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The Grid
A digital frontier
I tried to picture clusters of information
as they moved through the computer
What did they look like?

Ships?

Motorcycles?

Were the circuits like freeways?
I kept dreaming of a world I thought I’d never see
And then, one day...I got in

Chapter 1

Introduction
18 T erawatts. That is the average power constantly used in the world, which includes
energy used for transportation, heating, and electricity production[1]. It corresponds
to the energy output of about 18000 large nuclear fission power plants constantly
producing energy. As a comparison, only 400 are currently installed worldwide. The
overwhelming majority of this power is produced by burning fossil fuels (oil amounts
to roughly 31.1% of the total, coal 28.9%, and natural gas 21.4%, in total about 81%).
A consistent fraction of energy consists of electricity generation, which is responsible
for approximately 20% of the total: a capacity of about 5.5T W is installed worldwide
in a diverse range of power plants, of which roughly 65% is fueled by fossil sources[1].
Fossil fuels are historically the most relevant energy production source because of
three main reasons: their relatively easy extraction and transportation, the ease of use
and simple plant construction, and the low cost and widespread availability. Another
W
advantage of fossil fuel power plants is their high power per unit area of about 1000 m
2,
much superior to that of renewable energy sources such as hydroelectric, which can
W
1
reach at most around 50 m
2 [2, 3].

1.1

A fossil issue

Together with several advantages that boosted the expansion and the diffusion of
fossil fuel generation, three main drawbacks of their indiscriminate use arose recently.
First, fossil fuels are a non-renewable resource. The Hubbert peak theory, proposed in 1956 by American geophysicist M. King Hubbert for the case of oil, states
that in a given geographical area, the rate of petroleum production tends to follow a
bell-shaped curve[4]. It is based on the fact that the amount of oil in any region is
finite, so that the production rate increases as new reserves and extraction techniques
are developed, until a peak is reached. The highest rate is then followed by decline
of production, due to resource depletion. By considering the current annual pro1 Assuming an area of roughly 0.25km2 , which corresponds to a square of 500m side, a typical
W
250M W thermal power plant results in 1000 m
2 power density per unit area. In the case of hydroelectric, the Three Gorges Dam plant, in China, draws 22.5GW by using a reservoir with an area of
W
about 1000km2 , resulting in 22.5 m
2 , which is average for this kind of plants. Most other renewable
sources, including wind, tide, and geothermal, can reach this density only in ideal conditions.

1

Figure 1.1: Carbon dioxide concentration (in ppm) in the atmosphere, in the last
thousand years (a) and in the last 5 years (b). Monthly (red) and annual (black)
averages are represented in (b). The fluctuation in the monthly average is caused by
the seasonal biosphere oscillations[10, 11, 12, 13, 14].
duction and the estimated reserves, the worldwide petroleum proven reserves could
last for only 60 years, if the current rate is maintained and no additional reserves
are discovered[5]. Indeed, new reserves are continuously found, but extraction costs
and risks are also constantly rising. While the original embodiment of the theory is
purely physical, meaning that no economic factors are taken into account, cost should
be taken into account. If the cost of extraction is considered, the oil peak could happen in an even nearer future, as it would be accelerated by the non-profitability of
the production. In the case of natural gas, the situation is similar, as the production
peak is expected to be met around 2020[6]; coal reserves, instead, are forecast to last
for at least the 21st century, even though several other sources predict a much earlier
coal peak[7, 8]. These estimates are controversial, though, as they depend on the
forecast development model considered, and can vary substantially according to the
assumptions taken. It should be considered, however, that hydrocarbon compounds
are not only used as fuel, but around 4% are fundamental for production of plastic
and polymers, biocides, and various synthetic materials[9]: burning them thus might
not be their most convenient use.
The second reason is that while fossil fuels are present worldwide, the largest
reserves are concentrated in a few regions (Venezuela, Canada, Arabian peninsula
and Middle East area), with the top 7 countries holding more than 80% of the total
worldwide reserves[5]. This is ominous in particular for the so-called "first world
countries", as most of them are beyond their production peak, and all are net importers
of fossil fuels, predominantly from developing countries. Countries should thus strive
for energetic independence, even though it is an utopic objective in most case; instead
in most cases at the moment the opposite is true.
The third reason is that using fossil fuels changes the climate and the environment.
Global change is attributed to three reasons: the proof that human contribution to
emissions is dominant, the fact that carbon dioxide is a greenhouse gas, and the
2

evidence that increase in greenhouse gas concentration leads to higher global temperatures. Several studies show that carbon dioxide atmosphere concentration is rising:
while fluctuations are common in geological history, the most recent trend correlates
with the increased human activities. The main cause is the invention of the steam
engine, patented in 1769 by James Watt, which sparked the industrial revolution and
fossil fuels usage and burning, starting to increase the CO2 concentration, which is
now higher than 400ppm [14](Figure 1.1). Anthropogenic emissions have drastic consequence on the concentration because they are unbalanced: while the biosphere and
the oceans release about 10 times as much CO2 in the atmosphere as mankind, they
also absorb roughly the same amount. Man-made emission, instead, are not canceled
out by any other natural mechanism[2]. In addition, even though an increased amount
of CO2 can be beneficial for plants, which consume it to produce oxygen and energy,
the more frequent and stronger droughts caused by global warming cancel out the
pros, effectively having a negative impact on plants[15].
Global warming is caused by several human activities, but the largest contributor
is the emission of greenhouse gases such as carbon dioxide, methane and nitrous oxide
(CO2 , CH4 and N2 O, respectively). Most of the greenhouse gas emissions come from
fossil fuel burning, which are used for energy: the climate change issue is chiefly an
energy issue. Around 75% of greenhouse gases emission is due to energy uses, while
smaller contribution are due to agriculture, land use and waste[16]. Furthermore,
fossil fuel burning releases several air pollutants such as sulfur oxides (SOx ), particulates, and carbon monoxide (CO), which have direct consequences for health and
environment such as cancer, heart diseases, and acid rain. Approximately 7 million
premature deaths are attributed annually to air pollution[17].
To reduce carbon emissions a few initiatives have been undertaken by international organizations and countries. The most eminent effort is represented by the
Kyoto Protocol in 1997, together with its extension in 2012. In 2016, a new proposal
known as the Paris Agreement has been signed by 177 countries, which represents
the largest worldwide communal undertaking in this theme. USA and China, the
two leading carbon emission producers, formally agreed for the first time to reduce
carbon emissions by accepting this agreement[18]. Another instrument employed in
the attempt to trim fossil fuels-based energy production is the so-called "Carbon Tax"
that charges carbon emitters based on how much CO2 is emitted. It is considered a
cost-effective measure, but its efficacy has been lessened, until now, by the resistance
of major carbon users to its ratification. Furthermore, carbon capturing and storage
is a promising technique allowing to compensate carbon emission and reduce CO2 ,
but its large-scale applicability is limited by energetic and economic costs[2, 19].
Numerous paths have been proposed in order to substitute the energy generation
supplied by fossil fuels. All feasible energy plans are based on two foundations: the
reduction of total primary energy consumption, and the switch to renewable energy
sources. These two pillars are entwined in a plan based on progressive switching
of transport and heating to electricity-powered systems. Currently, transportation
and heating are overwhelmingly fueled by fossil energy sources (for transport, 95%
in the US in 2012[20], for heating, roughly 65% in US in 2009[21]). Use of electric
cars would result in an energy consumption of roughly one-fourth of fossil-fuel cars 2 ,
2 An electric car with 400km range on a 85kW h battery results in a consumption of 0.2 kW h . A
km
h
gasoline-fueled car, with 12 km
consumption, considering that fossil fuels all supply roughly 10 kW
,
l
l
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while electric trains and trams use at most one-tenth. A great transportation mean
are actually bicycles, which consume only one-fiftieth of internal combustion engine
cars[2]. Regarding heating, heat pumps are 4 times more efficient than furnaces and
boilers, as they use high-grade electric energy to generate low-grade heat, which is
more convenient than to use chemical energy to generate heat[22].
Undoubtedly, more electricity-based systems operation means that larger production of electric energy is required, but since the overall efficiency of electric-powered
systems like heat pumps and electric cars is much higher, less primary energy is
ultimately consumed. It is crucial, though, that non-fossil fuels are used for electricity generation, which is why it is essential to develop renewable energy sources.
Investment in green energy has been mostly rising (270 Billion B
C in 2014[23]), but
only ∼ 3.5% of world primary energy consumption is currently supplied by renewable
energy[1]. Many renewable sources are already close to their supply limit (hydroelectric) and some do not have the potential, or the viability, to cover a substantial part
or energy needs (biomass, wind). Nuclear energy is a widespread non-fossil source
(covering ∼ 5% of world total primary energy), but a long-term sustainable, risk-free,
and low-nuclear waste fission power plant (such as a fast neutron operated high power
energy amplifier[24]) is yet to be feasible. The definitive solution would be nuclear
fusion reactors, which, if developed, can provide plentiful almost-free energy for millions of years for humanity, but are not expected to be viable options for another
century[25].

