation layer), grain development and doping level, which, of course, have an impact on
other film properties, such as conductivity or surface roughness. The pyramid-like growth is
characterized by a strong resistivity/grain development, bad initial growth (nucleation), high
native roughness (4-10 % of film thickness) and low final resistivity (<10-3 Ωcm above
1000 nm). The pillar-like growth, on the other hand, is more compact, with reduced grain
development and good nucleation, smoother (<1% of film thickness) and more resistive
(~10-2 Ωcm). The differences in the resistivity (Fig. 11) of the bulk layers (>300 nm) depend
on the grain size and composition, while the differences in the initial resistivity (<300 nm)
are determined by the nucleation density (higher for the pillar-like films). Finally, hypotheses
related to the reason behind the development of the two growth modes are also formulated.
pyramid-like growth
roughness layer
bulk material
initial layer

pillar-like growth

roughness layer

bulk material
initial layer

Figure 10. Schematic of the two growth growth modes of AZO films deposited by ETP-MOCVD

In order to fully understand the two growth modes and to find routes for further
improvement, the in grain electronic properties were determined by spectroscopic
ellipsometry (SE) measurements (for more details see second part of Chapter 3). They
revealed high in grain quality for both types of films, i.e., mobilities of ~100 cm2/Vs for the

pyramid-like films and ~50 cm2/Vs for the pillar-like films, both independent of the film
thickness and higher than the values obtained by LP-MOCVD [143] and for typical sputtered
films [144]. This strongly indicates that routes for improving the conductivity should not aim,
at least for the pyramid-like films, to affect the intrinsic film quality, but mainly the
dimensions of the grains in the initial stage of the film growth. For the pillar-like films, on
the other hand, both increasing the grain size and doping efficiency can be a valid
route/option.
Possible ways to achieve a better nucleation density are increasing the substrate
temperature, applying an external RF bias to the substrate or using a ZnO buffer layer as
substrate. The first two are expected to increase the surface mobility of the growth
precursors or to enhance nucleation site density, while the last one should increase the
sticking of the precursor growth species, causing a higher nucleation density. While
substrate temperature and buffer layer are common “tools” for improving the ZnO
properties, the substrate bias has mostly been applied for amorphous film densification,
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such as SiO2, a-Si:H or, in this thesis, Al2O3. There is virtually no information available about
the optimum biasing conditions for polycrystalline films.
0
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Figure 11. The resistivity‡ of the AZO films, as a function of the film thickness

Preliminary results on the substrate temperature influence on the AZO film properties
indicate a strong surface roughness evolution, from about 40 nm at 200 °C to extreme
values of over 80 nm above 300 °C, probably due to an important grain size increase.
Despite an improvement in the (final) grain size, the initial conductivity did not improve at
all and the resistivity gradient at 300 °C was found to be even larger than at 200 °C, our
standard conditions (Fig. 12). While the stronger resistivity gradient could be attributed to
the large grain development, the initial bad conductivity can be explained by desorption of
specific growth species occurring at 300 °C, which prevents the film from coalescing.
Another surface-related parameter which was investigated in this preliminary study, as
previously mentioned, is the addition of ion bombardment during film growth, as obtained
by the conventional substrate biasing technique (rf, 13.56 MHz). By applying a bias voltage
in the range of (-20 V,-50 V) to the substrate, no noticeable effect was observed on the
growth of pyramid-like AZO films, in terms of resistivity gradient or on surface roughness
(grain size). However, these preliminary results are not conclusive since a very limited range
of ion flux and energy has been explored up to now.
Finally, another route we explored was the growth of the pyramid-like AZO films on
resistive (undoped) ZnO buffer layer, deposited in the same reactor and post-annealed
(700 °C, Ar atmosphere). Preliminary experiments have shown a factor of three
improvement in the sheet resistance compared to the films deposited in the same run, but
Note that the resistivity values presented in Figure 11 and 12 are effective values, i.e., as resulted
from multiplying the sheet resistance (four point probe) with the film thickness (step profiler); in the
case of very strong gradients, this values should be corrected for the thickness influence (see Chapter
2 for a deeper analysis).

‡
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on the “standard” thermal SiO2 substrate (Fig. 12). This suggests an improvement of grain
size in the initial stages of growth. In this case, more experiments, performed on different
buffer layers are needed in order to validate this result and understand any possible
influence of the substrate chemistry/ morphology (grain size) on the (A)ZO film properties.
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Figure 12. The resistivity gradient with thickness for pyramid-like AZO films: the influence of
temperature, bias and buffer layer; the open and filled star symbols represent the AZO layers
deposited in the same run on ZnO buffer and c-Si, respectively

To summarize, it is very important that AZO films with controlled initial growth and
composition/doping level can be obtained, before trying to meet requirements specific to
different applications. In this thesis, a step forward in understanding and controlling the AZO
film growth by ETP-MOCVD is made and further routes for improvement are presented, both
substrate-related (temperature, bias, buffer layer - this Introduction) and plasma-related
(precursor ratios and downstream pressure - Chapter 2).

B. Nitrogen incorporation in the ZnO films deposited by remote plasma MOCVD
Nitrogen is being considered the most suitable element for p-doping of ZnO (at O site),
due to its atomic radius close to oxygen (0.65 Å compared to 0.60 Å [145]). Many nitrogen
precursors have been explored, such as N2 [146], NO [107,110], N2O [147,148],
NH3 [149,150] or more complex ones, such as diallylamine [(CH2=CHCH2)2NH] [151] or
monomethyl-hydrazine (CH3NHNH2) [152]. While N2, NH3 and NO are used in both CVD and
sputtering techniques, the other ones have been mainly used in CVD. The most successful
were predicted to be atomic N-containing precursors, such as NO or NO2, due to the fact
that these molecules already contain nitrogen in its atomic form. Nitrogen is believed to act
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as a shallow acceptor only if incorporated as N, while molecular nitrogen would act as a
double donor. Therefore, although the most obvious choice for a N-precursor is the readyavailable, inexpensive N2 gas, many deposition techniques, e.g., sputtering or thermal CVD,
this precursor cannot be used for efficient p-type doping of ZnO because of the difficulties in
dissociating N≡N (bond energy 9 eV). In this sense, the ETP-MOCVD technique used in this
work (see Frame 2) has an important advantage, because high N fluxes can be generated
when N2 is injected in the cascaded arc, mixed with Ar (Fig. 13). Although N radicals
produced in the plasma source might not reach the substrate, the formation of N-containing
species is expected to be beneficial for p-type N-doping of ZnO. Similarly, other groups
[146,153] also used an ECR plasma for dissociating the N2 bond. A comparison between the
efficiency of different plasma techniques in dissociating N2 is not possible, however, because
no report on the N density values could be found.
Unfortunately, the N2 bond dissociation is not the only challenge faced when trying to
obtain p-type, N-doped ZnO films. An important limiting factor is also the presence of native

n-type defects (the so-called “asymmetry of doping”, already mentioned in the first part of
the introduction), which tends to hinder the p-type conductivity. Moreover, the nitrogen
solubility in ZnO is very low, leading to acceptor concentrations which are not high enough
to overcome the native n-type conductivity. According to Li et al. [154] and Barnes et al.
[155] N concentrations above 2 at% and 1.5 at%, respectively, are needed for obtaining

p-type conductivity.
In this work two types of conditions were selected in order to overcome these
limitations, using the knowledge previously gained on undoped ZnO deposition [117]:
1.

In a first approach, the experimental conditions were chosen such that the

formation of n-type native defects (oxygen vacancies/zinc interstitials) is limited as much as
possible. This is achieved by increasing the UZO resistivity (~1 Ωcm) and experimentally, by
increasing the Ar and O2 flow rates (“oxygen-rich” conditions - Table VII). It is expected that
the p-type conductivity would be easier to achieve in this situation, because of the low

n-type defect density.
2.

In a second approach, the experimental conditions were chosen such that the ZnO

films deposited in the absence of nitrogen have a large density of native defects. This could
be done by lowering the O2 and Ar flows (“oxygen-poor” conditions - Table VII). The ZnO
films deposited in the absence of nitrogen have a relatively low resistivity (~510-3 Ωcm).
Under these conditions (similar to that of Li et al. [154]) it is expected that N incorporates
more easily in such matrix, filling up the vacancies. However, the high density of n-type
defects might be an important bottleneck for obtaining p-type conductivity, especially if N
does not incorporate substitutionally.
Other approaches found in literature for achieving p-type N-doped ZnO include working
at higher substrate temperatures [156] or post annealing [157].
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Figure 13. N density in an expanding thermal Ar/N2 plasma (from Ref. [158]); it is expected
that in our case the generated N density is even higher, because of the higher ionization/
dissociation efficiency in a 2.5 mm-diameter arc compared with a 4 mm-diameter arc
(5-20% [117] vs. 1-15 % [129])

Another important aspect is related to the plasma chemistry and the gas phase reactions
involving N: only specific N-containing radicals or excited molecules can lead to the right
form of N incorporation. For gaining more information on the plasma chemistry, mass
spectrometry (MS) measurements have, therefore, been performed.
As depicted in Figure 14, the main N-containing species present in the plasma under
oxygen-rich conditions is NO, while, under oxygen-poor conditions, is HCN. The formation of
these species is due to the combustion chemistry taking place in metalorganic/O2 containing
plasmas (see Frame 2): HCN is a product of incomplete combustion, while NO corresponds
to an oxidative environment, where a amount of oxygen is available.
Table VII. The deposition conditions used for (N-doped) ZnO depositions in the two approaches

deposition
parameter

"oxygen-rich"

"oxygen-poor"

Ar flow [sccm]

2000

840

Arc current [A]

50

50

O2 flow [sccm]

150

50

N2 flow [sccm]

0-100

0-100

DEZ flow [g/h]

2.5

2.5

preactor [mbar]

1

2.5

Tsubs [°C]

200

200
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Figure 14. NO and HCN as a function of the oxygen flow, in the two approaches

Furthermore, the film composition was determined by means of Electron Recoil
Detection (ERD) measurements for the ZnO films deposited using the two approaches, for
different N2 flow rates. A surprising result was that no N (below 0.05 at%) was found in the
ZnO films deposited using the first approach, despite the literature predictions that NO is a
favorable source for N incorporation. It is plausible to think that either higher NO
concentrations are needed or that the N solubility is still very low under these conditions.
For the ZnO films deposited using the second approach, on the other hand, N
concentrations between 0.5 and 0.8 at% were detected by ERD. However, these
concentrations were not sufficient to switch to p-type conduction. A step further was to
understand the N incorporation in the ZnO matrix. As expected from the MS measurements
(i.e., HCN production in the plasma phase), N and C presence in the films were correlated§.
Fourier Transform Infrared (FTIR) spectroscopy measurements confirmed the presence of
nitrile (C≡N) bond in the ZnO films. The N incorporated in this form acts as an impurity and
not as an acceptor (more details in Chapter 4). This finding has more general implications
for all processes in which carbon-containing precursors in a reactive N environment are
used for ZnO:N deposition.

§

An interesting experiment revealed the simultaneous incorporation of C and N, present on the
reactor walls from previous runs: an “undoped” ZnO, deposited in “dirty walls” conditions (i.e. after
many ZnO:N depositions), contained high amounts of C and N (0.7 at% and 0.3 at%, respectively.
However, in this case, the ratio C/N was inverted, indicating that other C-containing species are
present on the walls and can lead to carbon contamination of the films.
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III. Aluminum oxide deposition in a remote plasma MOCVD process
In this work, feasibility studies on low temperature aluminum oxide deposition using the
ETP-MOCVD technique were performed. Preliminary ellipsometry measurements pointed out
very porous AlOx layers deposited in the low temperature range (RT-150 ºC). The film
porosity could also be deduced from FTIR measurements, which showed the presence of
AlOH groups and residual carbon, due to the incomplete combustion in the plasma phase of
the C-containing fragments of the metalorganic precursor (more details in Chapter 5). An
increase in substrate temperature during film deposition enhances the species surface
mobility and leads to better quality films, as already shown in the case of other amorphous
layers [93,94,159]. However, in the case of thermally sensitive substrates, such as
polymers, this route needs to be replaced by other approaches, while still guaranteeing film
densification. Recently, in many model systems (a-C:H [160], SiNx [94], SiO2 [95,115] and
a-Si:H [161]), the film densification was obtained by combining the ETP technique with
several substrate biasing methods, from the conventional RF 13.56 MHz power generator to
the more sophisticated pulse shaped bias in the KHz range, the last one guaranteeing a
control on the energy of the ions arriving at the substrate [162].
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Figure 15. The refractive index of the AlOx films as function of the external RF bias voltage;
The comparison between the in situ and ex situ (upon air exposure) refractive index values
measured by SE is used as a measure for the film porosity; Tsubs<150 °C

In the work presented here, the conventional RF biasing method was extended to the
AlOx films and, as it can be observed in Figure 15, an increase in substrate bias to -60 V
(obtained from an RF power of 20 W) leads to a significant increase in refractive index from
1.40 to 1.60. The refractive index was determined by means of spectroscopic ellipsometry
measurements and the comparison between the in situ and ex situ values (after air
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exposure) gives a measure of the film porosity. Note that the refractive index of 1.60 is one
of the highest values reported for low temperature AlOx deposited in a CVD reactor.
Initial depositions on poly(ethylene 2,6 naphthalate) (PEN) substrates below its glass
transition temperature (Tg= 120 ºC) have already shown the aluminum oxide potential in
terms of water vapor barrier properties measured by means of the Ca test [163]. Singlelayer water vapor transmission rate (WVTR) values of 0.15 g/m2day as measured at 21 ºC
and 60 % relative humidity (RH) have been obtained for a 100 nm-thick AlOx film deposited
on PEN, while, when using the substrate bias, this value was obtained for a 60 nm-thick
film. This value is close to the values obtained for SiNx, in the absence of bias and to SiO2,
when the substrate voltage is added, as observed in Figure 16. In order to make the
comparison complete, also results obtained via atomic layer deposition and sputtering were
added.
3

10

SiO2 by ETP-CVD, no bias - on PEN
SiO2 by ETP-CVD, biased - on PEN

2

2

WVTR [g/m day]

10

SiNx by ETP-CVD, no bias - on PEN
SiNx by ETP-CVD, biased - on PEN
AlOx by plasma-assisted ALD on PEN

1

10

AlOx by sputtering on PET
AlOx by ETP-MOCVD, no bias - on PEN

0

10

AlOx by ETP-MOCVD(-28V) on PEN

-1

10

-2

10

-3

10

0

50

100

150

200

film thickness [nm]
Figure 16. Water vapor transmission rate values (at 21 °C and 60 % RH) for aluminum oxide
films deposited in this work; comparison with SiO2 and SiNx films reported by Creatore et al.
[164,165] and with AlOx films deposited by plasma-assisted ALD [166] and sputtering [10]

IV. Outlook
The bulk of the research presented in this thesis is dedicated to finding an approach
which leads to the understanding and controlling of the ZnO film growth. The results,
presented in Chapter 2 and 3, point out two growth modes, i.e., pyramid-like and pillar-like,
characterized by specific optoelectrical, morphological and chemical properties. In Chapter 2,
the transition between the two growth modes is attributed to a different plasma chemistry
environment, caused by a change in a deposition parameter, i.e., the downstream pressure
in the ETP-MOCVD reactor. In particular, it is hypothesized that a more oxidative plasma
environment develops at low pressure (0.3 mbar). In order to corroborate this hypothesis
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and to reveal the important growth species specific to each growth mode, a detailed
investigation of the Ar/O2/DEZ/TMA plasma chemistry is recommended. For this, plasma
diagnostic measurements involving the background gas, i.e., the consumption of the metal
organics or the production of CO2 and metal oxide molecules (as indicative of the oxidation
processes), as well as the identification of the radicals arriving at the substrate, need to be
performed. A technique that can fulfill these requirements is Threshold Ionization Mass
Spectrometry (TIMS), extensively used in our group and described in detail in Ref. [167].
Moreover, the plasma studies could lead to a deeper understanding of the species
responsible for the specific characteristics of the ETP-MOCVD ZnO layers when compared to
sputtering or thermal CVD techniques, i.e., a large gradient in grain size/conductivity and
strong roughness development.
Furthermore, in order to make the ZnO:Al growth model presented in Chapter 2 more
complete, in depth analysis of the effects of the substrate “conditioning” on the initial film
growth (nucleation), in terms of substrate chemistry (e.g., presence of a buffer layer) or
temperature, is recommended. Coupling the chemistry processes developed in an
Ar/O2/DEZ/TMA expanding thermal plasma with the ion bombardment delivered via a
substrate biasing technique is another route expected to affect the initial film growth in
terms of nucleation density. As a result, a better control on the gradient in the electrical
properties for the pyramid-like growth mode (Chapter 2) could be achieved.
Using alternative precursors for the n-type and p-type dopants and studying the changes
induced in the plasma chemistry and film chemical and electrical properties can add valuable
information to the ZnO film growth model. For example, triethylaluminum (TEA) can be used
as alternative Al dopant and might lead to a higher incorporation efficiency of Al in the ZnO
films due to the weaker Al-C bond in the precursor. The choice of a different type of donor,
such as Ga, which can incorporate more easily at the Zn site due to a smaller difference in
atomic mass, can also contribute to the increase of the film conductivity. In the case of

p-type ZnO, the use of a different N-precursor, such as NO or NO2, which do not tend to
form HCN in the plasma, is recommended.
The outcome of these studies, both fundamental and material-related, is expected to
lead to an improved control of the electrical and morphological properties of the ZnO films
deposited by the expanding thermal plasma MOCVD technique. This will eventually allow the
deposition of the ZnO films with the desired electrical, morphological and chemical
properties for various applications of interest.
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Chapter 2
Evolution of the electrical and structural properties
during the growth of Al doped ZnO films by remote
plasma-enhanced metalorganic chemical vapor
deposition*