1.2

Solar energy

As a matter of fact, nuclear fusion is already providing energy to the Earth, essentially
sustaining every energy source present on Earth, as the Sun is fueled by protonproton fusion[26]. Solar radiation reaching Earth every year is approximately 7000
times larger than worldwide energy yearly consumption, so that efficient harvesting
of solar power could solve any energy provision issue. Solar energy also has very
widespread geographical availability (rivaled possibly only by geothermal sources). In
principle, solar energy can be harvested everywhere, regardless of the conformation
of the territory and the terrain, the altitude or the climate. Also it is, by definition,
the "most renewable" energy source, since it will offer dependable supply as long as
fusion is taking place in the Sun core, which is rather likely to happen for a few more
billion years.
Several types of systems allow to exploit solar radiation, divided in two main kinds
(Figure 1.2):
1. Solar thermal technologies, allowing to use the energy from the sun for water
heating, space heating or cooling, which can deliver a substantial amount of
thermal energy, particularly in summer.
2. Electricity generation, in two forms:
• concentrated solar power, which focuses sunlight from a very large area (hectaresized) to a small beam containing most times molten salts, used then, as a heat
source, to generate electricity with a steam turbine
h
results in 0.8 kW
energy cost.
km

4

• photovoltaic power, which uses the photoelectric effect to convert light directly
into electricity (the mechanism will be discussed in detail in Chapter 2).
Concentrated solar power is an extremely promising technology in great development,
but has some intrinsic limitations such as the required land area and the large dependence on a proper location, in addition to rather complicated maintenance and
operation. Photovoltaic (PV) power tackles these issues by allowing distributed power
generation, reducing the energy wasted for transmission and distribution (∼ 6% at
least[20]). In addition, photovoltaic systems have no moving parts, resulting in silent
operation, very low maintenance cost and complexity, and straightforward installation. The obvious disadvantage of photovoltaics are that without sunlight it cannot
function at all, and that is intermittent, as clouds or storms reduce sensibly the power
output. To solve this problem, several solutions, apart from battery storage, are being researched, such as hydrogen storage, hydroelectric pumped storage, and using
electric car batteries as power stockpile[2]. Also, a continent-wide electricity grid is
crucial, in order to enable a stable and homogeneous distribution of power, and to
take advantage of the most plentiful power sources in each region (i.e., solar power in
deserts, wind in temperate areas, hydroelectric power in mountain ranges).

Figure 1.2: Solar energy uses: solar heating (a), concentrated solar power (b), residential photovoltaic (c) and utility scale photovoltaic (d)
Another drawback of PV is that it requires country-sized areas to generate a
5

substantial amount of power, due to low power per unit area. In fact, while the
W
intensity of solar radiation is approximately 1000 m
2 , unavoidable factors such as solar
cell efficiency, cloudy sky, the day/night cycle, and seasonal fluctuations, reduce the
W 3
average power generated by panels to around 5 − 50 m
2 . One possibility to solve this
issue would be using building and infrastructure integrated photovoltaics (BIPV)[27]
and solar roadways[28]. In the Netherlands, which has rather limited solar insolation,
integrating solar panels on existing buildings and roads, together with the use of
semi-transparent solar cell modules as windows[29], could cover the whole country
electricity needs (∼ 18GW ). With large diffusion of solar cells, a key issue arises,
though: the recycling and disposal of obsolete solar panels. The vast majority of the
present generation of panels are based on silicon covered with glass, and much research
has been devoted to this problem lately: novel techniques ensure that glass can be
recycled effectively with very high yield (∼ 90%), while at the same time collecting up
to 95% of the heavy metals and semiconductor materials, which can also be reused in
new solar modules[30]. Recycling costs, though, should be included in the installation
cost of the solar panels, increasing it further. One of the main limiting factors to the
diffusion of PV, in fact, has been the cost.
Power Plant Type
Coal
Combined-Cycle Gas Turbine
Onshore Wind Turbine
Utility-scale Photovoltaic
Hydroelectric
Nuclear

B
C/M W h
38 − 53
75 − 98
45 − 107
78 − 142
15 − 30
50 − 110

Table 1.1: LCOE interval of some of the most common power plant types in 2013[31,
32]
The cost of PV panels has been decreasing constantly for decades, according to
a rule similar, in concept, to the famous Moore’s law for integrated circuits, called
the Swanson law. This principle states that the price of solar cell modules decreases
20% each time the production volume doubles. Following this law rather precisely,
installation prices have lowered more than 100 times in 40 years, down to less than
1 W$p in projections for 2020. Prices are still higher, though, than conventional power
sources[33]. To compare different energy sources, a standard measure is the levelized
cost of electricity (LCOE). The LCOE is defined as the ratio between the total cost,
over its lifetime, of the construction, operation and dismissal of a power-generating
asset, and the total energy output of the system, over that lifetime. The most common
units employed are B
C or $/M W h: in Table 1.1 the LCOE of several energy sources is
listed. Coal and gas power generation have the lowest LCOE, which is a paramount
motivation of their prevalence until now. While the PV installation price is dependent
3 The best case scenario consists of a very high efficiency solar cell (46%, so 460 W ), placed in
m2
a very sunny area like Yuma in Arizona, the most sunny place on Earth with 4015 hours of sun
W
each year, roughly 46% of one year, which results then in 211 m2 . The sun intensity, though, is
not the maximum the whole day, and tracking does not allow to cover the totality of an area with
solar panels. The average (meaning continuous) PV power density per unit area can thus only reach
W
approximately 50 m
2.