Al-doped zinc oxide (AZO) films were deposited by means of remote plasma-enhanced
metalorganic chemical vapor deposition from oxygen/diethylzinc/trimethylaluminum
mixtures. The electrical, structural (crystallinity and morphology) and chemical properties of
the deposited films were investigated using Hall, four point probe, X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), electron recoil
detection (ERD), Rutherford backscattering (RBS) and time of flight secondary ion mass
spectrometry (TOF-SIMS), respectively. We found that the working pressure plays an
important role in controlling the sheet resistance Rs and roughness development during film
growth. At 1.5 mbar the AZO films are highly conductive (Rs<6 Ω/□ for a film thickness
above 1200 nm) and very rough (>4% of the film thickness), however, they are
characterized by a large sheet resistance gradient with increasing film thickness. By
decreasing the pressure from 1.5 mbar to 0.38 mbar, the gradient is significantly reduced
and the films become smoother, but the sheet resistance increases (Rs≈100 Ω/□ for a film
thickness of 1000 nm). The sheet resistance gradient and the surface roughness
development correlate with the grain size evolution, as determined from the AFM and SEM
analyses, indicating the transition from pyramid-like at 1.5 mbar to pillar-like growth mode
at 0.38 mbar. The change in plasma chemistry/growth precursors caused by the variation in
pressure leads to different concentration and activation efficiency of Al dopant in the zinc
oxide films. On the basis of the experimental evidence, a valid route for further improving
the conductivity of the AZO film is found, i.e., increasing the grain size at the initial stage of
film growth.
*
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Sanden, J. Appl. Phys. 102, 043709 (2007)
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I. Introduction
Zinc oxide (ZnO) has become a material of increasing interest in the last decade due to
its remarkable properties, such as large exciton binding energy, piezoelectric character,
non-toxicity and high stability in plasma environment. Both in their undoped and doped
form, ZnO films have many applications: the semiconductive ZnO can be used in thin film
transistor and surface acoustic wave devices or as an epitaxial substrate for GaN [1]. Highly
conductive n-type doped ZnO, on which we will focus in this article, is a transparent
conductive oxide (TCO) which is studied as a valid alternative to the widely used tin-doped
indium oxide (ITO) and SnO2:F for flat panel displays and solar cell applications [2-4]. The
p-type ZnO fabrication, necessary for ZnO-based optoelectronic devices, has proven to be
more difficult to obtain due to the native n-type defects and low dopant solubility [5,6].
Several dopants are used to achieve n-type doping in ZnO, the most common being
group III elements, such as B, Al, Ga and In (Refs. [7,8]), or F (Ref. [9]) from the
group VII. Among them, Al-doped ZnO (ZnO:Al or AZO) is one of the most studied and can
be obtained by different deposition techniques. The most reported deposition techniques are
magnetron sputtering [10], pulsed laser deposition (PLD) [11], while thermal chemical vapor
deposition (CVD) [12,13] and plasma-enhanced CVD [14] are less common. Here we use a
remote plasma enhanced metalorganic CVD (PE-MOCVD) process to produce AZO films
which have demonstrated suitable characteristics for front electrodes in thin film a-Si solar
cell applications, i.e., high transmission (>80%), low resistivity (7⋅10-4 Ωcm) and native
roughness (>4% of the film thickness) [15].
As we will show later, our AZO films exhibit a strong sheet resistance gradient with
increasing film thickness, i.e., the sheet resistance decreases from 180 Ω/□ at 300 nm to
5.5 Ω/□ at 1.3 µm. As demonstrated in a previous article [15], this is not detrimental for
applications using ZnO as a substrate and where the films can be thicker than 1 µm, such as
in a-Si:H solar cells. However, it can be a major disadvantage when ZnO is used as a top
contact and deposited after the solar cell structure has been grown. Moreover, in solar cell
applications at industrial scale, thinner films are desired because of cost issues. The gradient
in sheet resistance might be typical for CVD techniques, being also observed in the case of
the B-doped ZnO films deposited by low pressure CVD [13]. However, there have also been
reports describing its presence, although to a much smaller extent, in the case of the AZO
films deposited by PLD and physical sputtering [16,17]. The presence of a gradient in sheet
resistance may derive either from specific conditions, i.e., related to the substrate
conditioning (e.g., deposition temperature, surface pretreatment or external substrate bias),
as well as from the plasma chemistry (working pressure and gas phase composition).
Presently, a large part of the research in the ZnO field is focused on improving the
material properties addressing a specific application. The CVD literature contains only a
limited amount of reports which describe in detail the evolution of different film parameters
during the ZnO growth, i.e., with film thickness [18]. Understanding how these parameters
affect both the intrinsic properties of the film (amorphous vs. polycrystalline, dopant level,
etc.) and the extrinsic properties, such as grain size and film morphology development,
eventually allow to design a process in which AZO layers with suitable Rs and roughness for
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a specific application can be obtained.
In this work we chose to focus on the overall effect of the working pressure, which is
found to be a key parameter in controlling the sheet resistance and film morphology of the
Al-doped ZnO films under the deposition conditions presented in this work. By decreasing
the pressure from 1.5 mbar to 0.38 mbar a transition in the growth mode from pyramid-like
to pillar-like, respectively, is observed. At the same time, the Al concentration is found to be
lower in the case of the most conductive layers (1.5 mbar), pointing out different forms of Al
incorporation in the two cases, due to a pressure-induced change in plasma chemistry.
Controlling the grain growth and establishing the relation between the growth mode and the
extrinsic/intrinsic film properties represents the main aim of this article. Based on this
relationship we formulate a tentative growth model for the AZO films deposited at different
pressures, by means of our remote PE-MOCVD technique.

II. Experimental procedure

II.1. Plasma deposition setup
To deposit Al-doped ZnO films we used a expanding thermal plasma [19] generated in
an argon-fed high pressure (360 mbar) cascaded arc. The plasma expands supersonically
into a low pressure (0.3-1.5 mbar) deposition chamber, where diethylzinc [Zn(C2H5)2,
(DEZ)], trimethylaluminium [Al(CH3)3, (TMA)] and oxygen are injected. Two separated
injection rings, situated at 30 cm and 6.5 cm from the plasma source, are used for the
injection of the metalorganics and oxygen, respectively. The liquid precursors, i.e., DEZ and
TMA (Akzo Nobel, SSG grade), are evaporated at constant rate by two controlled
evaporating and mixing units from Bronkhorst HighTech B.V., which are heated up to 80 ºC
for DEZ and 100 ºC for TMA, both using Ar as carrier gas. Films were deposited on p-type
c-Si (100), 400 nm SiO2/c-Si and Corning glass substrates, which were chosen in order to
make the different measurements possible, i.e., composition analysis, conductivity and
transmission, respectively. The typical precursor flows are reported in Table I. The substrate
temperature was 200 ºC (±20 ºC) during all depositions. The working pressure was varied
in the 0.38–1.5 mbar range by adjusting the pumping speed of the roots pump. Information
about the stable species in the plasma was given by a differentially pumped AccuQuad mass
spectrometer [Kurt Lesker; SEM detector, electron ionization energy 70 eV], located at the
substrate level.

II.2. Film analysis
A Phystech RH 2010 Hall effect measurement, a Jandel universal four point probe, and a
Dektek 8 advanced development profiler were used to determine the films electrical
properties and thickness, respectively. The morphological and structural properties of the
deposited films were obtained with an NT-MDT Solver P47 atomic force microscopy (AFM)
setup, a Philips XL 30 SEM and a Philips X-Pert SR 5068 powder diffractometer, equipped
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with a CuKα source. To determine the film composition we used electron recoil detection
(ERD) and Rutherford backscattering (RBS) measurements. The composition depth profile of
all the samples was measured using a time of flight secondary ion mass spectrometry
(TOF-SIMS) setup (IONTOF TOFSIMS IV) with Bi+ as the analysis source and Cs+ as the
sputtered source, the area analyzed being 70x70 µm2.

Table I. The typical experimental conditions used for the
Al-doped ZnO film deposition

deposition parameter

standard

optimized

arc current [A]

50

50

Ar flow [sccm]

1000

840

O2 flow [sccm]

100

75

DEZ flow [g/h]

3.5

3.5

TMA flow [g/h]

0.28

0.28

pressure [mbar]

0.38-1.5

0.38

substrate temperature [ºC]

200

200

III. Results

III.1. The influence of the working pressure on the resistivity evolution
In order to perform ex situ analysis at different stages of growth, films with several
thicknesses were deposited under identical conditions. The “standard” settings used to
deposit this series are reported in Table I and were chosen on the basis of an optimization
procedure performed to obtain the most conductive films at high pressure. The deposition
rate under these standard conditions was found to decrease from 1.1 nm/s at 1.5 mbar, to
0.7 nm/s at 0.38 mbar and is comparable to the rates obtained in other sputtering and CVD
processes [17,20]. Figure 1 shows the effective resistivity ρeff(d) , defined as

ρ eff ( d ) = Rs d

(1)

as a function of film thickness for three different working pressures of 1.5, 0.85 and
0.38 mbar. In Eq. (1) Rs is determined from four point probe measurements and the
thickness is obtained using a step profiler. In addition, it can be observed that, by
decreasing the working pressure from 1.5 mbar to 0.38 mbar, the gradient in the effective
resistivity is gradually reduced, until it almost disappears at the lowest pressure setting. The
strong gradient in the first 100 nm is attributed to nucleation processes and occurs
independently of the growth mode. Another remarkable feature of Figure 1 is that there is a
cross-over, i.e., thick films (region II in Fig. 1) deposited at 0.38 mbar exhibit a much higher
effective resistivity, 7.6⋅10-3 Ωcm, compared to 5⋅10-3 Ωcm for films deposited at 0.85 mbar
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and ~7⋅10-4 Ωcm at 1.5 mbar, whereas in the thin film region (region I in Fig. 1) an opposite
trend can be observed. The causes for these two types of behaviors will be analyzed in the
remainder of the article, where, for simplicity, we will only address the two extreme
deposition conditions: 1.5 mbar, defined as “high” and 0.38 mbar, defined as “low”
pressure.
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Figure 1. Pressure influence on the effective resistivity Rsd for the ZnO:Al films, under
standard conditions (see Table I)

III.2. Hall measurements
The dominant carriers in the ZnO:Al films, their concentration, and their mobility have
been determined at room temperature from Hall measurements. For all films the n-type
conductivity has been confirmed. As it can be observed in Figure 2(a), the electron
concentration, with a value of about 1.5⋅1020 cm-3, is roughly constant during the film
growth for both pressures, with slightly lower values for the films deposited at 0.38 mbar.
The mobility trend, determined by combining these results with the effective resistivity in
Figure 1, reveals a strong evolution, i.e., from <1 to 20 cm2/Vs at high pressure, compared
to a smaller range, from <2.5 to 5 cm2/Vs, at low pressure [Fig. 2(b)]. The very thin films
(<300 nm) could not be measured with the Hall setup because the samples were too
resistive. It is noteworthy that in solar cell applications a high mobility is preferred over a
high carrier concentration because the latter induces light absorption in the near infrared
region of the solar spectrum by free electrons, leading to lower cell efficiencies [17]. Given
this it is important to investigate the origin of the gradient in both sheet resistance and
mobility.
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Figure 2. Carrier concentration (a) and effective mobility (b) of the ZnO:Al films, as
determined with the Hall measurements, for films deposited at 1.5 mbar and 0.38 mbar,
under standard conditions (see Table I). Note: the very thin films (≤300 nm) could not be
measured with the Hall setup

III.3. Compositional measurements
ERD/RBS measurements were performed to determine the composition of the AZO films
deposited at low and high pressure. The results show stoichiometric films, with a Zn:O ratio
of 1.00±0.01. The Al dopant concentration is ~0.65 at. % at low pressure and ~0.2 at.% at
high pressure. Impurities such as C and H, if present, have concentrations below the ERD
detection limit of 0.2 at% and 2 at%, respectively.
Additional information regarding the depth profiles of ZnO and Al is given by TOF-SIMS
measurements shown in Figure 3. Although the results are semiquantitative, it is clear that,
in agreement with the ERD results, the Al content of films deposited at low pressure is
significantly higher than at high pressure. Both depth profiles of ZnO and Al indicate a
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constant bulk concentration of these elements throughout the film (Fig. 3), which is in
accordance with the carrier concentration evolution with film thickness in Figure 2(a) [21].
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Figure 3. TOF-SIMS measurements: ZnO and Al depth profiles of ZnO:Al films deposited at
1.5 mbar and 0.38 mbar, under standard conditions (see Table I)

III.4. Crystallinity and morphology
X-ray diffraction (XRD) measurements were used to determine the film crystallinity and
estimate the average grain size. All ZnO:Al films were found to have c axis, (002)
preferential orientation [Fig. 4(a)]. From the full width at half maximum (FWHM) of the
(002) peak, which is plotted in Figure 4(b), values for the average grain size along the c axis
from 30 nm (0.38 mbar) to 45 nm (1.5 mbar) have been calculated using the simplified
Scherrer equation [22]. The average grain size in the growth direction was found to be
constant during film growth [Fig. 4(b)] and is comparable with literature [23], showing good
crystallinity of the AZO films.
The SEM and AFM measurements provided information on the film morphology and an
estimation of the lateral grain size. The grain size, estimated from the top SEM images
[Fig. 5(a)] and confirmed by AFM [Fig. 6(a)], ranges, for the thick films, from 50-150 nm at
low pressure, to 200-300 nm at high pressure. The values are lower for thin films, the
difference with the thick films being more pronounced at high pressure [Fig. 5(a) and 6(a)]
[24]. From the cross-sectional SEM pictures shown in Figure 5(b), corroborated by
Figure 5(a), two types of growth for the ZnO films can be observed for the two cases:
pillar-like at low pressure and pyramid-like at high pressure.
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Figure 4. (a) Typical XRD spectra of a 600 nm ZnO:Al film deposited at 1.5 mbar, under
standard conditions (see Table I); (b) FWHM of the (002) peak, as determined from
Lorentzian fit, for both ZnO:Al films deposited at 0.38 mbar and 1.5 mbar

III.5. Film roughness
The root-mean-square (rms) value of the film roughness was calculated from the AFM
images [Fig. 6(a)]. The results show rms values of 4% of the film thickness at 1.5 mbar,
making them suitable for solar cell applications, as already demonstrated in previous
research [14]. On the contrary, much smoother films, with a rms below 1% of the thickness,
can be deposited by decreasing the pressure to 0.38 mbar [Fig. 6(b)]. These films, although
not very smooth yet, are promising, since the control of film roughness would allow us to
extend the range of applications, to, e.g., optoelectronics. Being correlated to the grain size
evolution, the rms roughness shows a strong development during the growth at 1.5 mbar
and a very limited one at 0.38 mbar, as it can be observed in Figure 6(b).
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Figure 5. Top-SEM (a) and cross-sectional SEM (b) images of thin and thick ZnO:Al films
deposited at 1.5 mbar and 0.38 mbar under standard conditions (see Table I)
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Figure 6. rms roughness evolution with the ZnO:Al film thickness, deposited under standard
conditions (see Table I), as resulted from AFM measurements
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IV. Discussion

IV.1. Pressure influence on the ZnO film properties
The effective resistivity, as determined from the four point probe and step profiler
techniques and calculated according to Eq. (1), shows a strong development with film
thickness (Fig. 1). It is important to notice that the effective resistivity represents an
integrated value over the film thickness, i.e., the top resistivity is influenced by the
underlying more resistive layers. The sheet resistance Rs can, therefore, be related to the
resistivity ρ(x) at a film thickness x by means of the following integral expression:
d
1
1
d
=∫
dx =
0
Rs ( d )
ρ( x )
ρeff ( d )

(2)

In order to determine the resistivity ρ(d) from Eq. (2) we use the observed scaling of the
effective resisitivity in a double logarithmic plot, as shown in Figure 10 from the Appendix:

log ρeff (d ) ∝ a log d

(3)

The resistivity ρ(d) at a film thickness d, now a local property of the film as grown, using
the scaling relation Eq. (3), equals:

ρ( d ) =

ρ eff (d )

(4)

a +1

The derivation of Eq. (4), as well as the values for the parameter a, are given in the
Appendix. The resistivity ρ(d ) determined in this way is about three times lower than the
effective resistivity, leading to a value of ~2.210-4 Ωcm at a thickness of 1200 nm for the
films deposited at 1.5 mbar (Table II). Note that Eq. (4) only corrects for the evolution of
the sheet resistance with film thickness. Therefore, the result obtained indicates that the top
part of our ZnO:Al films is very conductive and, consequently, very suitable for solar cell
applications, when the front electrode (ZnO:Al film) is the substrate of the cell. At low
pressure, similar to sputtering, almost no gradient is observed (Fig. 1) and, for these films,
the resistivity equals the effective resistivity.
The resistivity gradient with thickness may generally be related to a gradient in carrier
concentration and/or in carrier mobility with thickness. As shown in Fig. 2(a), in the present
case the electron concentration is constant and, consequently, the resistivity gradient is
entirely caused by a gradient in mobility [Fig. 2(b)]. This is also the case, to a much smaller
extend, in the work of Agashe et al. [17]. In other cases, such as of Qu et al. [25], both
carrier concentration and mobility change during growth and a distinction cannot be made
between the two parameters.
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Table II. The resistivity values ρ(d) as a function of the film thickness d of the Al-doped
ZnO films deposited at 1.5 mbar, obtained according to the calculation in the Appendix

d [nm]

ρeff [Ωcm]

ρ [Ωcm]

70

0.34

0.11

160

-2

4.810

1.510-2

306

5.510-3

1.710-3

620

1.710-3

5.310-4

940

9.410-4

3.010-4

1290

7.110-4

2.210-4

Therefore, by employing the scaling relation for the mobility trend, we obtain a value
related to the top of the film which is about three times higher than the one measured by
Hall in the high pressure case (cf. Appendix), i.e., 64 cm2/Vs. This value is higher than the
best mobility values reported in literature for the solar grade Al-doped ZnO films [17],
reflecting the good quality of our Al-doped ZnO for solar cell applications. The mobility
values reported here are related to the in grain as well as to the inter grain (grain boundary)
contributions. In a future article we will demonstrate excellent in grain mobility values for
the high pressure films (>100 cm2/Vs all through the growth), as determined by means of
spectroscopic ellipsometry in the near infrared range.
The inter grain carrier mobility in polycrystalline Al-doped ZnO films is generally
dependent on the grain boundary and ionized impurity scattering of the carriers [26] and is,
therefore, related to the grain size and/or the impurities segregated at the grain boundaries.
The lateral grain size evolution shows a significant gradient at high pressure [Fig. 5(a)],
which supports the mobility/resistivity evolution, as already mentioned in Section III.4. The
cross-sectional SEM pictures [Fig. 5(b)] show different growth modes at low and high
pressure: pyramid-like at high pressure and pillar-like growth at low pressure, similar to
previous results for undoped ZnO films [3].
Apart from the morphological differences in growth modes, the pressure also influences
the intrinsic properties of the material, via a change in the plasma chemistry/growth
precursors. The Al concentration of ~0.65 at% at low pressure and ~0.2 at% at high
pressure is opposite to what is expected if the resistivity values would solely depend on the
dopant concentration. Assuming that the carrier concentration is only determined by the Al
active as dopant, i.e., which donates one electron to the conduction band, we can calculate
the percentage of the active Al to be about 96% at high pressure, compared to only 20% at
low pressure. Together with the difference in Al concentration reported by RBS/ERD, this
points towards a relation between plasma chemistry, species contributing to film deposition,
and growth mode. Presumably, this leads to another form of Al incorporation at low
pressure, inactive from electrical point of view, such as AlOx. Here we speculate that AlOx
may already be formed in the gas phase, due to the high reactivity of Al resulted from TMA
decomposition in the plasma and under the hypothesis that a more oxidative environment
develops at low pressure.
Another indication that the growth mechanism is different for the high and low pressure
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case is given by the behavior of film resistivity, as observed in the regions I and II (Fig. 1),
i.e., for thin films the resistivity is lower at low pressure, while for thick films the opposite
trend is observed. We hypothesize that this is related to a higher nucleation density at low
pressure (related to the growth species formed under these conditions), which is also
suggested by the SEM measurements [Fig. 5(b)] and supported by the broad Si/AZO bulk
interface found for ZnO and Al masses by TOF-SIMS measurements (Fig. 3).
The pressure has a significant influence on the AZO film growth, however, it cannot be
separated from the precursor chemistry effect, because, in the PE-MOCVD process, a
change in the pressure implies a simultaneous variation in the plasma chemistry, as we will
discuss next.