6

mainly on the cost of the material, the LCOE of solar modules is strongly related to
their efficiency, and how it degrades during the years of utilization. A 0.5%/year
average relative degradation has been measured for mono-crystalline Si solar cells,
which in an extreme case would correspond to solar panels with 75% of initial efficiency
after 50 years of utilization[34]. As a comparison, typical natural gas combined cycle
power plants have approximately 0.3%/year degradation[35]. The low maintenance
and absent fuel costs are a key advantage of photovoltaics over fossil fuels, as solar cells
become more convenient than other systems the longer they operate, in particular if
the initial efficiency is high.
Based on efficiency, and the relative cost, two main categories of solar cell modules
can be defined:
1. Single junction modules. Most popular commercially due to their low cost, they
are limited by relatively low efficiency (26.33% record efficiency for Si[36]).
Si solar cells own approximately 90% of worldwide solar cells market, while the
remaining share are other single-junction technologies such as CIGS and CdT e.
2. Multi-junction solar cells, with a research efficiency up to 46% [37, 38] (under concentration). Their high efficiency is enabled by using several materials
stacked, which harvest the spectrum solar radiation more effectively, and by
employing concentrators, which are lenses that focus sunlight to a small area
where the energy conversion takes place. Multi-junction solar cells are though
much more expensive than single junction solar cells, due to their higher system
complexity and material costs. Their market share is thus reduced up to now
to a niche consisting mainly of space and research applications. At the same
time, these systems are the most promising for utility and commercial-scale
applications, if cost can be substantially reduced further.

Figure 1.3: Efficiency and cost (in UmS$
2 ) for single junction, multi-junction (considering
the concentrator area), and cell technologies under current research. Adapted from
[39].
7

De facto, despite the many advantages and large potential, diffusion of photovoltaic systems has been limited by shortcomings in conciliating the drives of low
cost and high efficiency[40]. The efficiency is limited at 26.33% and 46% (for silicon, which has limited potential for improvement, and multi-junction systems respectively), while the costs are not yet competitive on the worldwide scale. A third kind
of solar cells, able to integrate both thrusts and push the efficiency beyond current
$
threshold,
limits, while containing the price of systems, and thus go below the 0.5 W
is hence a prominent research topic (Figure 1.3). Several technologies, all with peculiar advantages and drawbacks, are being investigated, such as perovskites (high
efficiency and low cost, but low durability), quantum dot solar cells (relatively low
cost but low efficiency), and nanowire solar cells, which are discussed more in detail
in the following section[41, 42, 43].

1.3

Nanowire potential for photovoltaics

Nanowires (NWs) are a novel type of materials that have shown great promise for
a number of potential applications, including quantum computing, thermoelectric
energy generation, and light emission[44, 45, 46]. Nanowires spawn considerable attention as they are very small structures, enabling thus the possibility of realizing
smaller devices and studying exciting new phenomena, while exhibiting novel properties. Nanowires have a length up to several tens of microns, and a diameter typically
between a few nanometers and several hundred nanometers. Recently, research on
nanowires for photovoltaic energy generation also rose to prominence, as devices with
performance comparable to bulk solar cells have been demonstrated[43, 47, 48, 49].
Nanowire solar cells spur great interest due to several favorable properties, both from
the performance as from the cost perspective.

Figure 1.4: Designs for an single nanowire (a) or nanowire array (b) solar cell (adapted
from [50, 43]).
Nanowire solar cells have been investigated both as single nanowire devices, where
the performance of an individual nanowire is characterized by placing contacts at
its extremes (Fig. 1.4a) [51, 50], and by nanowire arrays, in which a multitude
of nanowires are arranged in ordered fashion in a predetermined pattern (Figure
8

1.4b)[43]. The second case mimics closely the geometry that would be most likely
used in actual nanowire photovoltaic applications, where millions of nanowires are
used for electricity generation, and is thus the most common platform for nanowire
solar cells.

1.3.1

Nanowire solar cell properties

The most recognized NW property is the antenna-like behavior, typical of nanostructures in general. In fact, if the dimensions of the structure are akin to the wavelength
of the incident light, ray optics cannot be used to describe the system, and waveguide
optics has to be considered. This is particularly striking if vertical nanowires are considered, as the high aspect ratio results in nanowires behaving as an efficient cavity,
with a geometry that sustains waveguide modes[52]. In this way, a single nanowire has
a maximum absorption cross section of a few µm2 , much larger than its geometrical
area[51]. If an array of nanowires is then considered, as the incident light is parallel
to the longest axis of the nanowire, the HE11 waveguide mode is the main mechanism
that determines the absorption of the nanowires[53]. The dependence of the absorption on the geometric properties of the nanowires can then be thoroughly modeled
by a scattering matrix method, evidencing how nanowire arrays allow extremely high
absorption with a low volume of material[54].
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Figure 1.5: Absorption of nanowires. Measured and modeled absorptance of nanowire
arrays as a function of diameter (a) and length (b). c) Specular, non-specular, and total reflectance of InP nanowires (blue, red, and black shapes), and total reflectance of
bulk InP (solid line), as a function of incident wavelength. d) Simulated absorptance
of base-tapered (black), cylindrical (red), and conical (blue) nanowires for normal
incidence (adapted from [54, 55]).
All the geometrical parameters of an array are jointly affecting the absorption,
but for a length of 2µm, which is ideal for carrier extraction, the ideal geometrical
parameters for InP nanowires are a diameter of 170 − 180nm and a pitch of 400 −
500nm (Figure 1.5a-b). With such morphology, more than 90% of the solar photons
with an energy higher than the bandgap are absorbed[54]. This value is much larger
than for a thin film layer with comparable volume (Figure 1.5c)[56]. Furthermore,
use of tapered shape enhances the broadband absorption of nanowires, resulting in
very high absorption at all relevant wavelengths (400 − 900nm)[55] (Figure 1.5d).
While high absorption ensures large photocurrent generation, also nanowire morphology itself has three differences compared to thin films, which impact mainly the
voltage [57, 49] (Figure 1.6a):

Figure 1.6: a) Comparison of planar InP sample with a nanowire sample defined by
etching, so that the emission outcoupling is enhanced and number of bulk defects is
reduced, but at the same time the surface recombination is increased. The total effect
is an increase in the open-circuit voltage. b) Average photon escape probability as a
function of emitter depth in the structure, both for nanowires and for planar layer[49].
1. Volume reduction. Nanowires allow using a lower amount of material to obtain
the same (or higher) absorption. Then, non-radiative recombination is reduced
linearly by decreasing the active region volume, provided that bulk non-radiative
recombination is dominating over surface-driven recombination.
2. Enhanced emission outcoupling. This term is related to the photon escape
probability (Pesc ) of a radiative recombination event in a nanowire: the high
10

aspect-ratio geometry improves greatly the chances of escape, so that the average P esc of nanowire solar cells has been calculated to be around 13%[49], and
can be up to 98%[58]. P esc for a planar film instead is only limited to roughly
2%, so that nanowires exhibit a 6-fold improvement (Figure 1.6b).
3. Surface recombination, increased in nanowires due to the higher surface-tovolume ratio, resulting thus in a larger probability of non-radiative recombination at trap states at the surface that stems a reduction of performance.
These factors are discussed more in detail in Chapter 2. If thin film and nanowires
based on identical material are fabricated ((by growing an InP thin film, and dry
etching it to form nanowires), and their optical emission is measured, an increase of
the performance is obtained for nanowire solar cells, as the first two contributions
outweigh the third (Figure 1.6)[49].

1.3.2

Material cost

In the case of III − V thin film solar cells, the largest component of the cell cost are
the substrate, and the consumption of precursors for the growth (Figure 1.7)[59].

Figure 1.7: Cost summary of the steps for the processing of a single cell of GaAs.
Adapted from [59]
As nanowires have very high absorption per volume ratio, an intrinsic advantage
of nanowire structures is the low material amount required: for the ideal solar cell
geometry, with a nanowire "layer" thickness of 2µm, the NW volume is around 10
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times less than for an identical bulk layer. In addition, nanowire growth is typically
much faster than layer growth, of around a factor 10, meaning that both precursor
consumption and system depreciation is reduced compared to bulk growth, together
with higher productivity[60]. Nanowires thus allow drastic reduction of the MOVPE
costs, which are a core component of the total cost, as is clear from Figure 1.7. In
addition, if compared to Si solar cells, use of nanowires then reduces material use by
a factor 12504 [61].
Typical III − V materials are InP and GaAs. As discussed more in detail later
in this chapter, InP is the material of choice in this dissertation. Indium, though, is
a rather expensive and rare material: the two main issues are the price of precursors,
and the low concentration of In in Earth’s crust. The In precursor (T M I) price is
circa 25 g$ , so that the cost of In alone, for nanowire solar cells, is 0.21$/W 5 , which
is a sizable fraction of the target price of 0.50$/W that is ideal to make photovoltaic
competitive with non-renewable power sources[59]. Possible solutions could be the use
of In∼0.1 Ga∼0.9 As, with a bandgap similar to InP , which would allow to decrease the
costs by an order of magnitude, or using hydride VPE, which decreases the material
costs of epitaxy. On top of the rather large cost, also the In availability is often
believed to be an issue: the current worldwide yearly production of In, predominantly
used for transparent conductive oxides in screens, would be enough to fabricate, each
year, enough InP thin film solar cells that have a power covering less than 1% of the
world energy consumption[62]6 . It is thus clear how it is fundamental to develop less
material-consuming processes to fabricate photovoltaic devices, such as nanowires,
and to use (micro)-concentration and tracking to enhance efficiency and limit area
usage (explained more in detail in the next section).
In addition to direct cost considerations, nanowire structures are ideal to reduce
the substrate cost, as nanowire embedding in a polymer (such as poly-dimethylsiloxane, P DM S) and removal from the substrate is straightforward, leaving a substrate in pre-growth similar conditions[63]. If a selective area growth method is used,
upon removal of P DM S residues and of the NW pedestal (by diluted HCl, in the
case of InP ), regrowth is possible on the same sample (more details in Chapter 8).
Substrate re-use is a core advantage of nanowire for solar cell applications, allowing
an almost linear cost reduction with the number of re-uses[59], enabling a drastic
reduction of the first column in Figure 1.7. Furthermore, III − V nanowires can be
grown on Si substrates, further reducing costs[64]. Additionally, another benefit of
embedding the nanowires in a polymer is that P DM S is a transparent and elastic
material, which enables folding, stretching, and curving the arrays of nanowires (Figure 1.8). Polymer transfer of nanowires effectively opens the path towards flexible
solar cell devices, by contacting both sides of the nanowires with electrical contacts,
which also increases absorption (see Figure 1.8d)[63, 65].
4 Typical material usage for Si solar cells is 5g/W , by considering 160µm thick Si wafers, and
p
an efficiency of 25%. An array of 2µm long NW, with a diameter of 180nm patterned at a pitch of
500nm results in 4mg/Wp for NW, at the same efficiency.
5 By assuming nanowires with a length of 2µm, a diameter of 180nm and a pitch array of 500nm.
g
g
If the density of 4.81 cm
3 of InP is taken, about 1 m2 is necessary. Considering a 25% solar cell
W
efficiency, which results in 250 m2 peak power density, the weight ratio of In and P , and the price

of the T M I precursor, the cost of In is 0.21 W$ .
p
6 With a material consumption of 4mg/W at an efficiency of 25%, and a worldwide production of
p
tons
approximately 800 year
, InP solar cells could cover less then 1% of the world electricity production.

12

Figure 1.8: P DM S embedding of nanowires. SEM images of NW fields on a substrate
before (a) and after (b) transfer into P DM S. c) Optical microscopy image of NW
fields embedded in P DM S after removal. d) Absorptance of InP before peel-off,
after peel-off, and after deposition of AuZn back-side layer [63, 65].

1.3.3

Technological advantages

Nanowires not only enable mechanical flexibility, but also design flexibility. p-n junctions can indeed be obtained both in a core-shell geometry, and axial structure. Both
for catalyzed and selective-area growth, by switching dopants it is possible to make a
p-n junction in the axial direction. A core-shell junction is realized by changing the
growth conditions, to favor respectively axial or radial growth[66].
A key feature of quasi-one-dimensional structures is in fact the ability to relax
strain in the radial direction. This allows to stack materials with different lattice
constants, resulting in a great benefit, as heterostructure growth can then be performed both in the radial and in the axial direction. Additionally, even structures
with different crystalline phases can be obtained, achieving crystal phase heterojunctions [67, 68, 69]. These solutions are particularly important for the development of
passivation layers and multi-junction solar cells. Nanowire geometry, in fact, allows
to stack materials otherwise impossible to combine in thin film, as normally epitaxial
growth of semiconductors with different lattice constants leads to the formation of
defects and dislocations (see Figure 1.9).
At the same time, a growing fraction of the photovoltaic market is using tracking
and concentration technologies to increase the productivity of the systems. Tracking is used to keep the solar cell perpendicular to the sun radiation direction, while
concentration is useful in reducing material consumption, and in increasing the VOC
(as will be explained in the next chapter). These systems are crucial as efficiency of
solar cells is reduced if sunlight is not normally incident on the module, because the
projected area of the solar cell is not optimal (as the module is not directly facing
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Figure 1.9: Nanowire-based heterostructure. Design (a) and SEM picture (b) of coreshell InP nanowire with lattice-mismatched window layer. Axial heterostructure of
GaAs/GaAs/InAsSb nanowires: design (c) and SEM picture (d).[70, 71]
the sun, but under an angle), and due to reduced absorption caused by increased
reflection at non-zero incident angles, resulting in lower photocurrent generated. The
voltage across the cell, in fact, is essentially unchanged by reduced absorption (Figure 1.10a-b), but the current is heavily influenced. Nanowire solar cells have instead
a broad range of angle absorption, such that even light impinging under an angle
is strongly absorbed, in particular up to 30° (Figure 1.10c). The benefits resulting
from concentration can then be obtained at a lower cost, as the use of more economic tracking and concentrating systems are allowed. Recently a new system of
micro-concentration, based on plastic lenslet arrays, has been recently proposed and
developed: this design allows to decrease the land area necessary for the installation
of solar panels, and thus enable higher power per unit area (Figure 1.10d).