IV.2. Influence of plasma chemistry on the ZnO film properties
In order to separate the role of the plasma chemistry from the pressure, we compared
AZO films at 0.38 mbar, deposited under two different experimental conditions, defined as
“standard” and “optimized” (cf. Table I). Mass spectrometry measurements have been
performed under these conditions, where Ar and O2 flow rates were progressively
decreased. Such a decrease is accompanied by a decrease in consumption of molecular O2
in the plasma, which is defined by:

Φ O2 ,cons . =

I O2 , gas − I O2 , plasma
I O2 , gas

Φ O2

(5)

where ΦO2 and ΦO2,cons. are the flow rates of O2 in the gas mixture and the consumed O2 in
the plasma, respectively, and IO2,gas and IO2,plasma are the mass spectroscopic signals of O2 in
the absence and presence of a plasma, respectively. In the expanding thermal plasma, the
Ar+ ions and electrons, produced in the cascaded arc plasma source, are consumed by O2
injected downstream according to the charge exchange reaction (6a), followed by the
dissociative recombination reaction (6b) [27]:

Ar+ + O2  O2+* + Ar*

(6a)

O2 + + e  O + O *

(6b)

As a result of these reactions and if O is also consumed in the film formation process, a
decrease in both Ar and O2 flows leads to a decrease in the O2 consumption. As it can be
seen from Fig. 7(a), this is correlated with an improvement in film conductivity. The oxygenpoor environment promotes the increase in ZnO film conductivity because in this condition
film substoichiometry (O/Zn<1) is achieved, as also earlier reported for undoped ZnO films
[28].
The sheet resistance gradient with film thickness was again investigated for these
optimized conditions; the results, shown in Fig. 7(b), indicate that the sheet resistance
gradient is partially recovered, which suggests that the plasma chemistry alone can influence
the film growth, in particular the initial growth. The Al concentration decreases from
0.65 at% in the “standard” conditions to 0.45 at% in the “optimized” conditions, which,
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effective resistivity [Ωcm]

related to the electron concentration according to the explanation in Sec. IV.1, leads to a
higher active dopant percentage, of 35%, compared with 20% in standard low pressure
settings. The film roughness is smaller, i.e., 4 nm (optimized) compared with 7 nm
(standard), for 600-700 nm-thick films. This low rms value supports the observation that, by
changing the plasma chemistry under constant pressure conditions, it is possible to lower
the sheet resistance without switching to the other growth mode, i.e., pyramid-like growth.
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Figure 7. Effective resistivity Rsd dependence on the consumed O2 at 0.38 mbar (a); effective
resistivity Rsd evolution with thickness for ZnO:Al films, “standard” and “optimized”, at 0.38
mbar (b) (see Table I)

IV.3. Tentative model for the ZnO film growth
To summarize the obtained results, a tentative growth model for Al-doped ZnO grown
using the ETP PE-MOCVD technique can be formulated. We should stress that, although we
discuss this for our deposition technology, the tentative model presented here may be
applied to other processes in which grains develop strongly during growth due to specific
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processing conditions or nucleation effects. In this particular case the initial growth is
strongly influenced by pressure and plasma chemistry reflected in a difference in nucleation
behavior. The nucleation density is much higher at low pressure, as indicated in region I of
Fig. 1 and supported by the TOF-SIMS (Fig. 3) and SEM measurements (Fig. 5), probably
due to a higher surface mobility and, perhaps, to a more favorable substrate chemistry of
the growth precusors generated under these conditions. After an initial incubation layer of
about 150 nm for high pressure and 20 nm for low pressure films (TOF-SIMS profiles in
Fig. 3), the film growth develops, pyramid-like (high pressure) and pillar-like (low pressure).
During the first type of growth the grains compete with each other, some being suppressed
and allowing others to develop as big pyramids for the thick film. In the second case, the
pillars have room to develop independently resulting, therefore, in dense, more ordered and
smoother films. Both types of growth are illustrated in Fig. 8. Due to a strong lateral grain
development prevailing on the grain boundary scattering, the mobility becomes higher for
high pressure films. In addition, the intrinsic properties are better in this case, due to a
higher active dopant concentration. However, the sheet resistance for thin films depends
strongly on the porous incubation layer, generally leading to higher values.
roughness layer
bulk material
initial layer
ZnO, Zn, AlOx, O, H, OH, CO2,CO

(a)
roughness layer
bulk material
initial layer
ZnO, Zn, Al, O, H, OH, CHx

(b)
Figure 8. A cartoon of tentative growth model for the initial and final growth of the ZnO:Al
films deposited at 0.38 mbar (a) and 1.5 mbar (b); the lower part of the pictures illustrate the
initial stages of growth; the arrows represent the direction of the grain development

In order to improve the initial growth, there are several directions which can be
undertaken, such as a substrate temperature increase, which is expected to promote surface
mobility of the growth precursor or enhance nucleation site density [29], or the use of a ZnO
buffer layer as substrate, which could increase the sticking of the precursor growth species
causing a higher nucleation density. Preliminary experiments have already shown a factor of
three improvement in sheet resistance for the AZO films deposited on a postannealed,
resistive (undoped) ZnO buffer layer.
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V. Conclusions
In this work AZO films were deposited by means of remote plasma-enhanced
metalorganic chemical vapor deposition from oxygen/diethylzinc/trimethylaluminum
mixtures. It has been shown that the working pressure plays an important role in the sheet
resistance and roughness development during film growth. At 1.5 mbar the AZO films are
characterized by a large sheet resistance gradient with film thickness and high rms values,
i.e., >4% of the film thickness. By decreasing the pressure from 1.5 mbar to 0.38 mbar, this
gradient is significantly reduced and the films become smoother, i.e., <1% of the film
thickness. The sheet resistance gradient and the surface roughness development correlate
with the grain size evolution as determined from AFM and SEM analyses, indicating the
transition from pyramid-like at 1.5 mbar to pillar-like growth mode at 0.38 mbar. A low
nucleation density at high pressure and a dense initial layer at low pressure, as suggested
by TOF-SIMS measurements, are responsible for the lower initial sheet resistance of the AZO
layers deposited at low pressure. Chemical analyses, i.e., ERD and TOF-SIMS, show a lower
Al concentration in the case of the most conductive layers (high pressure). This indicates
different forms of Al incorporation in the two cases, due to the change in plasma chemistry,
induced by the change in working pressure. We have argued that the working pressure and
the precursor species chemistry simultaneously affect the growth mode, in terms of initial
growth (nucleation density) and grain development. In order to study the role of plasma
chemistry independently, AZO films were deposited at constant pressure (0.38 mbar) and
variable argon and oxygen flows. The recovering of the resistivity gradient within the same
growth mode indicates that the deposition precursor species influence the initial phase of
the AZO film growth.
The control of film growth, in terms of sheet resistance gradient and surface roughness
development, is very important from an application point of view: the AZO films deposited at
high pressure are successfully used as front contacts in a-Si:H [3] and can be applied in µcSi solar cells. However, the sheet resistance gradient with the thickness and the low
nucleation density makes them unsuitable when the AZO films are deposited on the solar
cell as a substrate, since in this case the initial sheet resistance is very important. A valid
route for further improving the conductivity of the AZO film is increasing the grain size at the
initial stage of film growth by increasing the substrate temperature or using a ZnO buffer
layer as substrate.
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Appendix: Calculation of real resistivity from the four point probe
measurement
We consider the film as a sequence of layers of infinitesimal thickness dx (Fig. 9). The
measured sheet resistance of the layer with thickness d is given by:
d
1
1
d
=∫
dx =
0
Rs ( d )
ρ( x )
ρeff ( d )

(A1)

which defines the effective resistivity ρeff.

Figure 9. Schematic representation of an AZO film as sequence of layers of infinitesimal
thickness dx; ρ(x) and ρ(d) denote the local resistivity at thickness x and d, respectively

Rewriting

Eq.

conductivity σ( x ) =

(A1)

in

terms

of

the

effective

conductance

Geff

and

1
, we get:
ρ( x)

d

Geff (d ) = ∫ σ( x)dx =
0

d
ρeff (d )

(A2)

From Eq. (A1) σ of the layer at thickness d can be obtained as the derivative of the
inverse effective resistivity ρeff(x):

σ( x) =

∂  x 


∂x  ρeff ( x) 

(A3)

=

1
x ∂ρeff ( x)
− 2
ρeff ( x) ρeff ( x) ∂x

(A4)

=

∂ρeff ( x) 
1 
ρ
(
x
)
−
x


eff
2
ρeff
( x) 
∂x 

(A5)

58

___________________________________________________________________________
leading to

1
1
∂  1 
=
+x 

ρ( x) ρeff ( x)
∂x  ρeff ( x) 

(A6)

From Figure 10 we conclude that the effective resistivity at different pressures scales as:

log ρeff (d ) ∝ − a log d ,

(A7)

where a is a constant determined from the slope in the double logarithmic plot. The
substitution of (A7) into (A6) leads to a general expression for the resistivity

ρ( d ) =

ρ eff (d )

(A8)

a +1

0

effective resistivity [Ωcm]

10

0.38 mbar
0.85 mbar
1.5 mbar

-1

10

-2

10

-3

10

-4

10

100

thickness [nm]

1000

Figure 10. Scaling behavior with thickness of the ZnO:Al film effective resistivity Rsd at
different pressures, under standard conditions (see Table I)

This means that a can be determined for p=0.85 mbar and p=1.5 mbar (p=0.38 mbar
shows no development):
(i)
(ii)

0.85 mbar:
1.5 mbar:

a=1.1
a=2.2

Therefore, the resistivity ρ(d) of the topmost layer equals:
(i)

0.85 mbar:

ρ( d ) =

ρ eff (d )

(A9)

2 .1
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(ii)

1.5 mbar:

ρ( d ) =

ρ eff (d )

(A10)

3 .2

The resistivity depends on the carrier concentration and mobility:

ρ~

1
ne eµ

(A11)

where e, ne and µ represent the electronic charge, the electron density and mobility,
respectively. Note that ne is related to the ZnO stoichiometry and the doping level.
The mobility, under the assumption that ne is constant (Hall measurements), can be
written as:

µ (d ) = (a + 1)µ eff (d )

(A12)

where µeff is the effective mobility (the outcome of the Hall measurements).
Therefore, the mobility µ(d) of the topmost layer equals:
(i)

0.85 mbar:

µ (d ) = 2.1µ eff (d )
(ii)

(A13)

1.5 mbar:

µ (d ) = 3.2µ eff (d )

(A14)
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3.1. Expanding thermal plasma-deposited ZnO films:
Substrate temperature influence on film properties. Film growth studies*

Abstract

In this work, zinc oxide films were deposited using an argon-fed expanding thermal
plasma with diethylzinc and oxygen admixed downstream. The substrate temperature
influence on the film electrical and structural properties was investigated. An increase of
crystallinity and surface roughness with increasing substrate temperature was found. The
conductivity measurements indicated resistivity values as low as 4⋅10-3 Ωcm for the films
deposited at 200 °C. For these films, in situ real time spectroscopic ellipsometry was
employed in order to investigate the film growth, i.e., the thickness evolution and the optical
properties. Particular attention was paid to the evolution of the surface roughness, an
important property in solar cell applications where a rough front electrode is needed for light
trapping. Complementary ex situ diagnostics, such as atomic force microscopy and X-ray
diffraction, were used to support the outcome of the ellipsometric investigation. The films
deposited at 200 °C were found to be polycrystalline, with preferential (002) orientation and
high surface roughness (up to 10% of the film thickness) at all investigated stages of
growth.

I. Introduction
Zinc oxide (ZnO) is one of the most studied transparent conductive oxides (TCOs) in the
last decade due to its wide bandgap, large exciton binding energy, and piezoelectric
character, useful in applications such as UV light emitters, solar cells, surface acoustic wave
devices and organic light emitting diodes (OLEDs). High conductivity n-type ZnO material
with reproducible electro-optical and structural properties has already been obtained by
many groups, including ours [1,2].
For the ZnO thin film deposition we use an Ar/O2/diethylzinc expanding thermal plasma,
which provides relatively high, non-optimized deposition rates, of up to 1 nm/s. The ZnO
films show n-type conductivity (up to 250 Ω-1 cm-1) and high transmittance in the visible
range (>85%). The films also have a high native surface roughness of up to 10% of the film
thickness, which is beneficial for light trapping in solar cell applications. The causes of this
native roughness are not known yet. Previous studies [3,4] suggest that it could be due to
the unintentionally incorporated water fragments (H2O, OH, H). However, in various
*

Published as: I. Volintiru, M. Creatore, J. L. Linden, and M. C. M. van de Sanden, Superlatt.
Microstructures 39, 348 (2006)
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applications, films with different thickness/roughness are required, e.g., while high surface
roughness is very beneficial for solar cells, a smooth surface is preferred in electronic
devices. This makes the understanding of the roughness development during the ZnO film
growth essential. Gaining control on the film morphology would, therefore, allow one to
address specific applications.
Spectroscopic ellipsometry (SE) has already been proven to be a very sensitive, nonintrusive tool for real time growth studies of, among others, hydrogenated amorphous
silicon [5], microcrystalline silicon [6] or titanium nitride [7] films. However, to our
knowledge, no in situ elipsometric investigation on ZnO morphology has been reported yet.
In this contribution we report on the effect of the substrate temperature on the ZnO
surface roughness evolution, as well as on its electrical and structural properties.
SE measurements will provide the ZnO film thickness and roughness evolution. Profilometry
and Atomic Force Microscopy (AFM) will be used to support the outcome of the SE modeling,
while X-ray diffraction (XRD) will give information on the crystallinity development.

II. Experimental
The ZnO films were deposited using an expanding thermal plasma, generated in an
argon-fed (840 sccm) high pressure (330 mbar) cascaded arc. The plasma expands
supersonically in the low pressure (1.1 mbar) deposition chamber, where diethylzinc
(2.5 g/h) and O2 (50 sccm) are injected, via two separated injection rings, situated at 30 cm
and 6.5 cm from the plasma source, respectively.
The films were deposited on p-type crystalline Si (100) (for ellipsometry measurements)
and 400 nm thermal oxide (SiO2)/c-Si(100) wafers (for conductivity measurements). The
substrate temperature was varied between 120 °C and 400 °C.
The real-time SE measurements were performed using a J.A.Woollam M2000 rotating
compensator ellipsometer in the 300-1000 nm range. For data acquisition and processing,
the WVASE software from Woollam was used. The ellipsometry measurements were
performed both in situ (dynamic scans) and ex situ, after the deposition (static scans), at an
incidence angle of 61o and 75º, respectively. The spectral resolution was 1.6 nm. A full
range scan was acquired every 2 s. The film thickness was measured using a Tencor P10
stylus profiler, with a tip diameter of ~12.5 µm. For the sheet resistance measurements a
Jandel universal four point probe was used, with 0.5 mm diameter tungsten carbide tips and
~1 mm spacing. The morphology measurements were performed using an NT-MDT Solver
P47 atomic force microscope in the non-contact mode, using silicon cantilevers with
curvatures below 10 nm. A Philips X-pert diffractometer with a CuKα incident beam (1.54 Å),
in normal configuration, was used for the XRD measurements.
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III. Results

III.1. Substrate temperature influence on film properties
All films are n-type conductive, with resistivities between 4⋅10-3 Ωcm and 0.2 Ωcm. The
minimum resistivity is obtained for the films deposited at 200 °C. A similar behavior of the
resistivity with substrate temperature has been also observed by Lin et al. [8]. The
deposition rate is ~0.4 nm/s and it is, according to the profilometry measurements,
unaffected by the substrate temperature (Fig. 1).
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Figure 1. ZnO film deposition rate and resistivity as a function of the substrate temperature

The surface morphology is strongly dependent on the substrate temperature, as shown
by the AFM measurements (Fig. 2). The exact cause of the surface roughness in ZnO is not
known, some reports attributing this to H or OH groups present in the ZnO film, as already
mentioned in the Introduction. This could be a possible explanation for the films deposited
at low temperatures (<200 °C). When increasing the temperature, however, it is generally
observed that the density of the incorporated H/OH decreases [9]. At higher temperatures a
smoother surface might be expected due to an increase of surface mobility of the depositing
species and, consequently, of the concentration of the nucleation centers [10]. Therefore,
for the ZnO deposited on thermal silica, another explanation for the increase in the surface
roughness has to be found. The strain between the film and the substrate, increased by the
high substrate temperature, could be the cause of the higher surface roughness above
200 °C [11].
The XRD measurements showed polycrystalline films with (002) preferential orientation
at all substrate temperatures [Fig. 3(a)]. From the decrease in the FWHM of the (002) peak
with increasing the substrate temperature [Fig. 3(b)] we can conclude that the crystallinity
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(grain size) is enhanced at higher temperatures, in agreement with other studies performed
on similar material [8].
The increase in resistivity, observed in Figure 1, could be explained by a constraint of
the carrier mobility caused by the high roughness scale [12].
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Figure 2. Root-mean-square values normalized to the film thickness as a function of substrate
temperature

III.2. ZnO film growth monitoring
III.2.1. Spectroscopic ellipsometry
A few models for fitting the ex situ ellipsometry data have already been reported in
literature for ZnO [13,14,15,16]. For our ZnO films we chose to use a two-layer model,
consisting of a bulk and a surface layer. For the optical constants of the bulk layer a
Cauchy-like dispersion relation was used in the 450-1000 nm range:

n = A+

B
λ2

(1a)

k =0

(1b)

where A and B are the Cauchy parameters. This model can be used for any material in its
transparency domain. The surface layer was modeled according to the commonly used
Bruggeman Effective Medium Approximation (BEMA) [6], consisting of 50% bulk and 50%
voids.
For the substrate we used tabulated values for the optical constants of the silicon at
different temperatures, as well as for the native SiO2 layer on top of it. The Mean Squared
Error (MSE) was minimized by the WVASE program iteratively, according to the Marquardt-
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Levenberg fitting algorithm [17]. The film was assumed homogeneous on the whole area
sampled by the ellipsometer and the SE spectra were modeled assuming abrupt flat
interfaces between all layers, as well as uniformity in depth and isotropy of the optical
constants of the substrate and the film. The spectroscopic ellipsometry analysis was
performed on the ZnO films deposited at 200 °C, which showed the best conductivity and
low enough roughness (<λSE/10) for not causing extreme light depolarization.
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Figure 3. Typical XRD spectrum of a ZnO film (a); The dependence of the FWHM of the (002)
peak on the substrate temperature (b)

A very good agreement between the model and the experimental data was obtained for
film thicknesses below 200-250 nm. For thicker films, the roughness scale probably causes
light depolarization and a graded model to account for changes in the optical constants
during growth may be more suitable. Therefore, we deposited 250 nm-thick ZnO films on
c-Si and recorded SE spectra during deposition. The optical constants were calculated both
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from the Cauchy model, presented above, and from point-by-point fits, i.e., using only the
Kramer-Kronig relations. The values of both n and k (Fig. 4) are similar to those reported in
literature for undoped ZnO [18,19,20,21].
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Figure 4. Typical optical constants, as obtained from the Cauchy model (continuous lines) and
the point-by-point fit (dashed curves) for a 250 nm-thick ZnO film

We determined the optical constants from a Cauchy model fit of the final film and used
them to analyze the bulk thickness/roughness development during growth. The (total) film
thickness evolution, as well as the bulk thickness and the roughness evolution, are depicted
in Figure 5. The final thickness is confirmed by profilometry measurements. Small
fluctuations in the surface roughness and bulk evolution can be observed, probably due to
the interference occurring in the ZnO layer and leading to very low intensity of the signal
reaching the detector for specific film thicknesses [22]. The roughness and the bulk develop
linearly above 50 nm, which indicates the same “bulk-like” material, with no island formation
or transition from amorphous to crystalline phase.
Although the ellipsometric data were acquired from the beginning of the deposition, only
film thicknesses above 70 nm were modeled. For thinner films it is very difficult to determine
accurately both film thickness and refractive index using only the ellipsometry data.
Complementary techniques need to be employed in order to have a good insight in the initial
ZnO film growth.
Linear film thickness evolution is obtained for the whole modeled region (after 3 min of
deposition) (Fig. 5). The delay observed in the thickness development (non-zero intercept
with the time axis) can be an indication of the island formation and coalescence during the
initial growth regime, similarly to what has been observed for other polycrystalline films
[23,24].
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Figure 5. The ZnO total film thickness (d=db+dr/2) evolution during growth, as monitored by
in situ SE; in the inset: The ZnO bulk (db) and roughness (dr) layer thickness evolution during
growth, as monitored by in situ SE

III.2.2. Atomic force microscopy and X-ray diffraction
To validate the SE results, the surface roughness was also determined by AFM for films
with different thickness values. As our interest is mainly in the in situ real time monitoring of
the film growth, performed by SE, and not by AFM, a comparison between the film
parameters obtained in situ during the deposition process and ex situ, after air exposure,
needed to be investigated. Figure 6 shows that the correspondence is reasonably good,
showing that the ZnO film morphology does not change significantly when exposed to
atmosphere. Also the use of two different substrates (c-Si and thermal SiO2/c-Si) does not

roughness [nm]

influence the roughness evolution above 50 nm (Fig. 6).

rms (AFM) ZnO on c-Si
rms (AFM) ZnO on 400 nm thermal oxide (SiO2)
drough (dynamic SE)
drough (static SE)

10

1

1

10

100

film thickness [nm]
Figure 6. The surface roughness evolution with film thickness, as measured by SE (static and
dynamic) and by AFM
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Films with thicknesses between 50 and 250 nm were deposited and analyzed both by SE
and AFM. Also thinner films (below 50 nm) were deposited and measured with the AFM in
order to provide a complete picture of the roughness evolution. The results are presented in
Figure 6.
The relation between the root mean square (rms) value and the roughness layer
thickness derived from the SE model is still under debate [6,25]. This occurs because both
methods are influenced by many parameters, as mentioned before, but also due to the
different nature of the roughness determined by the two techniques. However, the same
roughness evolution results from both measurements (Fig. 6), which makes the agreement
between the two methods reasonable.
AFM images obtained for different film thickness are shown in Figure 7. Besides the
strong texture, which is clearly present at all investigated stages of the film growth, the
increase of the correlation length during film growth (not shown here) also suggests a 3D
grain development.