1.4

The material of choice

Silicon is, by far, the most mature semiconductor, as it is based on an inexpensive,
widely available, and abundant material, together with the best and most easily fabricated oxide. The biggest disadvantage of silicon is its indirect bandgap, which makes
the electron-hole recombination, a process that is crucial for conventional photoemitters, very inefficient, and which results in large Auger recombination that prevents
obtaining high quantum efficiency in Si-based devices. Additionally, the indirect
bandgap is related to large electron effective mass and corresponding low mobility,
limiting devices speed. Furthermore, in the photovoltaic field, this results in large
material amount requirements to have enough light absorption and photocurrent generation.
III − V semiconductors instead possess for the most part direct bandgap: high
electron mobility and peak velocity are thus common, together with strong luminescence that enables photonic applications. A wide range of devices is in fact based
on indium phosphide (InP ) and gallium arsenide (GaAs), and their alloys. In general, InP capital and labor worldwide investment are roughly one order of magnitude
smaller than for GaAs, which is much more common: nevertheless, InP devices com14

Figure 1.10: Characteristic curves (simulation) and solid symbols (measurements)
for maximum power and open-circuit voltage (a), and for short-circuit current and
maximum-power current (b) shown as function of the incident angle, under standard
measurement conditions. c) FDTD simulation of the absorptance in cylindrical (red),
base-tapered (black), and tapered (blue) nanowires under 30° incidence. The inset
shows the same calculation, but at 0°. d) Schematic illustration of a micro-tracking
microcell designed for concentrating photovoltaic panel. Adapted from [55, 72, 73]
monly outperform GaAs versions, if equivalent structures are developed, for instance
in heterojunction bipolar transistors and high-electron-mobility transistors[74]. InP
has several superior properties, such as better thermal conductivity, radiation hardness, electron peak velocity, and immunity to side gating[75].
For photovoltaic devices, though, GaAs is much more developed and has higher efficiency. One of the reasons is that GaAs thin film solar cells can use a lattice-matched
high-bandgap window layer of InGaP or AlGaAs, which reduces recombination at
the front surface and allows high efficiency solar cells. An analogous material in thin
film technology is not readily available for InP , so that photovoltaic applications for
this material have been long curbed[76]. This situation sparked instead great development of GaAs solar cells, so that while in the early 90s efficiencies were similar, now
is much higher (28.8% versus 24.2%[77, 38]), by technological advancements such
as anti-reflection coating, optimized contacts and back surface field[59]. This hindrance, though, can be waived by using nanowire technology, so that lattice matching
conditions may be deferred (as discussed in the previous section). Surface recombination, though, becomes even more crucial if nanowire geometry is considered, as the
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surface-to-volume ratio is several times higher than for thin films (around 5 times
larger, depending on the exact geometry). InP is then the ideal choice, as in bulk
has one of the lowest surface recombination velocity, while in nanowire geometry it
shows an ultra-low value (170 cm
s ), several orders of magnitude lower compared to
most other III − V semiconductors (Figure 1.11)[78].

Figure 1.11: a) Pump-induced change in terahertz electric field ( ∆E
E ) at different
pump-probe delays, measured for nanowires with different diameters. By fitting the
decay and using the equation in figure, the surface recombination velocity is extracted.
b) J − V curve measured at 1 sun at AM1.5G illumination, and EQE measurement
in the inset, of etched nanowire solar cells. Adapted from [78, 79].
For single junction solar cells, the optimal bandgap is between 1.3 and 1.5eV
(more details in Chapter 2), so that another advantage of both InP and GaAs is
that their bandgaps fall ideally in this interval (1.35eV and 1.43eV respectively, at
room temperature[80]). Also for multi-junction solar cells, InP is ideal as middle
bandgap material, further supporting its potential claim for next-generation solar
cell. Recently, the record efficiency for nanowire-based solar cells has been steadily
increasing, up to 17.8%, with very high photocurrent[49], using nanowires fabricated
by dry etching a thin film of InP grown by MOCVD (Figure 1.11). This approach
demonstrates how nanowire have true potential for applications, but is not economically sustainable, since most of the material is removed and wasted.

1.4.1

Crystalline structure and orientation of InP

In silicon semiconductor processing, the most used substrate crystalline orientation is
(100), while other directions like (110) and (111) are less frequent. In nanowires, the
situation is reversed: the most common nanowire growth direction is decidedly the
h111i, according to which nanowires grow vertically on (111) substrates, while recently
the h100i direction saw a rise in interest. The main difference between these two
orientations is the ordering, and thus the polarity, of the atoms on their surface. To
understand this, a digression on the crystalline structure of the materials is necessary,
focusing on InP .
InP exhibits, in nature, the Zincblende (ZB) crystalline structure, a face-centered
cubic crystal system typical of binary compounds. In this structure, the two atom
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Figure 1.12: Sequence of atoms stacking projected in 2D, and unit cell depicted in 3D,
for the case of cubic ZB (a) and hexagonal WZ (b) crystal lattices. Highlighted are
the ABCABC stacking along the [111] direction for ZB structure and ABAB stacking
along the [0001] direction for WZ structure. [81]
types form two interpenetrating face-centered cubic lattices, so that each atom’s nearest neighbors are four atoms of the opposite type, placed like the vertices of a regular
tetrahedron (Figure 1.12). If we consider a (100) plane, which corresponds to a facet
of the structure, In and P atoms are alternating, so that every (100) plane is identical.
Instead, if a plane cutting along the h111i direction is considered (i.e., the diagonal of
the cube), all the atoms on a surface are of the same type, so that two planes can be
defined, depending on how the plane is aligned: (111)A if In are the atoms present,
and (111)B if P atoms are (Figure 1.12).
Most Au−catalyzed InP nanowire growth is performed on (111)B substrates,
since they offer ideal conditions for vertical growth[82]. Growth in the h100i direction
presents in fact several challenges, and hence has not developed as much even given
its advantages, such as pure crystalline structure (more details in Chapter 5). (111)A
substrates, instead, are the most favorable choice for selective area growth, as will be
discussed in Chapter 3.
An advantage of nanowire growth over thin film is novel crystalline structure
designs: for instance InP can be grown in the wurtzite crystalline structure (WZ).
WZ is an example of hexagonal crystal system, such as diamond. The main difference
between ZB and WZ is that the first has ABCABC alternation of planes stacking,
while the second ABAB (Figure 1.12). In practice, the most important distinction
is the different bandgap, which is about 1.35eV for ZB and 1.42eV for WZ InP at
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room temperature[83].

1.5

Outline of the thesis

The scope of this thesis is to investigate several growth techniques of semiconductor
nanowires, towards an application in solar cells, by studying the effect of growth conditions on the performance of the devices. The thesis comprises 8 chapters, including
this first Chapter 1 that provides an introduction to the current energy production
and its issues, which could be solved by photovoltaic systems if high efficiency solar
cells can be produced at a low cost.
Chapter 2 deals with the fundamentals of solar cells, their basic working principle
and the ideas behind the system. The theoretical and practical efficiency restraints are
discussed, together with possible pathways and designs developed towards surpassing
these limits.
Chapter 3 introduces the experimental methods and techniques used to obtain
the results presented in the thesis. The systems and techniques used for nanowire
growth, either Au-catalyzed or selective area, are described, together with the processes followed for nanowire positioning and solar cell fabrication. In addition, the
characterization methods are presented.
Through Chapter 4 the effects of basic growth condition on the performance of
solar cells based on Au−catalyzed nanowires are discussed. Growth temperature and
HCl usage are found to be crucial for improving the efficiency of devices, which
appears to be limited by the combined presence of carbon-based impurities and point
defects.
In Chapter 5 p-n junction nanowires with pure zincblende crystalline structure,
grown with Au catalyst, are developed. High vertical yield growth of doped nanowires
on a (100) substrate is achieved for the first time. A novel approach to low resistive
contact to p−doped InP nanowires is then presented, resulting in high performance
optoelectronic properties. If compared to crystalline defect-rich similar nanowires,
though, the performance is similar, evidencing an intrinsic limit of Au−catalyzed
growth.
Chapter 6 introduces selective area nanowires and their optical properties. A
comprehensive investigation of the effect on the external radiative efficiency of growth
conditions, such as temperature and doping, as well as device fabrication is presented.
Chapter 7 demonstrates the potential of selective area nanowires for solar cell
applications. The efficiency of both vertical arrays of nanowires, as well as single
horizontal nanowires, is compared, and several issues limiting the performance are
discussed.
Finally, Chapter 8 discusses the technological and efficiency improvement related
to NW embedding in P DM S, which achieves three objectives: enables the development of flexible devices, allows repeated regrowth of nanowires on the same substrate,
and enhances the solar cell performance of devices.
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Chapter 2

Theoretical Background
Nanowires possess great potential for next generation solar cell devices, and their
efficiency is now approaching bulk solar cells based on the same semiconductor material. A comprehensive knowledge of the basic physics ideas and the factors hindering
and limiting the performance is therefore paramount, to thrust nanowire solar cells
towards high efficiency.

2.1

Solar cell power conversion

A solar cell is a device that exploits the photovoltaic effect, which is the direct production of electrical energy from electromagnetic energy. Three main steps are necessary
for the conversion[84]:
1. Efficient solar light absorption, which generates carriers by absorbing a photon
2. Carrier separation, moving oppositely charged carriers in different directions
3. Majority carrier transport towards metal contacts
The realization of this combination of steps is made possible by a p-n junction, in
which the n-type (p-) region has excess electron (hole) concentration. When the two
regions are joined, electrons diffuse from the n- to the p-doped side, while holes do
the inverse path. As this process continues dopant atoms, which are unable to diffuse
as opposed to carriers, are left exposed: positive (negative) ions are thus exposed on
the n- (p-) type side of the junction. A depletion region is then formed, in which an
electric field (named built-in voltage Vbi ) forms between the positive ion cores in the
n-doped region and the negative cores in the p-doped region. In this area, the carriers
are quickly swept out by the electrostatic potential.
When exposed to light with energy higher than the bandgap, electron-hole pairs
are generated. Charge carriers are meta-stable though so they recombine, on average
after a period known as minority carrier recombination lifetime. In case a carrier
recombines (either radiatively by emitting a photon, or non-radiatively), no current
is extracted. Power in fact can only be produced by the device when a current
of carriers is extracted, and thus a voltage across the junction is generated. The
19

collection of the carriers by a connected external load limits the recombination by
separating the carriers with the built-in voltage. Under short-circuit condition thus
there is no build-up of charge, since carriers exit the device in the form of lightgenerated current (Iph , which is thus normally equal to the short-circuit current ISC ).
In open-circuit conditions instead light-generated carriers cannot leave the solar cell,
so that electrons and holes accumulate in the n- and p-doped region, respectively. The
separation results in an electric field that is the opposite of the built-in voltage, which
is thus reduced. Carrier diffusion from either side of the junction is hence facilitated,
so that a new equilibrium is reached, with a voltage across the p-n junction (VOC ).
The light-generated current is then exactly balanced by the forward bias diffusion
current, so that there is no net current[85].

2.2

Thermodynamic balance of solar cells

Solar cells are described, from the thermodynamic point of view, as a a black body
receiving energy E from a source (the sun) under a certain angle. Several mechanisms
reduce the efficiency of a photovoltaic system, so that most of the energy received is
dissipated. Some can be seen as an effect on the maximum current that can be
generated by the cell, while others are more easily represented as an effect on the
open-circuit voltage (loss mechanisms i − vi in Figure 2.1). An unavoidable practical
limit to the efficiency is that effectively, in order to generate power, the operating
voltage is lower than the VOC , leading to a small but significant loss (i).
Loss mechanisms are derived by considering Kirchhoff’s radiation law together
with the principle of detailed balance[86]. The electron-hole pairs generated by the
solar radiation in fact contribute to the external radiative recombination rate Rext ,
defined as
ˆ

µ
a(E)φbb (E)dE
(2.1)
Rext = εout exp
kB T
where µ is the internal chemical potential created by the solar radiation, εout is the
angular spread (also known as étendue) of the emitted photons, φbb is the black body
radiation flux at the cell temperature (T ) per unit area and unit spherical angle, and
a(E) is the cell absorptance for a solar photon of energy E. In the dark (µ = 0), this
equation simply results in the black-body radiation Rbb , emitted at room temperature
(or in general at the cell temperature Tc ) by a flat-plate with the area of the solar
cell. At the open-circuit condition, the quasi-Fermi level splitting becomes µ = qVOC ,
so that


ˆ

qVOC
qVOC
Rbb = εout exp
a(E)φbb (E)dE
(2.2)
Rext = exp
kB T
kB T
which shows clearly that efficient light emission is directly related to a high VOC .
The solar generation rate is instead written as
ˆ
Rsun = εin a(E)φsun (E)dE
(2.3)
where εin is the incident light étendue, and φsun (E) is the radiation flux emitted
by the sun per unit area and spherical angle, as a function of the photon energy.
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In an ideal solar cell, all absorbed light must be re-emitted to maintain thermodynamic equilibrium, meaning that Rext = Rsun , such that every photon absorbed
generates two charge carriers, which eventually recombine radiatively to re-emit a
photon. If εin = εout is then considered, meaning that all the emitted light is redirected towards the sun, the ultimate VOC is obtained:
´
a(E)φsun (E)dE
kB T
ultimate
(2.4)
ln ´
VOC
=
q
a(E)φbb (E)dE
ultimate
is related to two fundamental limits, inherently innate in single
The VOC
junction solar cells: the Carnot loss, and the inefficient utilization of incident photons. The Carnot limit is ascribed to the different temperature of the cell and the
source, which is a basic limit of any thermodynamic system (loss mechanism ii). The
thermalization of carriers excited with an energy higher than the bandgap, instead,
results in a loss related to the inefficient usage of high energy photons, that lose energy in the form of heat, which is not exploited in conventional solar cells, before
recombining (iii). The effect of the discrepancy of absorptance is instead included
in a(E): the mismatch between the absorption spectrum of the semiconductor a(E)
and the solar spectrum in fact inhibits utilization of solar photons with energy below
the semiconductor bandgap. As a consequence, the higher the bandgap, the lower
the number of charge carriers generated, and thus the lower the current that can be
extracted by the device (iv). This mechanism and the thermalization are interdependent, as a lower bandgap increases the number of carriers generated, but also increases
the energy lost as heat. A possible solution is the use of multi-junction solar cells, in
which materials with different bandgaps are stacked, either in series or in parallel, so
that the effects of below-bandgap absence of absorption, and of thermalization, are
reduced.
These terms reduce the possible open circuit voltage to a value only dependent on
the bandgap Eg of the material, which is de facto impossible to overcome using only
a single material. For InP , with a bandgap of 1.34eV , the efficiency limit is then
46.7%, defined as the ultimate performance limit.
If εin 6= εout is then considered, the open circuit voltage is written as
ultimate
VOC = VOC
−