1.8 µm

1.7 µm

film thickness=10 nm
rms~1.5 nm

film thickness=50 nm
rms~5 nm

1.7 µm
film thickness=250 nm
rms~20 nm

Figure 7. AFM images of ZnO films with different film thicknesses

In order to see how the crystallinity develops during growth, XRD measurements were
performed on the same films. All scans showed preferential (002) orientation and no
amorphous phase (Fig. 8). This leads us to the conclusion that in our process the films grow
crystalline in the (002) orientation already from 10 nm, and, if an amorphous-to-crystalline
transition takes place (as expected in the initial stages for non-epitaxial growth), it would
occur below this thickness. Also, very important for future applications, the roughness scale
stays high (up to 10%) at all investigated stages of the deposition.
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Figure 8. The (002) peak region for ZnO films with thickness values between 25 and 200 nm;
because of the very low signal, the spectrum for the 10 nm film is not depicted here

IV. Conclusions
In this contribution, the influence of the substrate temperature on the ZnO film
electrical, morphological and structural properties was presented. We found an increase in
crystallinity and surface roughness with increasing substrate temperature and optimum
resistivity values (4⋅10-3 Ωcm) for the films deposited at 200 °C, as indicated by the
conductivity measurements. For these films we also performed in situ studies using
spectroscopic ellipsometry. Particular attention was paid to the surface roughness evolution,
an important parameter in solar cell applications, where a rough front electrode is needed
for light trapping.
A constant bulk and roughness development resulted from both SE and AFM
measurements for films between 70 and 250 nm. Also a high surface roughness (up to 10%
of the film thickness), at all investigated stages of growth, was observed for the ZnO films
deposited at 200 °C. The delay in the initial growth is probably caused by the island
formation and nucleation. This will be, however, subject for future research. X-ray diffraction
measurements indicated polycrystalline films, with preferential (002) orientation and no
amorphous-to-crystalline transition occurring for films thicker than 10 nm.
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3.2. In situ spectroscopic ellipsometry growth studies on the Al-doped ZnO
films deposited by remote plasma-enhanced metalorganic chemical vapor
deposition*

Abstract

In situ spectroscopic ellipsometry (SE) was applied to study the pyramid and pillar-like
growth of Al doped ZnO (AZO) films deposited by means of remote plasma-enhanced
metalorganic chemical vapor deposition, for transparent conductive oxide applications. Real
time SE studies in the visible region allowed discerning between the two growth modes by
addressing the time evolution of the bulk and surface roughness layer thickness. While the

pillar-like mode is characterized by a constant growth rate, a slower rate in the initial stage
(up to 150-200 nm film thickness), compared to the bulk, is observed for the growth of

pyramid-like AZO films. The two modes differ also in terms of surface roughness
development: a saturation behavior is observed for film thickness above 150-200 nm in the
case of the pyramid-like films, while a slow linear increase with film thickness characterizes
the pillar-like mode. By extending the SE analysis of the AZO films to the near infrared
region, valuable information about the in grain properties could be extracted: excellent

in grain mobility values, i.e., larger than 100 cm2/Vs and 50 cm2/Vs, are determined for the
pyramid-like and pillar-like AZO layers, respectively. The comparison between the outcome
of the in situ real time SE studies and the ex situ electrical and chemical characterization
highlights the limitations in the electron transport occurring in both types of films and allows
to address routes towards further improvement in AZO conductivity.

I. Introduction
Presently, zinc oxide (ZnO) is one of the most researched transparent conductive oxides
(TCOs) as alternative to tin-doped indium oxide (ITO) and fluorine-doped tin oxide (SnO2:F)
for electrodes in solar cell and diode applications [1,2]. Its advantages are the high
transparency in the visible part of the spectrum (>80%), the low resistivity (<5×10-4 Ωcm),
the relatively high natural abundance of Zn and low cost of the materials involved [3]. ZnO
can be deposited using various techniques, the most widespread being (reactive) magnetron
sputtering of ZnO and Zn targets [4], pulsed layer deposition (PLD) [5] and metalorganic
chemical vapor deposition (MOCVD) [6,7]. By using plasma in combination with the MOCVD
technique the process window is enlarged, e.g., the plasma-induced decomposition of the
*

I. Volintiru, M. Creatore, and M.C.M. van de Sanden, accepted for publication in Journal of

Applied Physics
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metalorganic precursors facilitates the use of lower deposition temperatures. Although
plasma-enhanced MOCVD (PE-MOCVD) is not yet a widespread technique for ZnO
deposition, its potential has already been demonstrated in a few studies [8]. Within our
group, a remote PE-MOCVD technique has been used to deposit natively textured Al-doped
ZnO (AZO) films, which have been successfully applied as front electrodes in a-Si solar cell
applications [9].
A recent observation and a serious challenge of ZnO deposition by MOCVD is the strong
dependence of the electrical properties on the film thickness [10]. This outcome was also
observed in our PE-MOCVD process and a detailed study of the sheet resistance evolution
during the AZO growth was presented in a previous work [11]. In Ref. [11] a set of ex situ
electrical, morphological and compositional diagnostic measurements was employed in order
to identify the main causes for the sheet resistance gradient. Moreover, a tool to control the
gradient and film growth mode was presented. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) revealed a pyramid-like growth, with a distinctive grain
development, under specific conditions (cf. type I in Table I), accompanying the large sheet
resistance gradient (from 180 Ω/□ at 300 nm to 5.5 Ω/□ at 1.3 µm). The electron
concentration (doping level) and film composition, determined by means of Hall and time-offlight secondary ion mass spectrometry (TOF-SIMS) techniques, were found to be constant
during growth. As a consequence, the strong sheet resistance gradient and the electron
mobility evolution, determined by Hall, were related to the strong lateral grain size
development. Note that the electrical measurements, i.e., four point probe and Hall, monitor
both the in grain and inter grain electronic properties; therefore, no information on the

in grain quality of the AZO films can be extracted solely from these measurements.
Table I. The film properties for the type I (pyramid-like) and type II (pillar-like)
AZO films; dsp denotes the film thickness measured with the step profiler
parameter
d [nm]

ZnO:Al

ZnO:Al

type I
940

type II
820

RMS [nm]

40

10

[Al] [%]

0.2

0.7

R s [Ω/□]

10

-3 *

N e [cm ]

µ [cm2/Vs]*

1.2⋅10
12

18
20

1⋅1020
5.3

*measured on the aged films

Due to the well developed grains (200-300 nm, as shown by SEM) and relatively high
electron concentration (21020 cm-3), the final sheet resistance, i.e., for film thickness larger
than 1200 nm, reaches a satisfactory level for solar cell applications (Rs=5.5 Ω/□ [12]).
Moreover, the films deposited are also rough (>4% of the thickness) without any posttreatment, which is beneficial for light trapping within solar cells. Even though the
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pyramid-like growth mode is suitable for solar cells, it has two disadvantages: the sheet
resistance gradient, already mentioned, and the poor nucleation, as indicated by TOF-SIMS
analysis in Figure 1(a), which shows the presence of an incubation layer of about 150 nm.
As shown in our previous article, the growth mode can be influenced by decreasing the
working pressure, which promotes a transition from pyramid-like (type I) to pillar-like
(type II) growth [Fig. 1(b)]. The latter is characterized by almost no resistivity gradient,
accompanied by a limited grain and roughness development, and by a better initial
nucleation (as indicated by TOF-SIMS). The downside of the type II AZO films, however, is
the high sheet resistance (65 Ω/□ at 1125 nm), caused by the small grain size and low
doping efficiency (~ 20% compared with 96% in the case of type I films).

6

10

4

10

Si substrate

intensity [counts]

(a)
5

10

ZnO ZnO Al Al -

3

10

0.38 mbar
1.5 mbar
0.38 mbar
1.5 mbar

2

10

1

10

0

10

0

250

500

750

1000

thickness [nm]

Figure 1. TOF-SIMS measurements (a) and qualitative growth model (b) of the type I
(pyramid-like) and type II (pillar-like) AZO film growth (experimental conditions in Table I).

The present article investigates further the two growth modes presented already in
Ref. [11] by addressing two important issues:
1. In Ref. [11] the film growth was studied via a set of elaborate and often destructive

ex situ measurements. Could the two growth modes of the AZO films be monitored and,
more important, “predicted”, in situ real time by means of a non-intrusive technique?
2. Besides the grain size, an important factor limiting the film sheet resistance can be the
scattering at impurities inside the grains. As mentioned before, the electrical measurements
monitor both the in grain and inter grain properties. In order to extract the in grain quality
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of the AZO films an optical technique, which can give information about the film properties
at sub-grain scale (<10 nm), is necessary.
A tool which can address both research questions is Spectroscopic Ellipsometry (SE).

Ex situ SE has already been often applied to determine the optical constants and thickness
of several deposited materials, including TCOs [13,14,15]. Up-to-date few groups have
reported on the in situ and real time use of SE on the growth of different materials, such as
Si [16,17], Ti [18], TiO2 [19] or GaN [20]. Related to ZnO, Losurdo et al. [21] reported

in situ real time monitoring by SE of the changes in Zn- and O- polar ZnO surfaces upon
interaction with H generated in a remote rf plasma, while Groenen et al. [22] monitored the
surface modification occurring during the etching process of ZnO by a remote
Ar/H2 plasma. To our knowledge, the in situ and real time use of SE for the ZnO film growth
is still relatively unexplored [23,24].
In this article we describe the growth studies performed by in situ SE measurements on
type I and type II AZO films, deposited by remote PE-MOCVD. In Section II the ellipsometry
model is presented and validated via comparison with the ex situ measurements previously
addressed in Ref. [11]. Section III is divided into two parts, providing answers to both
research questions. In the first part the thickness and roughness evolution during film
growth are determined from the optical model and used to identify the two growth modes.
The second part is dedicated to the in grain electronic properties, which, in combination with
the ex situ data presented in Ref. [11], give a reliable picture of the limiting electron
transport processes in the AZO films.

II. Experimental details and data analysis

II.1.

Deposition setup and experimental conditions

AZO films were deposited using a expanding thermal plasma [25] fed by argon,
generated in a high pressure (360 mbar) cascaded arc and expanding in a low pressure
deposition chamber (0.3-1.5 mbar). The precursors for film deposition, i.e., diethylzinc
(DEZ), oxygen and trimethylaluminum (TMA), are injected downstream, via injection rings.
The typical conditions used for ZnO film deposition are listed in Table II. The substrates
used for the experiments presented here are 400 nm thermal SiO2 on single side polished
c-Si (for ellipsometry and electrical measurements) and Corning glass (for transmission
measurements). Our results suggest that c-Si/SiO2 is indiscernible from the glass substrate,
i.e., the AZO growth is similar on both types of substrates.
To acquire the (Ψ, ∆) ellipsometric spectra on the AZO films grown on c-Si/SiO2, we
used a Woollam M2000 spectroscopic ellipsometer in the 300-1700 nm wavelength range
and the corresponding WVASE32 software to process the data. The in situ measurements
were performed at an angle of 61°, set by the reactor geometry, with a time resolution of

78

___________________________________________________________________________
12 s. For the ex situ SE measurements an angle of 75° was used.
Table II. The deposition conditions used for the type I (pyramid-like)
and type II (pillar-like) AZO films
deposition
ZnO:Al
ZnO:Al

II.2.

parameter

type I

type II

ΦAr [sccm]

1000

1000

Iarc [A]

50

50

ΦO2 [sccm]

100

100

ΦDEZ [g/h]

3.5

3.5

ΦTMA [g/h]

0.2

0.2

p [mbar]

1.5

0.38

Tsubs [°C]

200

200

Spectroscopic ellipsometry analysis

Similar to the work of Groenen et al. [26], a three-layer model, consisting of a semiinfinite Si substrate with a 400 nm-thick SiO2 layer, a ZnO bulk and a surface roughness
layer, was chosen for the deposited films (Fig. 2). In order to simplify the ellipsometric
analysis, a few assumptions were made, i.e., abrupt and smooth interfaces between
different layers and isotropic optical constants, uniform in depth, for the film. These
assumptions have been commonly used in literature for TCOs, although there have been
also studies treating the inhomogeneity in depth of the TCOs [27] and the anisotropy in
ZnO [28]. The spectroscopic ellipsometry analysis was performed only on ZnO films with
reasonably low roughness (<λSE/10), such that extreme light depolarization could be
avoided.
roughness layer

dr

ZnO layer

db

400 nm SiO2

Si substrate

Figure 2. The optical model used to fit the ellipsometric data, consisting of a Si/SiO2
substrate, a ZnO film and a roughness layer.

Tabulated values provided by the WVASE program were used for the optical constants of
the semi-infinite silicon substrate at room temperature (for the ex situ measurements), as
well as for the thermal 400 nm SiO2 layer on top. For the in situ measurements material files
generated from the experimental data, collected on Si at 200 °C, were used as virtual
substrate.
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The most commonly used optical models in UV-VIS in literature for TCOs are Lorentz
[29,30,31], Cauchy [32] and Sellmeier [33]. The latter two are simplified forms of the
Lorentz representation and are suitable for any material in its transparency wavelength
region [34]. More rarely applied are the Tauc-Lorentz [14] and Forouhi-Bloomer [35]
models. For the free carrier absorption in the near infrared region (NIR) the Drude model is
commonly employed for TCOs and metals, to analyze either the SE data or, when they are
not available, the transmission data [36,37]. In this work we use a Cauchy-Drude (CD)
model, the total dielectric function ε = ε1 + iε 2 being expressed as:

ε = ε Cauchy + ε Drude

(1)

The Cauchy term εCauchy is used in the transparency range of the material, i.e.,
400-1000 nm for the AZO films, and it is described by Eqs. (2):

n(λ) = A +

B
λ2

(2a)

k (λ) = 0

(2b)

where n and k are the refractive index and extinction coefficient, while A and B are the
Cauchy parameters. The set of fitting parameters in the Cauchy model is [db, dr, A, B],
where db and dr are the bulk and the surface roughness thickness, respectively.
The optical constants [n, k] are related to the real and imaginary part of the dielectric
constant [ε1, ε2] at each wavelength by Eqs. (3):

ε1 = n 2 - k 2

(3a)

ε 2 = 2nk

(3b)

The refractive index was determined at a film thickness of 200-250 nm for both types of
AZO films and kept constant while modeling the in situ data. This thickness was chosen
because it represents the “bulk” ZnO [cf. TOF-SIMS in Figure 1(a)] and, at the same time, is
characterized by resonably low roughness (<10 nm) so that light depolarization does not
affect the modeling results, as earlier mentioned. The resulting values for the refractive
index at 633 nm are 1.86 for type I and 1.92 for type II films. The value is higher for the
type II films due to the compact, columnar structure growth, which leads to higher film
density [11].
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The Drude model uses a single Lorentz oscillator with the center energy fixed to zero:

ε Drude ( E ) = -

AD
E - iΓD E

(4)

2

where AD and ΓD are the oscillator amplitude and broadening, respectively. The set of fitted
Drude parameters is [ε∞, AD, ΓD], expressed by:

AD = ε ∞ ℏ 2 ω 2p

(5a)

ΓD = ℏγ D

(5b)

where ε∞ represents the high-energy dielectric constant [38], ћ is the reduced Plank’s
constant, ωp is the plasma frequency and γD is the damping factor expressed in cm-1.
For a better accuracy, the two models were applied separately in the corresponding
wavelength regions. The optical constants obtained from the Cauchy and Drude
representations were compared with the ones obtained from the point-by-point fits, i.e.,
using only the Kramer-Kronig relations, where the thickness was fixed from the Cauchy fit.
Due to the assumptions in the two models, i.e., k=0 in the 400-1000 nm range (Cauchy)
and k>0 for λ>1000 nm (Drude), the transition between the data points corresponding to
the two models is not continuous. Therefore, in the transition region, a point by point fit was
used.
From the Drude (free electron) theory [39] the electronic properties of the material can
be deduced, i.e., the SE resistivity ρopt, the electron concentration Nopt and the mobility µopt,
according to the formulas:

ρ opt [Ωcm] =

ℏ ΓD [eV ]
ε 0 e AD [eV 2 ]

(6a)

ε 0 me*
N opt [cm ] = 2 AD [eV 2 ]
ℏ

(6b)

cm 2
ℏ
]= *
Vs
me ΓD [eV ]

(6c)

-3

µ opt [

where me* is the electron effective mass in the ZnO lattice and ε0 is the permittivity of free
space. The errors in the optical resistivity, carrier concentration and mobility have been
determined from the Drude modeling of AZO films deposited under the same conditions
(with similar properties). The modeling of the real time data also contains the error in
mobility, i.e., for relatively small variations in thickness, the mobility can vary within the
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range used to estimate the errors.
The rough surface layer was modeled according to the Bruggeman Effective Medium
Approximation (BEMA) [40], consisting of 50% bulk and 50% voids. This is in line with the
work of various other groups on rough films [41]. In this model, the resulting refractive
index of the top layer (ntop) is considered to be a weighted average between the refractive
index of the bulk material (nbulk) and that of the ambient (nambient):

f voids

2
2
nambient
- ntop
2
2
+ 2ntop
nambient

+ (1 - f voids )

2
2
nbulk
- ntop
2
2
+ 2ntop
nbulk

=0

(7)

where fvoids represents the void fraction (fvoids=0.5) and nambient=1 (air/vacuum).

II.3. Validation of the SE model: thickness and optical bulk properties
The ellipsometry models and their application wavelength ranges were chosen after
analyzing the transmission spectra, for both types of films (cf. Fig. 3). Three distinct regions
can be observed in these figures: the bandgap absorption below 400 nm (region A), the
transparency domain between 400 and 1000 nm (region B) and a decrease in transmission
caused by free carrier absorption in the near infrared, i.e., above 1000 nm (region C). In
region B the interference fringes are visible only for the columnar films, as a proof of their
smooth surface morphology.

1.0

A

B

AZO type I
AZO type II

C

transmission

0.8

0.6

0.4

0.2

SE
0.0

500

1000

1500

2000

2500

wavelength [nm]
Figure 3. Typical transmission spectra of a 940 nm-type I (pyramid-like) and 820 nm-type II
(pillar-like) deposited AZO films (experimental conditions in Table I).
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As a consequence of these observations we chose the Cauchy model in region B and
Drude model in region C, while in region A we only performed a point by point fit. Figure 4
shows a good agreement between the measured and fitted Ψ and ∆ curves, for thick films
(>800 nm).
Poorer fits are obtained for rough films, which can be due to depolarization effects
present at high roughness values [41], but also to the errors involved in the interpretation of
the roughness layer in the optical model.

80
60

Drude

type I

pbyp

Cauchy

1.0
0.5

40

0.0
20

∆Ψ/ Ψ

Ψ [deg]

1.5

-0.5

80
0

Ψmodelled
Ψmeasured

60

type II

-1.0
1.5
1.0
0.5

40

0.0
20
0

-0.5
500

750

1000

1250

1500

-1.0

wavelength [nm]
Figure 4. The ellipsometric parameter Ψ for a 940 nm-rough (type I) and 820 nm-smooth
(type II) AZO film. The quality of the fit is expressed by the comparison between the
measured and the modeled ψ values and by the relative residue ∆Ψ/Ψ. (Note: “pbyp”
designates the point by point fit.)