kB T εin
ln
q
εout

(2.5)

This additional term concerns the angular balance of the entropy of the system:
in fact, although a solar cell is designed to absorb photons, it also re-emits them,
as thermodynamic equilibrium of the system has to be maintained. If the incident
and emitted photons have a different angular spread though, entropy is increased.
Indeed, the incoming photons have very small angular spread, as their source (the
sun) is very large but also very distant: the resulting étendue is a solid angle of circa
6 × 10−5 sr (steradians). Outgoing light, instead, has typically a spread between π8 sr
(in an optimal but realistic case of nanowire solar cells, without concentration, with
an emission cone of 40°[79]) and 4πsr (for planar cells, in which light can spread in
any direction). Thus, the angle-derived entropy of photons is increased between the
absorption and the re-emission, resulting in a decrease in VOC of up to 315mV : if
the angle of the radiative emission is restricted or if concentrated sunlight is used,
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a large part of the loss can thus be avoided (v). If εout = 4πsr is considered, the
efficiency limits of any solar cell becomes 33.7%, which became known also as the
Shockley-Queisser limit, as defined in a famous paper published in 1961[87].

Figure 2.1: Thermodynamic losses in solar to energy conversion for InP , highlighting
the different mechanisms reducing the efficiency.
Furthermore, in a real solar cell, non-radiative recombination is present, and it
effectively reduces the external radiative recombination rate by a factor known as
external luminescence efficiency
PL
ηext
=

Rext
Rext + Rnrad

(2.6)

so that at open-circuit condition the external recombination rate is lowered by this
PL
factor, and is expressed as Rext = Rsun ηext
. The open circuit voltage is then defined
as

kB T εin
kB T
ultimate
PL
VOC = VOC
−
ln
−
ln ηext
(2.7)
q
εout
q
The third term, generally labeled as dependent on the external radiative efficiency
(ERE), deals thus with the consequences of non-radiative recombination (vi). This
factor is typically the largest negative effect on the VOC once the unavoidable losses are
taken into account, and is eventually the main difference between a well performing
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and a poor solar cell. Improving the material quality can thus increase the performance, as it has already been seen for GaAs solar cells, particularly when compared
to Si, which have lower ERE due mainly to Auger recombination[88]. Furthermore,
PL
the efficiency of the external emission of internally generated photoluminescence, ηext
,
PL
can be separated into the internal radiative efficiency ηint and an averaged light extraction efficiency, P esc , by
PL
PL
ηext
= ηint
P esc =

τr−1
−1 P esc
τr−1 + τnrad

(2.8)

where the internal radiative efficiency is expressed in terms of the radiative and
PL
non-radiative lifetimes. This formulation is only true if the ηint
is relatively low
(< 10%, as in the case of the nanowires considered in this dissertation) so that the
contribution of re-absorption is negligible.

2.3

Device efficiency

When all the terms are combined, a maximum efficiency of 33.7% can be obtained
for a single-junction solar cell without angle management, with various mechanisms
limiting it as just presented. The efficiency though is in practice described by the
combination of the voltage and current generated in the cell when a solar energy
density Pin is incident on the cell area.
The power conversion efficiency of a solar cell (η) is in fact defined as
Jmp Vmp
F F JSC VOC
=
(2.9)
Pin
Pin
where Jmp and Vmp are, respectively, the current density and voltage at the point
where the maximum power is extracted from the cell. F F is the fill factor, and
is defined as the ratio between Jmp Vmp and Jsc VOC . The limits to these parameters can then be determined by investigating the different mechanisms governing the
functioning of solar cells that were previously described: the generation of carriers,
the re-emission of the cell, and the current extracted by the cell. This balance was
described first in a seminal article in 1961 by Shockley and Queisser, whose names
became synonymous of solar cells limits, as introduced before[87]. They assumed that
since in an ideal solar cell all recombination needs to be radiative, the current density
in the solar cell has to be defined as





qV
−1
(2.10)
J(V ) = q φ(Eg ) − R0 (Eg , Tc ) × exp
kTc
η=

where R0 (Eg , Tc ) is the radiative recombination flux in thermal equilibrium, for
a given bandgap and cell temperature. JSC thus represents the current at V = 0,
so that the short circuit current is obtained by considering a direct one − to − one
conversion from photons to electrons, and is thus defined as
JSC = qφ (Eg )
If the equation is set to zero, instead, the VOC is found:


kTc
JSC
VOC =
ln
+1
q
J0
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(2.11)

(2.12)

where J0 is the current density associated with the radiative recombination.
By using the equations presented, the theoretical limits of the solar cell characteristics can thus be calculated as a function of the bandgap of the material, as
can be seen in Figure 2.2. Furthermore, by examining Equation 2.12 it is clear how
concentration can increase the VOC : as the JSC increases since light is focused, the
open-circuit voltage is enhanced logarithmically.

Figure 2.2: Theoretical limits of VOC , ISC , F F and efficiency η versus the semiconductor bandgap. Adapted from [79].

2.4

Solar cell QE

As outlined earlier in this chapter, an important component further limiting the
performance of devices is the quantum efficiency, which is a measure of the amount of
current produced by the cell when illuminated by photons with a certain energy. In
particular, the internal quantum efficiency (IQE) is often used as a measure of the
ratio between the number of carriers extracted from the solar cells and the photons
absorbed by it, providing thus a direct estimation of the photon to current conversion
efficiency of the solar cell. Its effect is openly evident in the J0 , as
J0 ∼ qωScell [(1 − pr )Rrad + Rnrad ]