As a next step we compared the film thickness given by ellipsometry (dSE=db+dr) [42] with
the outcome of the step profiler measurements dsp, which are found to agree within 10%
error (Fig. 5). The agreement is good if we take into account the errors involved in the step
profiler measurement, of ±30 nm, and the error in the roughness layer thickness determined
by SE, which depends on the void percentage assumed in the model. The biggest
underestimation of the thickness by SE occurs, again, for the roughest samples.
Finally, we determined the optical constants from the Cauchy and Drude models and
compared them with the values resulted from the point by point fitting procedure [43], as
shown in Figure 6. To make the discussion complete, we used for comparison also an
undoped ZnO (UZO) film, deposited under similar conditions as type II films, with the TMA
flow set to zero. For this film a Cauchy layer in region B and C was sufficient, due to the low
carrier concentration (1018 cm-3), resulting in a high transmission for the whole measured
wavelength range. With increasing conductivity (from type II to type I), a clear deviation of
the Cauchy model from the point by point curve is visible at 900-1000 nm.
83

___________________________________________________________________________
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1200

dSE [nm]
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800
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400
200
0

0

200

400
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1200

1400

dsp [nm]
Figure 5. The film thickness of several smooth (□) and rough (ο) AZO films, as determined
from ellipsometry (dSE=db+dr) and step profiler (dsp).

This can also be used as an onset wavelength for the application of the Drude model. The
optical constants shown in Figure 6 are in agreement with the values reported in literature
[44,45]. The comparison with literature should, however, be regarded with some reserves,
because the optical constants depend strongly on the doping level, as seen also in Table III,
and possibly on other factors, such as thickness, stoichiometry or crystallinity. Ideally, the
comparison should be made with films having similar properties, which is quite difficult to
achieve because of the incomplete information found in most of the ellipsometry studies on
ZnO.

1.0

2.2

UZO Cauchy
UZO point by point
AZO type II Cauchy & Drude
AZO type II point by point
AZO type I Cauchy & Drude
AZO type I point by point

2.0

UZO; λp=16 µm

1.8

AZO type II
λp=3 µm

refractive index

2.4

1.6

0.8

0.6

0.4

BM shift
AZO type I
λp=2.1 µm
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0.2

1.2
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1600

extinction coefficient

2.6

0.0

wavelength [nm]
Figure 6. The optical constants of the AZO films determined from Cauchy (400-1000 nm) and
Drude (1000-1700 nm) models; the comparison with the undoped ZnO films (UZO) and with
the point by point fit (300-1700 nm) is also shown.
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The doping is known to decrease the refractive index of the ZnO films [46] and this can
also be observed in our case in Figure 6. When performing a point by point fit in region A for
the undoped and the AZO films, a blue shift in the position of the bandgap absorption peak is
observed. The increase in the ZnO bandgap energy with doping is generally attributed to the
Burstein-Moss shift [47], caused by the filling of the lower states of the conduction band at
high electron concentrations, as also reported in our earlier work [26].
The Drude parameters are directly related to the electron conduction in the material and
are listed in Table III. Again, it was difficult to find Drude parameter values reported for
similar ZnO films. In order to make a rough comparison, we chose to mention for the
references in Table III also the film thickness and electron concentration, when possible. The
onset of the free carrier absorption is given by the plasma wavelength, which can be
calculated for the ZnO films according to the formula [48]:
1

 m *ε ε  2
λ p = 2πc e2 ∞ 0 
 e Ne 

(8)

The plasma wavelength values calculated with Eq. (8) for the type I and type II films are
2.1 µm and 3 µm, respectively. The difference in plasma wavelength between the two types
of films is given by the electron concentration, but also by the refractive index/high energy
dielectric constant ε∞ (cf. Table III).
Table III. Cauchy-Drude parameters and comparison with literature

ZnO:Al

ZnO:Al

ZnO:Al/ZnO:Ga

type I

type II

[46]

A

1.74

1.8

-

-

B

0.053

0.05

-

-

n@633 nm

1.86

1.92

1.83-1.87

1.75

1.85

ε(∞)

3.8

3.9

not reported

3.65-3.9

-

AD [eV]

1.29

0.66

1.3/1.2

2.54

-

ΓD [eV]

0.04

0.1

0.17/0.11

0.13

-

λp [µm]

2.1

3

not reported

1.48

-

dsp [nm]

940

820

485/155

65

ZnO:Ga [14]

ZnO:Ga[14]

Cauchy

Drude

-3

Ne [cm ]

210

20

110

20

not reported

6.510

65
20

4.81020

A shorter plasma wavelength for the type II films implies a lower transmission in
region C (Fig. 3). The decrease in plasma wavelength causes also a steeper decrease in the
refractive index trend (Fig. 6). The extinction coefficient of the AZO films increases in
region C in comparison to the undoped sample. On the other hand, its values for type I and
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type II AZO samples are comparable, due to similar λp and to the fact that λ<λp in the
whole ellipsometry wavelength range. To conclude, via comparisons with ex situ and
literature data, we have demonstrated in this section that the Cauchy-Drude model is a good
representation for the AZO films presented in this study. Therefore, in the next part we will
address the results on the film growth and electronic properties derived from this model,
applied to both ex situ and in situ SE data.

III. Results and discussion
As already mentioned in the introduction, this article continues the work presented in
Ref. [11] and introduces the in situ and real time SE studies of the pyramid-like (type I) and

pillar-like (type II) AZO films grown by means of remote PE-MOCVD.
III.1. In situ real time ZnO film growth studies
III.1.1. Thickness evolution
The bulk and roughness layer thickness values, db and dr, are the parameters fitted from
the real time data at each time step. In Figure 7 the total film thickness, d=db+dr/2, as
determined from the Cauchy model, is shown as a function of the deposition time, for both
type I and type II AZO films. A linear thickness development can be observed for all AZO
samples and the bulk deposition rate, as calculated from the slope of the thickness curve, is
higher for the type I films, i.e., 1 nm/s compared to 0.7 nm/s for type II films. This can be
explained by a higher growth flux arriving at the substrate under these conditions, caused
by a factor four higher pressure.
Besides the difference in deposition rate, a distinctive growth behavior in the first
150-200 nm can be observed: while for the type II films the deposition rate is constant in
time already from the initial stages of deposition, a clear slower growth rate is present in the
initial phase of the growth for type I samples; this is reproducible for a significant number of
films under these growth conditions. The earlier TOF-SIMS measurements [Fig. 1(a)]
indicated an initial incubation layer of about 150 nm for type I and less than 20 nm for
type II films. When modeling the real time SE data, the refractive index is assumed to be
constant at the bulk value, which means that the information on the incubation layer is
included entirely in the thickness trend. Nevertheless, the SIMS and ellipsometric outcomes,
i.e., the thickness of the incubation layer and the slower initial growth, respectively, agree,
pointing out that less ZnO is deposited in the beginning of the growth for the type I AZO
samples, caused either by an effective slower growth or by a higher porosity [49]. The
difference in the growth process observed for the two types of films can, therefore, be
attributed to a difference in plasma chemistry (growth species and flux), but also in surface
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mobility, as discussed in more detail in our previous article [11].
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Figure 7. The type I (pyramid-like) and type II (pillar-like) AZO film thickness evolution during
growth; the time interval between the data was increased for the bulk growth region for
clarity; only the first part of the bulk growth region is shown.

III.1.2. Roughness evolution
In our deposition system both very rough as well as relatively smooth films can be
deposited (Table I) [11]. For the smoother (type II) films, with columnar structure, the
agreement between the SE and AFM outcomes is fairly good, as it can be observed in
Figure 8. For the rough (type I) samples, on the other hand, the roughness development
differs significantly between the two techniques. SE shows a strong increase in roughness in
the first 200 nm, corresponding to the initial growth, followed by a plateau, while, according
to the AFM measurements, the roughness develops linearly up to 1 µm film thickness
(Fig. 8) [50]. The difference in the values obtained by the two techniques can be
rationalized if we consider the distinctive nature of the SE and AFM roughness
measurements: SE roughness is a mixture of material and voids (dr), while AFM “physically”
measures the average height of the features on top of the film bulk (rms). The exact
relationship between them is not known, being still under debate [51,52,53]. Nevertheless,
the roughness evolution with thickness, as measured with SE and AFM, should be
comparable if the roughness features develop in one (growth) direction. This is confirmed in
the case of type II AZO films, with a pillar-like structure, where the void and height trends
coincide due to the preferential grain evolution along film growth direction [Fig. 1(b)]. The

pyramid-like grains present in the type I films, on the other hand, develop both in height
and width [Fig. 1(b)]. As a result, although the rms increases, the lateral grain development
leads to a decrease of the void fraction, resulting, by compensation with the height, in a
constant roughness layer thickness determined by SE. Note that the optical model used here
assumes a constant void fraction of 50%, which can be physically incorrect. Nevertheless,
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introducing a void fraction gradient in the model is not useful due to the high correlation
with the other parameters. Therefore, the roughness layer evolution should be seen as a
combination of the height and voids development.
In conclusion, we have demonstrated that SE can be used in situ and real time for ZnO
and provides key insights into the structural properties of the growing film. The use of a
simple Cauchy model allows identifying and predicting the two growth modes, pyramid- and

pillar-like, from the thickness development in the initial growth phase and from the
roughness evolution during the bulk growth.
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Figure 8. The evolution of the film roughness during type I (pyramid-like) and type II
(pillar-like) AZO film growth, as resulted from SE and AFM analyses.

III.2. Electronic properties of the AZO films
III.2.1. Resistivity evolution
Besides the growth studies, the SE measurements can also be used to provide
information about the electronic properties of the AZO films. The carrier concentration,
resistivity and mobility can be determined from the Drude parameters [ε∞, AD, ΓD], according
to Eqs. (6), mentioned in Section II.2. The electronic parameters determined in this way
give information about the in grain properties of the AZO films, since the electrons, when
oscillating in an AC field at optical frequencies, have an amplitude which is much smaller
than the grain size.
In Ref. [11] we defined the effective resistivity as Rsd, obtained from four point probe
(Rs) and step profiler measurements (d). In Figure 9, the SE resistivity values ρopt(d),
determined from Eq. (6a) for both type I and type II AZO films, are compared with the

effective resistivity values. Note that the resistivity, as determined from SE, is independent
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Figure 9. Comparison between the optical resistivity, as determined from ex situ and in situ
SE (ρopt), and the electrical resistivity, determined from four point probe, both as-measured
(ρeff) and corrected (ρ) for: a) type I (pyramid-like) and b) type II (pillar-like) AZO films.

of the choice of the electron effective mass, the main cause for errors in this optical
analysis, for both types of AZO films.
In the case of the type II films, ρopt(d) values are lower than Rsd(d) in the whole
thickness range, indicating that the electron transport is limited by the carrier scattering at
grain boundaries. For the type I films, on the other hand, the difference between the SE and
electrical resistivity values reduces with increasing thickness, which is in agreement with the
outcomes related to grain development determined by SEM and AFM and with the initial
porosity discussed in Ref. [11]. However, despite the well-developed grains for film
thicknesses larger than 1 µm, the resistivities obtained from SE are always below the values
determined from the electrical measurements (cf. Figure 9). This difference can be
misleading and, in order to explain it, we need to take into account the fact that the

effective resistivity Rsd represents an integrated value over the film thickness d, being
affected by the layers below, as previously reported [11]:
d

d
1
1
=
=∫
dx
ρeff (d ) Rs (d ) 0 ρ( x)

(9)
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where ρ(x) represents the resistivity of the top layer of a deposited film with thickness x.
This calculation has been presented in detail in Ref. [11]. Since the observed sheet
resistance Rs(d) scales with the film thickness, in the considered film thickness range, as:

Rs (d ) ~ d -( a+1)

(10)

The effective resistivity based on Eq. (9) can be determined to be:

ρ(d ) =

ρ eff (d )
a +1

=

Rs ( d ) d
a +1

(11)

For type I films we found a=2.2±0.5. For type II films this correction in ρeff(d) is not
necessary due to the absence of gradient and, implicitly, of the thickness influence on
resistivity.
Since the SE results reflect the in grain electrical properties of the material, the
comparison with the corrected, local values ρ(d) gives a better estimation of the grain
boundary influence on the electron conduction, especially for the thick type I films because
ρ(d) reflects the top grain size, which is the largest at thickness d. Above film thickness
values of ~1 µm, a good agreement is observed between the two techniques if we use the
local ρ(d) values instead of ρeff(d). This strongly suggests that, for thick films, the grain
boundary effects are negligible and a further improvement of the resistivity should only be
related to the intrinsic properties, i.e., doping level, impurities etc.
Another interesting issue generates from the comparison between the in situ and the

ex situ SE measurements performed during the growth of a thick ZnO film and on a
thickness series corresponding to the same deposition conditions, respectively. The ex situ
resistivity values in the case of type I are higher than the in situ values for films thinner than
300 nm [Fig. 9(a)]. This difference can be attributed to ageing of these films, known to be
porous (the ex situ measurements were performed a few months after the in situ ones). The
film porosity normally leads to water uptake when exposed to atmosphere, influencing the
optical constants of the film in the visible region (increase in refractive index [54]), but could
also lead to a change in the Drude parameters in the near infrared region. The film ageing
detected by the Drude modeling, however, can imply that part of the ageing occurs within
the grain, i.e., the AZO matrix oxidizes and therefore the oxygen trap density increases.

III.2.2. Electron concentration and mobility
The SE electron concentration and mobility were calculated according to Eqs. (6b) and
(6c) from Section II.2 and compared with the Hall measurements. The electron
concentration Nopt(d) is independent of the film thickness, indicating constant intrinsic
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quality of the material for both types of films (Fig. 10) [55]. An electron effective mass value
of 0.28me was used [14,26].
The choice of this value is validated by the agreement shown by the electron
concentration values determined from SE and Hall, shown in Figure 10, under the
assumption that all electrons contributing to conduction are inside the grains [14].
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Figure 10. Comparison between the electron concentration determined by SE (Nopt) and Hall
(NHall) measurements for: a) type I (pyramid-like) and b) type II (pillar-like) AZO films (Note:
the very thin films (≤ 300 nm) could not be measured with the Hall setup).

The effective mobility µeff(d), determined from the Hall measurements, reflects the
resistivity behavior with thickness: it is constant for the films with pillar-like structure
[Fig.11(b)] and shows a strong gradient for the films with pyramid-like structure [Fig.11(a)].
As shown in Figure 11(a), the SE mobility is much higher than the Hall mobility for the
type II films, indicating that the electron conduction is grain boundary-limited. The same
occurs for the type I films for film thicknesses below 1 µm [Fig. 11(b)]. Similar results have
been obtained by other groups [14,56] and indicate that the electron conductivity in these
films is mainly limited by grain boundary scattering. This limitation is reduced during the
growth of the films with pyramid-like structure, due to the grain development. For type I
films thicker than 1µm, the difference between the two values is still visible, despite the
well-developed grains. Similar to the observation on resistivity, this difference can be
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explained by the fact that the effective mobility is an integrated value over the film
thickness. As a result, the values for thick films are reduced under the influence of the
underneath layers. The corrected values of the electrical mobility, following a similar
calculation as for the resistivity of type I films, are given by the relation:

µ(d ) = (a + 1)µ eff (d )

(12)

with a=2.2±0.5, which, as seen in Figure 11, lead to similar values to the SE mobility, for
films thicker than 1 µm, showing that, in this case, the electron conduction is limited by the
intrinsic properties of the material. For the type II films this correction is not necessary, due
to the relatively constant grain development.
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Figure 11. Comparison between the electron mobility determined by SE (µopt) and Hall, both
as-measured (µeff) and corrected (µ) for: a) type I (pyramid-like) and b) type II (pillar-like)
AZO films (Note: the very thin films (≤ 300 nm) could not be measured with the Hall setup).

The lower SE mobility for the type II films, i.e., ~50 cm2/Vs compared with excellent
values of ~100 cm2/Vs for type I, suggests that the impurity content of the grains is higher
in the first case [57]. AlOx islands are commonly believed to be formed in the AZO films [36]
although very few studies on the forms of Al incorporation have been reported so far [58].
In our case, the type II films contain higher amounts of Al than the type I (Table I). About
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80% of the Al incorporated in the type II films is electrically inactive, compared to only 4%
in the case of the type I films [11]. The inactive Al could be generated from AlOx islands
embedded in the ZnO matrix. If we correlate this with the lower in grain mobilities in the
case of type II films, we can speculate that AlOx might incorporate within the grains, while
other impurities, such C or H, present in both types of films, could be segregated mainly at
grain boundaries.
Again, similar to resistivity, the comparison between in situ and ex situ SE results point
out the decrease of the mobility determined by ellipsometry when the films are exposed to
the atmosphere for a long time, due to ageing effects. This observation is not valid for the

pillar-like films, which are denser and, therefore, less sensitive to air exposure.
In order to distinguish between the impurity and grain boundary scattering effects, the
Mathiessen’s rule [59] can be applied, to a good approximation [60], for the polycrystalline
ZnO films:

1 1
1
=
+
µ µ i µ gb

(13)

where µi= µopt accounts for the scattering mechanisms taking place in the grains (intrinsic
mobility), while µgb accounts for the effect of the grain boundaries on the electron mobility.
In Figure 12 the µgb and µopt are plotted as a function of the rms roughness values
resulted from the AFM measurements (used here as a measure for the grain size). The µopt
is practically independent of the grain size, while µgb scales with it, in the case of type I
films.
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Figure 12. The in grain mobility (µopt) and grain boundary mobility (µgb) as a function of the
rms values (a measure for the grain size) for type I (pyramid-like) AZO films (Note: the very
thin films (≤300 nm) could not be measured with the Hall setup.

This confirms the fact that the intrinsic properties of the material are constant and gives an
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indication of the grain size influence on the electron mobility. In the case of type II films we
chose not to show the dependence of the mobility of the grain size because the rms values
are relatively constant (see Fig. 8) in the thickness range of the measured films, i.e., larger
than 300 nm. More precise lateral grain size measurements, which could account for the
small grain development, are necessary for these films.

IV. Conclusions
In this work in situ and real time VIS-NIR spectroscopic ellipsometry was applied to
monitor and discern the growth modes of the Al-doped ZnO films deposited by remote
PE-MOCVD. After a careful comparison between the optical analysis, the outcome of other

ex situ diagnostic tools and literature studies on ZnO, it can be concluded that the
Cauchy-Drude is an appropriate optical model to describe the optical properties of ZnO in
the studied wavelength range.
The identification of the growth mode could be performed real time by monitoring the
thickness development in the initial growth stage and the roughness evolution during film
growth. By applying a simple Cauchy model in the visible wavelength region differences
between the pyramid-like (type I) and pillar-like (type II) AZO films could be identified: a
slower growth rate was observed for the pyramid-like films during the initial phase
compared to the bulk, while the pillar-like films exhibited a linear increase in thickness at all
stages of growth. A saturation behavior in the roughness evolution for films thicker than
150-200 nm was observed for the pyramid-like structure, while for pillar-like films the
roughness scales linearly with the film thickness. The relation between these differences and
the two growth modes was validated by comparison with ex situ measurements, such as
TOF-SIMS (initial growth) and AFM (roughness).
In the near infrared region, where free carrier absorption is present, spectroscopic
ellipsometry was employed to probe the in grain electronic properties of the material. The
results obtained from the Drude model demonstrate excellent in grain mobility values, i.e.,
above 100 cm2/Vs (type I) and 50 cm2/Vs (type II), independent of the film thickness. These
values are much higher than the ones provided by the Hall measurements, which indicates
that the limiting factor for the electron transport in these films is the scattering at grain
boundaries.
Summarizing, the results presented in this article illustrate that spectroscopic
ellipsometry is a useful tool for real time monitoring and predicting the growth mode of
Al-doped ZnO films. Moreover, the SE studies in the near infrared region suggest that an
increase in the grain size, leading to a decrease in the number of grain boundaries could
lead to further improvement of the electrical properties of our material, especially in the
case of the pillar-like films. The lower in grain mobility values exhibited by the type II layers
show that there is also room for improvement in the intrinsic properties of the material
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(impurities, doping level etc.). For the pyramid-like films, on the other hand, good electrical
mobility values, close to the optical ones, are reached at the top of the film for film thickness
above 1 µm, due to the well-developed grains. For these films, further studies should be
focused mainly on increasing the grain size at initial stages of growth in order to limit the
gradient development and, thus, improve the sheet resistance.
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Chapter 4
Nitrogen incorporation during remote plasma
metalorganic vapor deposition of ZnO films using an
Ar/N2 expanding thermal plasma*

Nitrogen-containing zinc oxide films were deposited by the metalorganic chemical vapor
deposition technique from oxygen/diethylzinc mixtures injected in an argon/nitrogen
expanding thermal plasma. Infrared spectroscopy and mass spectrometry measurements
suggest that nitrogen is incorporated mostly as -C≡N and segregated at grain boundaries.
The correlation between the presence of nitrile bonds and the formation of HCN in the
plasma phase points towards an inherent limitation during such deposition process, i.e.,
when using carbon-rich precursors in a highly reactive nitrogen environment, such as an
Ar/N2 expanding thermal plasma.

*

Published as: I. Volintiru, M. Creatore, W. H. van Helvoort, J. L. Linden, and M. C. M. van
de Sanden, Appl. Phys. Lett. 89, 022110 (2006)
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I. Introduction
Zinc oxide (ZnO) is an extensively studied transparent conductive oxide as a valid
alternative to indium tin oxide for different applications, ranging from flat panel displays and
solar cells to thin film transistors and optoelectronics. With this focus, n-type ZnO films with
a resistivity as low as 10-4 Ωcm and an optical transparency above 80% have been obtained
by different deposition techniques, using group III dopants [1-3]. For fabricating ZnO-based
optoelectronic devices, however, both n- and p-type materials are required. Synthesizing

p-type ZnO is a big challenge because of the presence of native donor defects and low
dopant solubility [4]. After the initial studies on p-type ZnO films reported by Minegishi et al.
in 1997 [5], many attempts for achieving p-type conductivity using different dopants have
been reported [6-9]. Theoretical calculations have shown that nitrogen is a good candidate
for p-type doping of ZnO [10]. While nitrogen can incorporate either in atomic or molecular
form, literature studies indicated that the atomic one is preferred for achieving p-type
conductivity [11]. However, the high energy of the N≡N bond (~9 eV) makes dissociation
difficult to achieve in most growth techniques. The expanding thermal plasma (ETP)
technique used in this work [12,13] might, therefore, be an excellent source for obtaining

p-type ZnO films due to its reported capability of generating high fluxes of N atoms [14].
Moreover, the ETP technique has already been used to grow high quality natively textured

n-type ZnO for thin film solar cell applications [15].
In this letter we report on N-containing ZnO films deposited by expanding thermal
plasma metalorganic chemical vapor deposition (ETP-MOCVD) technique. We show that N
incorporates in the ZnO matrix mainly as nitrile bond (-C≡N), as evidenced by infrared
absorption spectroscopy in combination with elastic recoil detection (ERD) analysis.
Moreover, a clear relation between the -C≡N presence and ZnO electrical and structural
properties is reported. This important finding has implications for all processes in which a
combination of a metalorganic (carbon-rich) Zn precursor and activated nitrogen is used to
grow p-type ZnO. In these cases, N doping efficiency is significantly limited because of the
CN formation, which takes place most probably already in the gas phase, as evidenced by
mass spectrometry investigations.

II. Experimental setup
We used a cascaded arc plasma source (parc=300-600 mbar, Iarc=50 A) operated on
argon (ΦAr=840-2000 sccm) to generate a plasma, which expands into a low pressure
deposition chamber (preactor=1 mbar). A high density of N radicals (above 1012 cm-3
(Ref. [14]) is produced by admixing N2 with Ar in the cascaded arc channel
(ΦN2=0-150

sccm).

Diethylzinc

[Zn(C2H5)2,

DEZ

;

ΦDEZ=5.15 sccm] and oxygen

(ΦO2=20-150 sccm) are admixed downstream in the expanding plasma, where they are
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dissociated in interactions with reactive species produced in the arc, i.e., N radicals, argon
and nitrogen ions. Since the electron temperature in the downstream region is low
(<0.3 eV), electron induced dissociation products can be neglected [16].

III. Results
Under O2-poor conditions, i.e., ΦO2<60 sccm, the carbon content of the films was found
to increase from less than 0.2 at% to higher than 0.8 at% and to correlate with the nitrogen
incorporation, which increased from 0 at% to 0.5 at%,

as determined from ERD

measurements. This was confirmed by infrared spectroscopy, which showed the presence of
an absorption line at 2203 cm-1, associated with the nitrile bond (-C≡N) stretching vibration
[17,18]. As shown in Figure 1, its concentration increases with nitrogen flow. Important to
notice is that the CN peak full width at half maximum is very small (<10 cm-1), when
compared to usual bulk nitrile peaks in carbon nitride films (>100 cm-1) [19]. This might
suggest that CN bonds are mainly present at the grain boundaries in N- containing ZnO. By
taking into account the literature-reported values for the infrared absorption cross section of
the nitrile bond in carbon nitride films [20] and the N content in the films resulted from ERD
measurements, we can estimate that at least 30% of the nitrogen incorporates as -C≡N. The
presence of other N-X bonds (X=H, N, Zn, O) is not observed in the infrared absorption
spectra. N2 is not infrared active and N-Zn stretching vibration lies outside the investigated
frequency range. N-H bonds are also not observed and their importance can be excluded
since a cross section comparable to the one of C≡N is found in literature [i.e., for the
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Figure 1. The C≡N integrated absorbance (normalized to the film thickness) as a function of
the nitrogen flow for films deposited under O2-poor conditions (ΦO2=50 sccm); in the inset:
the IR region where the C≡N absorption (2203 cm-1) occurs together with the Lorentzian fit
used for determining the peak area.
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stretching vibration at 3350 cm-1, the cross section is in the range of 10-24 m2
(Refs. [21,22]).As far as N-O bonds are concerned it can only be concluded that their
absorption is below the fourier transform infrared spectrometer detection limit.
It is noteworthy that a clear proof for the nitrile bond presence was obtained, despite
the fact that the N density in our films is lower than the typical values reported in literature.
Both Keyes et al. [23] and Barnes et al. [24] detected other chemical environments than CN
as being dominant. Previously, only Nickel et al. [25] had suggested the -C≡N bond
presence in the ZnO films on the basis of infrared spectroscopy. In their case, the feature
appears shifted towards 2240 cm-1, pointing out to a different local environment of the CN
bond, and is broad, suggesting CN incorporation within the grains.
Mass spectrometry measurements show that nitrogen is incorporated when HCN is
formed in the plasma, i.e., under O2-poor conditions (cf. Fig. 2). This suggests that -C≡N
formation and incorporation in the films originate directly from gas phase reactions of
nitrogen species with hydrocarbon fragments formed during the dissociation of DEZ.
Remarkably, whereas NO is one of the proposed precursors for p-type doping [11,26], no
nitrogen incorporation is observed when abundant NO is formed in the gas phase, i.e.,
under O2-rich conditions (ΦO2>100 sccm) (cf. Fig. 2), as determined by means of ERD
measurements.
0.06

NO, HCN signal [a.u.]

O2 - poor

O2 - rich

0.04

0.02
NO
HCN
0.00

0

50

100

150

O2 flow [sccm]
Figure 2. Mass spectrometry results on the HCN and NO formation in the background of an
Ar/DEZ/O2/N2 plasma (ΦN2=50 sccm). The measured signal is normalized to the He signal
(constant flow), in order to correct for pressure changes in the mass spectrometer/plasma
reactor

To clarify the effects of CN incorporation, we studied the electronic and microstructural
properties of the (C)N- containing ZnO films obtained by ETP-MOCVD. No significant change
in crystallinity or optical transmission was found upon nitrogen addition. The x-ray diffraction
(XRD) and transmission measurements showed (002) preferential orientation and high
transmittance in the visible range (85%), respectively, for all films [26]. The electrical
properties, on the other hand, changed. The four point probe measurements indicated an
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increase in resistivity with the incorporated CN (cf. Fig. 3). From Hall measurements,
performed at room temperature, we determined n-type conductivity for all films and a
decrease in electron mobility with CN incorporation, causing the increase in resistivity
(cf. inset Fig. 3).
Since no deterioration of the film crystallinity upon nitrogen addition was observed, i.e.,
no decrease of grain size along the (002) direction [(002) peak width], the mobility decrease
can be attributed to an increased electron-impurity scattering [27]. This conclusion, together
with the relatively constant carrier concentration (cf. Fig. 3), indicates that CN is electrically
inactive, acting as an impurity scattering center. This is evidenced by the linear dependence
of the inversed mobility with the CN absorbance. We, therefore, conclude that -C≡N behaves
differently in the ZnO films reported here than the (C=N)2+, recently investigated by means
of density functional theory calculations by Limpijumnong et al [28]. In that case, CN is
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Figure 3. The electron density and inversed mobility as determined from Hall measurements
as a functions of the CN absorbance. Inset: the resistivity of the N-doped ZnO films change
upon nitrogen addition.

IV. Conclusions
To conclude, we incorporated N in ZnO films obtained using the expanding thermal plasma
technique, under O2-poor conditions. A nitrogen content of about 0.5 at% was determined
(ERD), mainly in the form of nitrile bonds. CN is found to be electrically inactive, behaving as
an impurity and possibly segregated at grain boundaries, as suggested by the FTIR and XRD
measurements. Our results imply that undesired CN incorporation will occur in any ZnO:N
deposition process using a metalorganic Zn precursor and nitrogen-containing gas in a
highly reactive nitrogen environment.
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Chapter 5
Remote plasma-enhanced metalorganic chemical vapor
deposition of aluminum oxide thin films*

Aluminum oxide (AlOx) films were deposited by means of remote plasma-enhanced
metalorganic chemical vapor deposition from oxygen/trimethylaluminum mixtures. The
optical, chemical, and morphological properties of the deposited films were investigated by
means of spectroscopic ellipsometry (SE), X-ray photoelectron spectroscopy, electron recoil
detection, Rutherford backscattering analysis, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction, and atomic force microscopy. Initial investigations by in situ SE
demonstrated that the AlOx films deposited at low temperatures (<150 °C) were porous,
with a low refractive index, i.e., 1.38. Due to their porosity the films were found to age, as
witnessed by an increase in refractive index up to ~1.50 under ambient conditions (ex situ),
due to water uptake. In order to improve the AlOx material properties, two routes were
explored. First, the increase in substrate temperature during film deposition was
investigated; this led to the deposition of films characterized by a refractive index as high as
1.48 at 400 °C and less prone to ageing, accompanied by a quantitative decrease in OH
concentration, as witnessed by IR spectroscopy. The second route was the application of an
additional rf bias to the substrate, resulting in ion bombardment during film growth. The in

situ refractive index increased up to 1.60, comparable with the highest values reported in
literature for low temperature-deposited AlOx films. The OH content was quantitatively
removed and, under the influence of ion bombardment, the films became smoother, with
the surface roughness decreasing from 1.4 nm to 0.3 nm for a film thickness of 100-150 nm.
*

Submitted for publication: I. Volintiru, M. Creatore, J.L. van Hemmen, and M.C.M. van de
Sanden
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I. Introduction
Aluminum oxide (Al2O3) is a dielectric material which is very interesting for applications
such as high-κ dielectrics in microelectronics [1]. Recently, due to its good barrier properties
against diffusion of (Na) ions and impurities, also the application of Al2O3 as gas/vapor
diffusion barrier layer in, e.g., food packaging or flat panel displays, has been reported [2].
For these applications low processing temperatures (<400 °C) are desirable. The usage of
temperature-sensitive substrates, such as polymers, in the field of plastic electronics,
restricts the temperature even further, to below 150 °C [2]. The deposition of dense,
amorphous Al2O3 with good barrier properties at such low temperatures represents
nowadays a major challenge.
Up-to-date only a few groups have studied low temperature deposition of Al2O3. The
most successful techniques, which already reported dense Al2O3 layers with good moisture
barrier properties, are magnetron sputtering [3] and atomic layer deposition [4]. The latter
reported a refractive index (in the visible) and mass density values as high as 1.60-1.64 and
2.6-3.0 g/cm3, respectively, as measured using in situ ellipsometry, and obtained in the 25200 °C substrate temperature range [5]. The use of other techniques, such as photo-CVD
[6], ion beam-assisted deposition [7] or filtered cathodic vacuum [8] has also been reported.
Particularly, plasma-enhanced CVD (PECVD) is often mentioned for providing good quality
films at low substrate temperatures, due to the precursor reactivity being developed already
in the plasma phase. Kang et al. [9] reports on Al2O3 deposited by rf-PECVD with refractive
index values of 1.52-1.55, measured (after air exposure) by ex situ spectroscopic
ellipsometry.
Here we report on aluminum oxide thin films (which, due to the deviations from
stoichiometric Al2O3, will be referred to as “AlOx”) deposited using the expanding thermal
plasma metalorganic CVD (ETP-MOCVD) technique, which is a remote PE-MOCVD technique
and has already been proven to be successful for ZnO deposition [10]. When grown at
temperatures below 150 °C, the AlOx films are extremely porous and prone to ageing.
Therefore, two routes to improve the film properties were addressed. First, an approach
which has been commonly used to promote film densification is to increase the substrate
temperature [11]. This can lead to an increase of lateral transport of the species at the
surface of the growing film, as well as to the chemical modification of the growing layer, i.e.,
by means of OH group condensation, forming Al-O-Al bridges, and therefore, affecting the
film porosity. A second approach to improve the film properties at low temperature
(<150°C) is to apply ion bombardment by means of an rf (13.56 MHz) power supply,
coupled to the substrate via a matching network. In the remote PE-MOCVD technique used
in this work there is a negligible ion bombardment generated by the plasma (Ei~2-3 eV),
due to the low electron temperature values in the downstream region (0.2-0.3 eV) [12]. The
effectiveness of the substrate biasing in promoting film densification has already been
demonstrated for the case of a-Si:H [13], SiNx [14] and SiO2 [15] films, all deposited by
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ETP-CVD. In these model systems, the bias approach has often been referred to as an
alternative to the increase in substrate temperature.

II. Experimental details

II.1. Plasma deposition setup
An expanding thermal plasma [16], generated in an argon-fed high pressure
(~620mbar) cascaded arc, was used to deposit the AlOx films. The plasma expands
supersonically

into

a

low

pressure

(0.3-0.6

mbar)

deposition

chamber,

where

trimethylaluminum [Al(CH3)3, TMA] and oxygen are injected via two separate injection rings,
situated at 30 cm and 6.5 cm from the plasma source, respectively.
As mentioned in the Introduction, the electron temperature is very low (~0.2–0.3 eV)
[12]. As a consequence, the precursor (M) decomposition typically takes place via a charge
exchange reaction (1a), followed by a dissociative recombination reaction (1b) [17]:
Ar+ + M M+* + Ar*

kCE

(1a)

M+ + e  radicals

kDR

(1b)

where kCE and kDR are the reaction constants of the charge exchange reaction and of the
dissociative recombination reaction, respectively.
The liquid precursor, i.e., TMA (Akzo Nobel, SSG grade), is evaporated at constant rate
by a controlled evaporating and mixing unit from Bronkhorst HighTech B.V., which is heated
up to 100 °C. Argon was used as carrier gas for the TMA. Films were deposited on c-Si(100)
substrates, used for spectroscopic ellipsometry, Fourier transform infrared spectroscopy and
elemental chemical analysis. The deposited films were typically 100-150 nm thick. The
experimental conditions are summarized in Table I. The extra heating induced by the high
thermal fluxes present in the expanding thermal plasma [18] and the absence of any active
substrate cooling in this setup made the deposition temperature difficult to control in the low
temperature range, i.e., below 100 °C. Therefore, in order to ensure that the temperature
was compatible with the polymeric substrates, a poly(ethylene 2, 6 naphtalate) (PEN)
substrate (glass transition temperature of 120 °C) was mounted at the side of the substrate
holder to monitor the “maximum temperature” reached during deposition. When the PEN
substrate did not show any damage the substrate temperature was considered to be below
120 °C. An rf power supply with a frequency of 13.56 MHz was used for substrate biasing,
with an L-type matching network for impedance matching. The output of the matching
network was connected, via a copper strip, to the backside of the substrate holder. The dc
bias voltage was determined from the output wave, measured at the substrate and probed
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using an oscilloscope. Power settings of 0-60 W were applied, corresponding to bias voltage
values in the -3 to -120 V range, with respect to the plasma potential, which was assumed
to be close to zero. Due to the uncertainties in the power values (the exact power coupling
is unknown), in this paper we chose to refer, instead, to the bias voltage values.
Table I. Experimental conditions used for aluminum oxide deposition
deposition parameter

value

arc current [A]

75

Ar flow [sccm]

1500

O2 flow [sccm]

100

TMA flow [g/h]

1

pressure [mbar]

0.43

substrate temperature [ºC]

<150 - 400

bias voltage [V]

-3 to -120

II.2. Film analysis
The film thickness and refractive index values were determined by spectroscopic
ellipsometry (SE). To acquire the (Ψ, ∆) ellipsometric spectra of the AlOx films grown on cSi, we used a Woollam M2000 spectroscopic ellipsometer in the 300-1000 nm wavelength
range and the corresponding WVASE32 software for data processing. The in situ
measurements were performed at an angle of 61° with respect to the normal at the
substrate, while, in the ex situ configuration, SE measurements were carried out at an angle
of 75°.
To determine the film chemical composition, i.e., Al, O, and C content, Rutherford
backscattering analysis (RBS) was employed. For the H content, elastic recoil detection
(ERD) measurements were used. A 2 MeV 4He+ beam was targeted at the surface at two
different angles, i.e., −80° and −10°, for every sample, in order to improve the sensitivity
for both heavy and light elements. For one sample an ERD measurement with improved
sensitivity, using a 72 MeV Ag+ beam, was carried out (see Table II). The film chemical
structure was determined by Fourier transform infrared spectroscopy (FTIR) measurements.
The FTIR spectra were acquired with a Bruker Vector 22 spectrometer in the 4000-400 cm-1
range, in transmission mode, and with a resolution of 1 cm-1. To make them comparable,
the FTIR spectra were converted into absorbance and normalized to the film thickness, in
accordance with Beer’s law. The film composition was also determined by XPS
measurements, which were performed with a VG Escalab MKII spectrometer, equipped with
a dual Al/MgKα X-ray source. Sputtering by means of an Ar+ gun at a pressure of
1.310−4mbar (background pressure of 210−6 mbar) was performed for 30 s, prior to the
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XPS analysis, in order to reduce the hydrocarbon contamination from the sample surface,
formed due to the exposure to the ambient air. The binding energies in the spectra were
corrected for sample charging by using the shift of the C1s line at 284.6 eV.
The structural and morphological properties of the deposited films were determined
using a Philips X-Pert SR 5068 powder diffractometer (XRD), equipped with a CuKα source,
and an NT-MDT Solver P47 atomic force microscopy (AFM) setup. For each sample AFM
measurements on three different positions on the sample were performed in order to get an
estimate of the errors involved in the root-mean-square (rms) roughness values. The
sampled area was 2x2 µm2 for all the AFM measurements.

III. Results and discussion

III.1. Influence of substrate temperature
In the first part of this work the influence of the substrate temperature on the AlOx film
properties was investigated. The thickness and refractive index were determined from the
SE measurements using a two layer model. This model consists of a semi-infinite Si
substrate covered by a native 2 nm thick SiO2 layer, and an AlOx bulk layer. A surface
roughness layer was not included in the model, after it was confirmed that its presence did
not improve the fitting. Moreover, all the films proved to be relatively smooth, as shown by
AFM measurements, with rms roughness values in the range of 1.3-1.5 nm (at 100-150 nm
film thickness) and no significant change with temperature. Tabulated values provided by
the WVASE program were used for the optical constants of the semi-infinite silicon
substrate, as well as for the native 2 nm-SiO2 layer on top. For the AlOx film the Cauchy
model [19] was employed, suitable for this type of material because the measurements
were performed in the 300-1000 nm range, corresponding to its transparency domain.
The dependence of the refractive index at 633 nm and of the deposition rate on the
substrate temperature is depicted in Figure 1. By increasing the temperature from 100 °C to
400 °C, a densification process occurs, as suggested by the increase in the in situ refractive
index value from 1.38 to 1.48. Despite this beneficial effect of temperature, the refractive
index values remain low when compared to the bulk value of 1.60-1.64, i.e., the deposited
layer is still porous and unsuitable for applications such as gas/moisture permeation barriers
or high-k dielectrics. The deposition rate decreases with temperature, i.e., from ~11 nm/min
to ~8 nm/min (Fig. 1), which can be attributed to the densification of the film matrix and/or
desorption of impurities (OH, CHx), occurring with increasing the temperature. In this case
the flux of impinging species is independent of the substrate temperature. It is known that
the refractive index can increase upon air exposure due to water uptake and oxidation
processes [11]. Therefore, the comparison between the in situ and ex situ values of the
refractive index, measured during deposition and after air exposure, respectively, can be
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Figure 1. Refractive index at 633 nm and deposition rate of the aluminum oxide films as a
function of the substrate temperature, as measured by in situ and ex situ spectroscopic
ellipsometry.

used as an indication of film porosity. The significant increase in the refractive index, up to
1.52-1.55, clearly indicates that high amounts of water were physi-/chemi-sorbed inside the
pores present in the material upon air exposure. Moreover, irreversible reactions between
the matrix and H2O cannot be excluded. Note that refractive index values of 1.50-1.65 were
reported in literature for AlOx films deposited by CVD and sputtering under similar
temperature conditions [6,9]. These values, however, have to be interpreted with care, as
they were determined from ex situ SE measurements and a correct comparison can only be
made between the in situ values, to exclude the effect induced by the water uptake,
inevitable when films are brought to the ambient.
In the IR absorption spectra of the AlOx films, shown in Figure 2, two broad absorbance
bands can be identified. The first one is located in the 1200-600 cm-1 region and it is the
result of different contributions [20,21]: O-Al-O bending mode (~650–700 cm-1), Al-O
stretching mode (~750-850 cm-1) and Al-CH3 stretching mode (~1000-1200 cm-1). The
deconvolution of this band is not possible because of the lack of information available in
literature on the exact absorption frequencies of the IR peaks. Another broad absorption
band can be found in the 3800-2600 cm-1 region, corresponding to the OH stretching mode
[20,22], associated with Al-OH present in the bulk and at the surface. The presence of
terminal functional groups Al-OH and Al-CH3, formed during deposition and/or upon air
exposure, indicate the presence of open porosity in the film matrix, which causes the ageing
of the layers (as demonstrated by the difference nin

situ-nex situ).

The presence of the Al-OH

bonds can also be associated with H2O uptake, confirming what reported above.
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Figure 2. Infrared absorption spectra (OH and Al-O/Al-CHx regions) as a function of the
substrate temperature; the spectra are shifted for clarity on the y-axis.

By analyzing the IR spectra as a function of the substrate temperature, the OH content
of the AlOx films is found to be very high for temperatures below 120 °C, with a significant
decrease towards 400 °C, supporting the idea that the films, initially very porous and
containing many Al-OH groups and water from the ambient, densify upon increasing
temperature. The OH concentration, calculated according to Beer-Lambert’s law (Eq. 2), is
above 2·1021 cm−3 for all films, i.e., above 35% of the total density. This number, however,
is only a rough estimation, because the exact OH cross section value is not known for this
type of films.

∫ A(λ) = σ
t

(2)

c

OH OH

where A(λ) represents the absorption as a function of the wavelength, t is the film
thickness; σOH refers to the OH cross section and cOH to the OH concentration in the film. σOH
is considered here to be equal to the OH cross section in the SiO2 films, i.e., 4.4⋅1019 cm-2
[23].
The strong presence of the absorption band associated with Al-O (750-850 cm-1) is
attributed to the presence of terminal Al-OH groups, but also, similar to what reported for
the SiO2 film deposition by Milella et al. [15], to the presence of large Al-O-Al rings, both
being related to film porosity. When the film becomes denser, in this case, due to a
substrate temperature increase, the absorption related to this band decreases and the band
absorption associated with O-Al-O (650–700 cm-1) increases (Fig. 2). Again, making an
analogy with SiO2 films, this can indicate the presence of smaller Al-O-Al rings, which leads
to a denser network.
XPS measurements were performed on the AlOx films deposited at the lowest (<120 °C)
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and the highest (400 °C) substrate temperature, respectively. Interestingly, in the C1s
region, besides the typical C-H/C-C “contamination” peak at 284.6 eV, also a peak centered
at 282.6 eV appears in the lowest temperature case [Fig. 3(a)]. By associating the other
peaks present in the spectrum with typical Al2O3 features, i.e., Al2p and O1s peaks at
binding energies of 75 eV and 531 eV, respectively, this peak could be assigned to the C-Al
bond. Although very limited information is available in literature [24], such attribution is
supported by the fact that a lower binding energy value corresponds to a more
electropositive element (than C, H, O), bonded to C. The presence of the C-Al bond in the
film correlates with the Al-CH3 terminal groups detected by FTIR (the small shoulder in the
1000-1200 cm-1 region) and might suggest an incomplete combustion of TMA-related
fragments in the plasma phase or insufficient decomposition at the surface at these low
temperatures. We should note, however, that this film appears to be chemically unstable,
because its stoichiometry was found to change completely after sputtering with Ar+. The film
deposited at 400 °C, on the other hand, is more stable and, in this case, the surface energy
gained by increasing the temperature seems to be high enough to promote the desorption
of CHx impurities [Fig. 3(b)]. Its stoichiometry, as determined from the Al2p, O1s and C1s
peak areas and after correction with the corresponding XPS sensitivity factors, is AlO1.9C0.3,
and remains stable upon sputtering. All peaks present in the XPS spectra (Al, O and C) are
found to decrease upon sputtering. Presumingly, the sputtering does not only involve the
elimination of the contaminated layers, but it may also affect the top surface of the film,
especially in the case of a porous material.
The XRD measurements showed no crystalline phases in any of the films, which can,
therefore, be considered completely amorphous.

III.2. Influence of substrate bias
The second set of experiments was performed at low substrate temperatures (<150 °C)
and in the presence of an rf bias applied to the substrate. Firstly, the bias generated at the
substrate was studied in a non-depositing Ar plasma, using the same Ar flow and pressure
as for the film deposition (cf. Table I). The dependence of the bias voltage on the applied rf
power is shown in Figure 4 and it is linear. The direct proportionality between the bias
voltage and the rf power indicates that the biasing is not accompanied by the ignition of an
additional plasma, instead, mainly the acceleration of ions in the plasma sheath towards the
surface takes place [14]. When adding the deposition precursors, i.e., O2 and TMA (cf.
conditions in Table I), the bias voltage increases and the linearity with the rf power holds
only within a very limited rf power range (Fig. 4). This indicates that a fraction of the input
power is dissipated in additional plasma generation, corresponding to an increase in ion
density and in electron temperature. In this situation, there is no more control on the ion
flux and energy and it becomes difficult to distinguish whether the film properties change

115

__________________________________________________________________________________

C-Al

100 °C
4000

before sputtering
after sputtering

5500

before sputtering
after sputtering

C-H&C-C

5000

intensity [a.u.]

intensity [a.u.]

C-H & C-C

400 °C

3500
3000
2500

4500
4000
3500
3000

2000
290

288

286

284

282

280

278

276

290

2000

288

286

284

282

280

278

276

6000

100 °C

400 °C

before sputtering
after sputtering

Al2p

before sputtering
after sputtering

Al2p

intensity [a.u.]

intensity [a.u.]

5000
1500

1000

4000

3000

2000

500

80

78

76

74

72

80

70

78

76

74

72

70

12000

100 °C

before sputtering
after sputtering

O1s

20000

400 °C

before sputtering
after sputtering

O1s

intensity [a.u.]

intensity [a.u.]

10000

8000

6000

4000

536

15000

10000

5000

534

532

530

528

536

526

534

532

530

528

526

binding energy [eV]

binding energy [eV]

(a)

(b)

Figure 3. Al2p, O1s and C1s regions in the XPS spectra of AlOx films deposited at 100 °C (a)
and 400 °C (b).

mainly due to the effect of ion bombardment (ion energy/flux) or to a change in the plasma
chemistry. Note that the ignition of an additional rf plasma is accompanied by an increased
probability for electron impact-induced dissociation reactions, if the electron temperature
increases to values in the range 1-4 eV.
The AlOx films were deposited with rf bias power values in the 0-30 W range,
corresponding to bias voltage values between -5 and -75 V. The refractive index at 633 nm,
determined from the SE measurements, is presented in Figure 5. A drastic increase upon
biasing, i.e., from 1.38 to 1.60, is observed when the voltage increases from -3 V to -75 V.
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Figure 4. The bias voltage dependence on the rf power, for Ar plasma and Ar/O2/TMA
(depositing) plasma, respectively.

This value is much higher than the best unbiased sample, obtained at the highest
substrate temperature in our system (1.48) and is comparable with the values reported for
low temperature-deposited AlOx films by CVD [6,9] and ALD [5]. The remarkable increase in
refractive index, corroborated by the decrease in deposition rate from 11 nm/min in the
absence of bias, to 5 nm/min, when a bias voltage of -75 V is applied (Fig. 5), is indicative
for the strong densification occurring in the AlOx films. Moreover, the difference between the

in situ and ex situ refractive index values decreases drastically with biasing, until it becomes
negligible at bias voltages higher than -45 V, indicating very stable films upon exposure to
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Figure 5. The refractive index at 633 nm and deposition rate of the aluminum oxide films as a
function of the bias voltage, as measured by in situ and ex situ spectroscopic ellipsometry.
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The IR absorption spectra, presented in Figure 6, exhibit major changes with increasing
ion bombardment. The OH absorption band decreases quantitatively when increasing the
bias voltage, which is indicative for a reduced density of terminal Al-OH groups, reduced
water uptake and film densification. Moreover, important changes take also place in the Alrelated absorption band: the Al-O stretching mode (750-850 cm-1) decreases drastically,
while the O-Al-O bending mode (650-700 cm-1) is enhanced. The Al-related absorption band
shifts towards the O-Al-O peak position, indicating the predominance of the short O-Al-O
chains, and it becomes narrower, pointing out to a more ordered structure in the deposited
layer. By comparing the IR spectra of AlOx obtained under ion bombardment conditions and
of the “best” film obtained without bias, i.e., at 400 °C (Fig. 6), it can be concluded that
better material properties are obtained when the growth is aided by ion bombardment
instead of a substrate temperature increase.
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Figure 6. Infrared absorption spectra (OH and Al-O/Al-CHx regions) as a function of the
applied bias voltage; the spectra are shifted for convenience on the y-axis.

The film composition and density, as determined by ERD/RBS measurements, are
indicated in Table II. The H content decreases from more than 30 at% to about 4 at% for
unbiased and biased (-45 V) conditions, respectively. The carbon concentration also appears
to decrease significantly, until the AlOx films deposited with -45 V bias are carbon-free.
Table II. The aluminum oxide film composition and density (ERD/RBS measurements)
bias voltage [V]

stoichiometry

[C] (at%)

[H] (at%)

density (g/cm3)

0

AlO1.6H>1

<6

>30

1.8

-30

AlO1.8H0.55

<2

19

2.7

-45

Al1O1.5H0.1

0.3*

4*

2.85

*

ERD measurement with improved sensitivity (using an Ag+ beam)
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By making use of the Al, O, C and H area density determined by ERD/RBS, the film density
can be calculated. By doing this calculation, a drastic increase in the AlOx density is
observed, in agreement with the other measurements, presented above. Very low values, of
1.80 g/cm3 are obtained in the absence of bias, while density values as high as 2.85 g/cm3
are obtained for the samples deposited under moderate ion bombardment conditions (-45
V). This value is comparable with the density of the low temperature (<200 °C) ALDdeposited AlOx thin films, i.e., 2.6-3.0 g/cm3 [5]. Remarkable is the fact that a strong
densification, up to 2.7g/cm3 (refractive index 1.57), already occurs when a bias voltage as
low as -30 V is applied (corresponding to the lowest applied rf power of 5 W).
The effect of bias on the AlOx, in terms of refractive index/density increase, is rather
strong when compared to the bias studies on SiO2 from Ref. [15] or SiNx from Ref. [14].
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Figure 7. AFM images of aluminum oxide films in the absence of bias and with bias (-60 V)
(a); the line profiles of the AlOx samples as a function of the bias voltage (b).
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This can be attributed to the aforementioned extra plasma generation, accompanied by a
change in the electron temperature, meaning that a transition from ion bombardmentassisted ETP-MOCVD to “hybrid” rf-ETP-MOCVD might take place. As a consequence,
electron impact dissociation of the precursors might become dominant (together with a
complete combustion of CHx groups) and lead to an efficient densification of the AlOx films.
The densification effects are also accompanied by a change in film morphology. The AFM
measurements show smoothening of the AlOx films upon biasing, with rms values decreasing
from about 1.4 nm to 0.3 nm, for 100-150 nm film thickness [Fig. 7(a)]. The film
smoothening can be clearly observed in the line profiles, determined from the AFM pictures,
and presented in Figure 7(b). Similar results have been reported for low temperature SiO2
films grown with the same ion bombardment-assisted ETP-CVD technique by Milella et al.
[15]. The smoothening effect could be a result of an enhanced lateral transport of the
adsorbed species upon substrate biasing, although a change in the deposition precursor
chemistry and nature, i.e., radicals and ions, due to the extra plasma generation, can not be
excluded at this moment.

IV. Conclusions
In this article the deposition of dense AlOx thin films by the ion bombardment-assisted
expanding thermal plasma MOCVD technique at low temperature was demonstrated. The
results obtained from various optical, morphological and compositional measurements
showed that applying a substrate bias, i.e., an additional ion bombardment during film
growth, improves considerably the AlOx film properties, by quantitatively removing the
terminal groups/impurities (i.e., Al-OH and Al-CH3). The substrate bias was found to be a
much more effective “densification tool” compared to the increase in substrate temperature,
which is the common approach for improving the film properties in PECVD processes. The
best AlOx films, obtained at an applied voltage of -45 V, have a refractive index of 1.60, an
H concentration of only 4 at.% and they are carbon-free. Their density, calculated from the
ERD/RBS measurements, is 2.85 g/cm3, which is very close to the best AlOx reported at such
low temperatures, i.e., deposited by atomic layer deposition.
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Remote Plasma Deposition of Metal Oxides: Routes for Controlling the Film
Growth
Metal oxides are a class of materials which plays a major role in many present
applications, ranging from optical coatings to microelectronics, photovoltaics and
gas/moisture diffusion barrier technology. Thin metal oxide films can be obtained using
different deposition techniques, such as physical vapor deposition (i.e., sputtering) and
chemical vapor deposition. In the present project, an expanding thermal plasma metal
organic chemical vapor deposition (ETP-MOCVD) technique was used for the deposition of
zinc oxide (ZnO) and aluminum oxide (Al2O3) thin films.
ZnO polycrystalline films have been intensively studied in the recent years as transparent
conductive oxides for applications such as, among others, channel/gate layers in thin film
transistors or front electrodes in solar cells, as well as applications which require both n- and

p-type films, i.e., light emitting diodes. Al2O3 amorphous dielectric films, on the other hand,
have shown great potential in high-k applications and, more recently, in gas/moisture
diffusion barrier applications.
Understanding the thin film growth and controlling it in terms of structure, morphology
and opto-electrical properties is a necessary step in order to extend the application range of
the deposited layers.
In this work the evolution of the Al-doped ZnO (AZO) film properties during growth was
investigated by an extensive set of ex situ and in situ techniques. In particular, the
dependence of the intrinsic properties (crystallinity, stoichiometry, doping level, etc.) and

extrinsic properties (grain size, morphology) on the film thickness was studied and
correlated with the electrical characteristics of the deposited layers. As a result, it was
shown that the working pressure plays an important role in controlling the development of
the electrical and morphological film properties during growth. At 1.5 mbar (“high pressure”)
the AZO films are characterized by a low nucleation density, a large sheet resistance
gradient with film thickness and high root-mean-square values, i.e., >4% of the film
thickness. By decreasing the pressure from 1.5 mbar to 0.38 mbar (“low pressure”), the
initial layer becomes denser, the sheet resistance gradient is significantly reduced and the
films become smoother, i.e., <1% of the film thickness. The sheet resistance gradient and
the surface roughness development correlate with the grain size evolution, indicating the
transition from pyramid-like at high pressure to pillar-like growth mode at low pressure.
The in situ use of the spectroscopic ellipsometry (SE) technique, a novelty in the ZnO
field, allowed the real time identification of the growth mode by monitoring the thickness
development in the initial growth stage and the roughness evolution during film growth. A
slower growth rate was observed for the pyramid-like films during the initial growth phase
compared to the bulk, while the pillar-like films exhibited a linear increase in thickness at all
stages of growth. A saturation behavior in the roughness evolution for films thicker than
150-200 nm was observed for the pyramid-like structure, while for pillar-like films the
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roughness scales linearly with the film thickness. The relation between these differences and
the two growth modes was validated by comparison with ex situ measurements, such as
time-of-flight secondary ion mass spectrometry TOF-SIMS (initial growth) and atomic force
microscopy AFM (roughness).
Moreover, the SE measurements proved to be useful in determining the in grain
electronic properties of the AZO films, which is essential to define the role of grain
boundaries in limiting the electron transport in ZnO films. The results obtained demonstrate
excellent in grain mobility values, i.e., above 100 cm2/Vs (pyramid-like growth) and
50 cm2/Vs (pillar-like growth), independent of the film thickness. These values are much
higher than the ones provided by the ex situ measurements (Hall), which indicates that the
limiting factor for the electron transport in these films is the scattering at grain boundaries.
Controlling the film growth mode is very important from an application point of view.
The low resistivity and high roughness of the pyramid-like films make them suitable as front
electrodes in a-Si:H and in µc-Si solar cells applications. However, the sheet resistance
gradient with thickness and the low nucleation density makes them unsuitable when the
AZO films are deposited on the solar cell as a substrate or in applications where thinner and
smoother layers are required, such as thin film transistors. In these cases the pillar-like films
or a combination of the two modes might be more appropriate. Moreover, the film growth
studies, both ex situ and in situ, presented in this thesis, indicate that a valid route for
further improving the conductivity of the AZO films is to increase the grain size at the initial
stage of film growth by, for example, increasing the substrate temperature or using a ZnO
buffer layer as substrate.
Another challenge in the ZnO field is to obtain p-type conductivity, which, in combination
with the more easily obtainable n-type ZnO, would allow the fabrication of ZnO
homojunctions. In this work initial studies on the plasma chemistry and its influence on the
doping efficiency were performed in the case of nitrogen-doped ZnO. Because the
expanding thermal plasma has a high dissociation degree for N2, allowing a large flux of N
radicals and/or N-containing species towards the substrate, it could be an excellent source
for p-type N-doping of ZnO films. Nitrogen incorporation in the ZnO films was successfully
obtained using this technique. The nitrogen was found to incorporate preferentially as -C≡N
(nitrile bond), which is electrically inactive. As a consequence, no p-type conductivity was
generated in the N-doped ZnO films. The detection of CN presence in the film using infrared
spectroscopy is a novelty in the field and it is found to be corroborated by the formation of
HCN in the plasma, suggesting an inherent limitation in any deposition process which
combines the use of a metalorganic precursor with a highly reactive nitrogen environment.
Using the knowledge acquired in this project, a valid route to overcome this limitation can
be proposed, i.e., to combine the advantages of both ETP and sputtering techniques, by
using a metal or metal oxide target, sputtered in an expanding thermal Ar/N2 plasma
environment.
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The second part of this thesis work was dedicated to extending the applicability of the
ETP-MOCVD technique to obtain dense Al2O3 films at relatively low substrate temperatures
(< 400 ºC) compared to other CVD processes. While, initially, the ETP-deposited Al2O3 film
properties were found to be rather poor, i.e., low refractive index (<1.5 at 633 nm) and high
hydrogen content (>30 at%), a key parameter to obtain film densification was identified.
Through the addition of ion bombardment to the ETP-MOCVD process by means of an
external rf bias applied to the substrate, films with high refractive index (1.6 at 633 nm) and
low hydrogen content (≤4%) can be obtained at temperatures even below 150 ºC. These
films are potentially suitable as water permeation barrier layers on polymers, as preliminary
investigations have already indicated.
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Depositie van metaaloxides met behulp van een expanderend thermisch
plasma: routes voor het controleren van de film aangroei
Metaaloxides zijn een klasse materialen die een belangrijke rol spelen in veel huidige
applicaties, uiteenlopend van optische coatings tot micro-elektronica, zonnecellen en
gas/damp diffusie barrière technologie. Dunne metaaloxidelagen kunnen worden afgezet
met behulp van verschillende depositietechnieken, zoals sputteren en chemische damp
depositie. In het huidige project, is gebruik gemaakt van de zogenaamde expanderend
thermisch plasma metaalorganische chemische damp depositietechniek (ETP-MOCVD) voor
de depositie van dunne zinkoxide (ZnO) en aluminiumoxide (Al2O3) lagen.
Polykristallijne ZnO lagen zijn de afgelopen jaren intensief onderzocht als mogelijk
transparant geleidend oxide voor applicaties zoals “channel/gate” lagen in dunne-film
transistoren of bovenste electrode in zonnecellen. Tevens zijn ook applicaties onderzocht
waar zowel n- als p-type transparant geleidende lagen voor nodig zijn, zoals licht
emitterende diodes. Amorfe diëlectrische Al2O3 lagen hebben aan de andere kant potentie
als diëlectrica met een relatief hoge diëlectrische constante en, meer recentelijk, als
gas/damp diffusie barrière.
Het begrijpen van de dunne laag aangroei en daardoor het verkrijgen van de controle
over het depositieproces in termen van de structuur, morfologie en optoelectronische
eigenschappen van de gedeponeerde lagen, is een noodzakelijke stap om het
toepassingsgebied van de applicaties te kunnen verbreden.
In dit werk is de evolutie van de Al-gedoteerde ZnO (AZO) laageigenschappen
gedurende de aangroei onderzocht met behulp van een uitgebreide set van ex situ en in situ
diagnostieken. In het bijzonder, zijn de afhankelijkheid van de intrinsieke eigenschappen
(kristallijniteit, stoichiometrie, mate van dotering, etc.) en de extrinsieke eigenschappen
(kristallietgrootte, morfologie) als functie van de laagdikte onderzocht en gecorreleerd met
de elektrische eigenschappen van de gedeponeerde lagen. Dit resulteerde in de observatie
dat de werkdruk in de reactor een belangrijke rol speelt in de ontwikkeling van de
elektrische en morfologische laageigenschappen gedurende de aangroei. Op 1.5 mbar
(“hoge druk”) zijn de AZO lagen gekarakteriseerd door een lage nucleatiedichtheid, een
hoge vlakweerstand (“sheet resistance”) gradiënt in de laag en hoge “root-mean-square”
oppervlakteruwheidwaarden van > 4% van de laagdikte. Door de werkdruk te verlagen van
1.5

mbar

naar

0.38

mbar

(“lage

druk”),

wordt

de

initiële

laag

dichter,

de

vlakweerstandgradiënt is significant gereduceerd en de lagen worden vlakker (tot <1 % van
de laagdikte). De vlakweerstandgradiënt en de ontwikkeling van de oppervlakteruwheid
correleren met de kristallietgrootte evolutie, welke een transitie van “pyramidevormige”
aangroei op 1.5 mbar tot “pilaarvormige” aangroei op 0.38 mbar laat zien.
Het in situ gebruiken van de techniek spectroscopische ellipsometrie (SE), wat een
nieuwe ontwikkeling in het ZnO veld is, gaf de mogelijkheid om tot een real-time
identificatie van de aangroeimode (pyramidevormig of pilaarvormig) te komen door het
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monitoren van de dikte ontwikkeling in het initiële groei gebied en de ruwheidontwikkeling
gedurende het aangroeien van de laag. Een tragere aangroeisnelheid was gevonden voor de

pyramidevormig gestructureerde lagen gedurende de initiële groeifase ten opzichte van de
bulk, terwijl voor de pilaarvormig gestructureerde lagen een lineaire dikte toename was
gevonden

gedurende

alle

stages

van

de

aangroei.

Een

saturatiegedrag

in

de

ruwheidontwikkeling was geobserveerd voor lagen dikker dan 150-200 nm welke

pyramidevormige kristallieten bevatten, terwijl voor lagen opgebouwd uit pilaarvormige
kristallieten de ruwheid lineair schaalt met de laagdikte. De relatie tussen deze verschillen en
de twee aangroeimodes is gevalideerd door een vergelijking met ex situ metingen, zoals
time-of-flight secondaire ion massa spectrometrie TOF-SIMS (initiële aangroei) en atomic
force microscopie AFM (ruwheid).
Verder waren de SE metingen bruikbaar voor de het bepalen van de intrinsieke
elektronische eigenschappen van de kristallieten in de AZO laag wat essentieel is voor het
definiëren van de rol van kristalliet oppervlakken in het limiteren van het transport van de
elektronen

in

de

ZnO

lagen.

Het

verkregen

resultaat

demonstreert

excellente

2

mobiliteitswaarden in de kristallieten zelf, >100 cm /Vs (pyramidevormig) en >50 cm2/Vs
(pilaarvormig), welke onafhankelijk van de laagdikte zijn. Deze waarden zijn veel hoger dan
de ex situ gemeten waarden (Hall), wat aanduidt dat de limiterende factor voor
elektronentransport in deze lagen de verstrooiing aan de kristallietoppervlakken is.
De mogelijkheid tot controle van de aangroeimode is erg belangrijk vanuit het oogpunt
van de applicatie. De lage soortelijke weerstand en hoge ruwheid van de pyramidevormig
gestructureerde lagen maken dit type bruikbaar als bovenliggende electrode in a-Si:H en
µc-Si zonnecel applicaties. Maar, de gradiënt van de soortelijke weerstand in de laag en de
lage nucleatie dichtheid, maken de pyramidevormige gestructureerde lagen niet bruikbaar
wanneer de AZO laag dient als substraat voor zonnecellen of in applicaties waar dunnere en
gladdere lagen nodig zijn, zoals dunne-film transistoren. Voor die gevallen zijn pilaarvormig
gestructureerde lagen, of een combinatie van de twee typen misschien meer geschikt. De
aangroeistudies gepresenteerd in dit proefschrift geven aan dat een gangbare route voor de
verdere verbetering van de geleiding van de AZO laag ligt in de vergroting van de
kristallieten in het initiële groeigebied, door bijvoorbeeld, verhoging van de substraat
temperatuur of het gebruik van een ZnO bufferlaag.
Een andere uitdaging in het ZnO veld is het verkrijgen van p-type geleiding, wat, in
combinatie met het meer gemakkelijkere verkrijgbare n-type ZnO, de fabricatie van ZnO
homojuncties mogelijk kan maken. In dit werk, zijn er initiële studies verricht naar de
plasmachemie en haar invloed op de efficiëntie van stikstof dotering in ZnO voor het
verkrijgen van p-type geleiding. Het expanderend thermisch plasma heeft een hoge
dissociatiegraad voor N2 en bezit daarom het potentieel om een hoge flux N radicalen en/of
N bevattende deeltjes naar het substraat te verzorgen. In principe zou het expanderend
plasma daarom dus een goede bron voor N dotering van ZnO lagen kunnen zijn, wat
gedemonstreerd is door de N-gedoteerde ZnO lagen die zijn verkregen. De incorporatie van
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N bleek echter preferentieel in de vorm van -C≡N (nitrile binding), welke elektrisch inactief is
en misschien gesegregeerd aan het oppervlak van de kristallieten. Hierdoor was er geen

p-type geleiding verkregen in de N gedoteerde lagen. De detectie van CN in de lagen is een
nieuwigheid in het veld van ZnO en een mogelijke oorzaak voor incorporatie van N in deze
vorm is gevonden in de formatie van HCN in het plasma. Breder gezien geeft deze
observatie ook aan dat er misschien een inherente limitatie voor de incorporatie van atomair
stikstof bestaat voor depositie processen waarin het gebruik van een metaalorganische
precursor gecombineerd word met een reactieve stikstof omgeving. Gebruikmakend van de
kennis opgedaan in dit project, kan een mogelijke route voor het overkomen van deze
limitatie worden voorgesteld, namelijk het combineren van zowel ETP als sputtertechnieken
door het gebruik van een metaal of metaaloxide target, dat gesputterd wordt in een
expanderend thermisch Ar/N2 plasma omgeving.
Het tweede deel van dit proefschrift, was gewijd aan het uitbreiden van de ETP-MOCVD
techniek met de depositie van dichte Al2O3 lagen op relatief lage substraat temperaturen
(<400 °C) ten opzicht van andere CVD processen. Hoewel de eigenschappen van de Al2O3
lagen gedeponeerd met ETP-MOCVD op temperaturen <150 °C waren aanvankelijk niet zo
goed waren, namelijk een lage brekingsindex (<1.5 op 633 nm) en hoge waterstofdichtheid
(>30 at%), was er toch een belangrijke parameter in het proces geïdentificeerd. Het gebruik
van een additioneel ionenbombardement, door middel van een externe radiofrequente bias
op het substraat, bleek een oplossing voor het verkrijgen van dichtere lagen in het
ETP-MOCVD proces. Door deze additie, hebben we gedemonstreerd dat lagen met een hoge
brekingsindex (1.6 op 633 nm) en lage waterstofdichtheid (≤4%) kunnen worden verkregen
op temperaturen zelfs beneden de 150 °C. Voorlopige experimenten hebben aangetoond dat
de lagen gedeponeerd onder de laatstgenoemde omstandigheden ook goede water diffusie
barrières zouden kunnen vormen.
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Depunerea de oxizi metalici din plasma termică în expasiune: modalităŃi de
control al creșterii filmelor
Oxizii metalici reprezintă o clasă de materiale care joacă în prezent un rol important
într-o multitudine de aplicaŃii, de la straturi optice până la aplicaŃii în microelectronică, celule
solare şi straturi-barieră împotriva difuziei umezelii şi a gazelor. Filmele subŃiri de oxizi
metalici pot fi obŃinute folosind diferite tehnici de depunere, cum ar fi depunerea fizică din
fază de vapori (de exemplu, pulverizarea) şi depunerea chimică din fază de vapori (CVD). În
lucrarea de faŃă a fost folosită depunerea chimică din fază de vapori pornind de la precursori
organometalici, folosind tehnica plasmei termice în expansiune (expanding thermal plasma,
ETP), în scopul depunerii de filme subŃiri de oxid de zinc (ZnO), ZnO dopat n - oxid de zinc
dopat cu aluminiu (AZO), ZnO dopat cu azot (pentru conducție de tip p) şi oxid de aluminiu
(Al2O3).
Filmele policristaline de ZnO au fost intens studiate în ultimii ani, având un rol important
ca oxizi transparenŃi şi conductori (TCOs) pentru aplicaŃii cum ar fi porŃi/canale în tranzistori
cu filme subŃiri (TFTs) sau electrozi frontali în celule solare, dar şi în aplicaŃii care necesită
atât filme de tip n, cât şi filme de tip p, cum ar fi diode emițătoare de lumină (LEDs). Pe de
altă parte, filmele dielectrice și amorfe de Al2O3 şi-au demonstrat potențialul extraordinar în
aplicații care necesită materiale cu constantă dielectrică mare și bariere împotriva difuziei
umezelii şi a gazelor.
Înțelegerea mecanismelor de creștere a filmelor, cât și controlul asupra structurii,
morfologiei și a proprietăților opto-electrice sunt paşi esenŃiali pentru extinderea domeniului
de aplicabilitate al straturilor depuse.
În acest proiect a fost investigată evoluția proprietăților filmelor de oxid de zinc dopat cu
aluminiu în timpul procesului de creștere, prin intermediul unui set extins de tehnici de
măsurare, aplicate atât ex situ, cât și in situ. În particular, dependența proprietăților filmelor,
atât a celor intrinseci (cristalinitate, nivel de dopare etc.), cât și a celor extrinseci
(dimensiunea grăunțelor, morfologie), în funcŃie de grosime, a fost studiată și corelată cu
proprietățile electrice ale straturilor depuse. Astfel, am demonstrat că presiunea de lucru
este un parametru cheie în controlul evoluției proprietăților electrice și morfologice ale
filmelor în timpul creșterii. Filmele AZO depuse la presiunea de 1.5 mbar (“presiune înaltă”)
se caracterizează printr-o densitate de nucleație joasă, un gradient al rezistivității cu
grosimea și prin valori mari ale rugozității, de peste 4% din grosime. Prin scăderea presiunii
de lucru de la 1.5 mbar la 0.38 mbar (“presiune joasă”), stratul inițial devine mai dens,
gradientul rezistivității este redus semnificativ, iar filmele devin mai netede, cu valori ale
rugozității de până la 1% din grosime. Gradientul rezistivității și evoluția rugozității cu
grosimea sunt corelate cu creșterea dimensiunii grăunțelor, indicând tranziția de la modul

piramidal de creștere, observat la presiune înaltă, la modul columnar de creştere, tipic
presiunii joase.
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O noutate absolută în domeniul filmelor de ZnO este utilizarea in situ în această lucrare a
tehnicii de elipsometrie spectroscopică (SE), care a permis identificarea în timp real a
modului de creștere a filmelor, prin monitorizarea evoluției grosimii în stadiul inițial al
creșterii și a evoluției rugozității în timpul creșterii. Astfel, în cazul modului piramidal de
creștere, s-a putut observa o rată de creştere încetinită în faza iniŃială, urmată de o rată de
depunere constantă. Pe de altă parte, în cazul structurii columnare, în toate etapele creșterii
s-a observat o evoluție liniară a grosimii. În plus, pentru structura piramidală, s-a determinat
cu ajutorul elipsometriei o saturare a valorii rugozității după circa 150-200 nm, în timp ce,
pentru structura columnară, a reieșit din măsurătorile de elipsometrie existenŃa unei relaŃii
de proporționalitate între rugozitate și grosimea filmelor. Coroborarea acestor diferențe
observate cu ajutorul elipsometriei în cele două cazuri și, respectiv, pentru cele două moduri
de creștere, a fost validată prin compararea cu măsurători ex situ echivalente de rugozitate
și compoziție, cum ar fi microscopia de forță atomică (AFM) și, respectiv, spectrometria de
masă a ionilor secundari cu timp de zbor (TOF-SIMS).
De asemenea, măsurătorile de elipsometrie s-au dovedit utile și în scopul determinării
proprietăților electrice ale filmelor AZO, fiind esenŃiale pentru definirea rolului graniŃelor
dintre grăunțe în cazul fenomenului de limitare a transportului electronilor în filmele de oxid
de zinc. Valorile locale ale mobilității electronilor, determinate prin spectroelipsometrie în IR,
în interiorul grăunŃelor cristaline, s-au dovedit a fi excelente, peste 100 cm2/Vs pentru
structura piramidală, și 50 cm2/Vs pentru structura columnară, fiind independente de
grosimea filmelor studiate. Aceste valori sunt mult mai mari decât cele determinate prin
măsurători la nivel macroscopic, ex situ, de efect Hall (<20 cm2/Vs şi, respectiv,
<10 cm2/Vs), în condiŃiile în care valoarea concentraŃiei purtătorilor, determinată prin
ambele tehnici (SE si Hall), este similară. Aceasta indică faptul că limitarea transportului
electronilor în aceste filme este dată de împrăștierea la granițele dintre grăunțe.
Controlul procesului de creștere a filmelor este foarte important din punctul de vedere al
aplicațiilor. Rezistivitatea joasă și rugozitatea mare a filmelor piramidale de ZnO reprezintă
avantaje în aplicații precum electrozi frontali în celule solare de a-Si:H și µc-Si. Cu toate
acestea, din cauza variației rezistivității cu grosimea și a densității de nucleație joase, aceste
filme nu pot fi utilizate atunci când straturile de ZnO sunt depuse pe celula solară sau în
aplicații care necesită straturi mai subțiri și netede, cum ar fi tranzistorii cu filme subțiri. În
aceste cazuri, este mai indicată folosirea filmelor columnare sau o combinație între cele două
moduri. În plus, studiile ex situ și in situ dedicate creșterii filmelor, prezentate în această
lucrare, indică faptul că una dintre modalitățile de a îmbunătăți conductivitatea filmelor AZO
este mărirea dimensiunii grăunțelor în stadiul inițial al creșterii, care se poate face, de
exemplu, prin creşterea valorii temperaturii substratului ori prin folosirea unui strat-tampon
de ZnO.
O altă provocare în domeniul filmelor de oxid de zinc este obținerea de filme cu
conductivitate de tip p, care, în combinație cu cele de tip n, ar permite fabricarea
homojoncțiunilor pe baza de ZnO. În lucrarea de față au fost efectuate studii preliminare în
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ceea ce privește compoziŃia chimică a plasmei și influența ei asupra eficienței de dopare cu
azot în cazul filmelor de ZnO. Datorită faptului că în plasma termică în expansiune are loc
disocierea în proporții mari a moleculelor de azot N2, această tehnică are potențial ridicat în
ceea ce privește trimiterea către subtrat a unui flux mare de azot atomic N sau de specii
conŃinând N, ceea ce ar însemna o sursă excelentă pentru doparea de tip p a filmelor de
ZnO cu N. Cu toate acestea, în filmele de ZnO dopat cu N nu s-a putut detecta niciun fel de
conductivitate de tip p, în special din cauza incorporării preferențiale a azotului în legături
-C≡N (legatură de tip nitril), inactive din punct de vedere electric și formate, cel mai
probabil, la granițele dintre grăunțe. Identificarea legăturii CN în cazul filmelor ZnO:N, a
cărei apariŃie este strâns corelată cu formarea moleculelor HCN în plasma de depunere, este
de asemenea o noutate printre specialişti. Ea conduce la o generalizare extrem de
importantă pentru domeniul CVD asistat de plasmă, sugerând o limitare inerentă acestui tip
de proces de depunere, în care precursorul metalorganic este folosit în combinație cu un
mediu de azot puternic reactiv. Utilizând cunoștințele acumulate în cadrul acestui proiect, s-a
identificat şi o posibilă soluŃie pentru depăşirea acestei probleme, și anume combinarea
avantajelor a două tehnici de depunere: plasma termică în expansiune și pulverizarea. Cele
două tehnici pot fi utilizate cu succes prin pulverizarea unei ținte ceramice de ZnO sau a
uneia metalice de Zn într-o plasmă termică în expansiune generată în amestec Ar/N2 sau,
respectiv, Ar/N2/O2.
A doua parte a acestei lucrări a fost dedicată extinderii aplicabilității tehnicii ETP-MOCVD
pentru obținerea filmelor dense de Al2O3 la temperaturi relativ joase în comparație cu alte
procese CVD (de până la 400 °C). Filmele de oxid de aluminiu obŃinute au prezentat indice
de refracŃie scăzut (<1.5 la 633 nm) şi un conŃinut mare de hidrogen (>30 at%). Prin
urmare, şi în acest caz a fost necesară identificarea unei modalităŃi de optimizare a
proprietăŃilor filmelor subŃiri. Astfel, combinând procesul ETP-MOCVD cu bombardamentul
ionic la nivelul substratului prin intermediul aplicării unui potenŃial de radiofrecvenŃă extern
substratului, s-au obŃinut filme cu indice mare de refracŃie (1.6 la 633 nm) şi conŃinut mic de
hidrogen (≤4%) la temperaturi sub 150 ºC. InvestigaŃiile preliminare au dovedit posibilitatea
utilizării acestor filme ca straturi-barieră împotriva permeaŃiei apei în polimeri.
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