(2.13)

where ωScell is the cell volume, q is the elemental charge, pr is the reabsorption
probability, while Rrad and Rnrad are the radiative and the non-radiative recombination rates. This equation makes explicit the influence of non-radiative recombination
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on the current, and also on VOC , if combined with Equation 2.12. In particular, since
the open-circuit voltage depends on the inverse of J0 , variations in the material and
interface quality can have an immediate effect on the solar cell performance.
In practice, the IQE can be measured qualitatively by using optical characterization, i.e. power-dependent and time-resolved photoluminescence. Two types of
recombination are most common: Auger recombination, particularly relevant for solar cells based on materials with indirect bandgap, and is in general an issue for
applications with high injection level, which is normally not the case for III − V solar
cells[89]; and Shockley-Read-Hall, also called trap-assisted recombination, in which
electrons recombine in shallow and mid-bandgap energy states.
Three main factors induce non-radiative recombination (Figure 2.3):
1. Impurities: defined as unintended foreign atoms, they are neither host semiconductor atoms nor dopants. They are normally included in the semiconductor
during growth or crystal formation, as they are either present in the precursor
gases or in the crucible. In Au-catalyzed nanowire growth, impurities can be
incorporated through the catalyst, in which elements are mixed in, or from the
catalyst itself. Au is a deep level trapping center, which can degrade heavily
device performance. Additionally, the relatively low growth temperature can
result in partially undecomposed precursors, which can disperse contaminations
in the nanowires. Indeed, carbon introduced by metal-organic precursors is a
common impurity, which can impact the device performance and is often evident in nanowire optical characterization[90]. Both the carrier recombination
lifetime and the peak intensity are affected by carbon presence, limiting the
lifetime to much less than a ns for InP nanowire solar cells. Higher growth
temperature, use of HCl, and catalyst-free growth have been shown to decrease
the impurity presence in nanowires[91, 92].
2. Crystalline defects, such as point defects (like vacancies, anti-sites, and their
complexes), stacking faults, twin planes and dislocations. Carriers recombine at
defects, reducing radiative recombination and performance in solar cells[93, 94].
In the case of nanowires, growth in the h111i B direction is particularly prone
to defected growth. More specifically, p-n junctions usually exhibit twinned
zincblende structure in the p-doped region, and stacking fault-rich wurtzite formation in the n-doped region[47]. As mixed ZB and WZ crystal phase is also frequent in nanowire growth, carrier confinement can take place in InP nanowires
since the two crystalline structures have Type II band alignment. As has been
previously demonstrated, high density of defects can also undermine the carrier
mobility in nanowires, further impairing performance [95]. Additionally, stacking faults can cause the nanowire sidewalls to be inclined, promoting growth of
carbon-rich layers, which as previously described can worsen performance[47]. A
possible solution is growing nanowires in the h100i direction, which have instead
intrinsically pure crystalline structure since under stable growth conditions nucleation of stacking faults is energetically unfavorable[96, 97]. Also, increase in
growth temperature has been shown to improve the crystalline purity[92, 98].
3. Surface states, which can be intrinsic or extrinsic. Natural intrinsic states are
given by dangling bonds at the semiconductor/air interface, or by atoms ad25

sorbed from the air onto the surface. Artificial states are introduced by unintended impurities, by surface defects (point or crystalline), or by damaged
surfaces. As nanowires have larger surface/volume ratio (roughly a factor 5)
than equivalent 2D layers (with thickness equal to the NW length), controlling the surface recombination is crucial. Commonly, the quality of a surface is
measured by the surface recombination velocity (SRV), which estimates the diffusion driven by the enhanced recombination at the surface. Passivation layers
are often used to decrease the SRV and thus increase the IQE, by effectively
filling the surface trap states[99, 100].
These three istances are not completely separated, but can instead influence each
other: for example, surface states can be caused by the presence of impurities near
the surface.

Figure 2.3: Different trap states of non-radiative charge carrier recombination, mediated by impurities (I), crystalline and point defects (II), or surface states (III)
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2.5

Solar cell design

The basic design of a solar cell is a homojunction, which implies that the p- and
n-doped regions of the junction are the same material. As most often the p-doped
region is much thicker, and has lower doping, compared to the n-doped region, they
are also commonly named base and emitter, respectively, and defined together as the
optical absorber layer. Two electrodes are placed on the bottom and the top of the
absorber, to extract the photogenerated carriers towards a load (Figure 2.4a). Several
elements and techniques have been developed to improve on this simple design. In
this chapter, the focus is on InP solar cells, where in most cases, a p-n junction
structure, with the n-doped side facing the sun, is employed.

Figure 2.4: a) Basic schematic of a solar cell device. b) Design of GaAs solar cell
with record efficiency, with several elements developed to increase efficiency.
The most common and significant elements are (Figure 2.4b, illustrated for the
case of GaAs):
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• Front-surface layer. As discussed in the previous section, it is important to
reduce as much as possible non-radiative recombination: crucial attention must
be devoted thus to establishing a suitable layer that allows to block minority
carriers. The minority carriers for n-InP are holes, which are prevented from
reaching the n-type contact by using a valence band barrier which effectively
reflects holes and prevents them from reaching the metal contacts, with an
energy difference of at least several kT ∼ 0.025eV (see Figure 2.5). In thin film

Figure 2.5: Band diagram of p-n junction with front-surface layer with HL design.
growth, though, no material lattice-matched to InP is suitable for this scope:
an alternative is the use of a high-low (HL) doping architecture, defined also as
n/n+ layer, acting as a window layer[77]. The n/n+ architecture is based on
forming a highly n-doped layer (n+, doping ∼ 1019 cm−3 ), which is as thin as
possible to minimize parasitic absorption, but thick enough to enable adequate
reflection of holes, and a thicker lightly doped layer (n, thickness ∼ 200nm,
doping 5 × 1016 ). In InP , electrons have a low effective mass ratio (∼ 0.077), so
degenerate doping results in a large Burstein-Moss shift: as a result, the effective
optical bandgap of highly n-doped (2 − 3 × 1019 cm−3 ) InP can be increased up
to 1.55eV , which is about 0.2eV more than undoped InP (1.34eV )[101, 102].
Thus, substantial band bending occurs at the n/n+ interface, and the barrier is
generated. Such a high bandgap also increases the optical transparency of the
layer, reducing the parasitic absorption. The doping in the n layer must also be
carefully controlled, to ensure that recombination is predominantly radiative in
this region, so doping below ∼ 3 × 1017 cm−3 should be employed, as it enables
rad
a high ratio of RRnrad
[77]. Calculations show that for reasonably thin n layer
(0.1 − 0.3µm), the electronic properties of the emitter depend mainly on the
characteristics of the n+ layer, because of its degenerate doping. The n-doped
thickness can thus be varied as necessary without consequences. Additionally,
by introducing a doping gradient, carrier collection can be further improved.
• Back-surface field: for the same reasons as the previous point, it is important
to achieve at the same time carrier blockage for electrons in p-InP . The HL
doping scheme is difficult to implement in p-type InP because degenerate doping with Zn is almost impossible to demonstrate, as at most a concentration
of 5 × 1018 has been shown, and because the large heavy hole effective mass
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(∼ 0.56) limits the achievable state filling of the valence band. Furthermore,
bandgap re-normalization is relevant in p-type semiconductors, effectively precluding the development of an effective minority carrier barrier by doping. Instead, use of a heterointerface with a lattice-matched material is possible in this
case, in order to create an electric field-induced band bending, which reflects
the electrons away from the contact. Several III-V ternary and quaternary compounds, in fact, possess type II band alignment to InP (among them, AlInAs
and GaAsSb[77]), so that minority carriers are efficiently blocked, in a way
that electrons are prevented from tunneling through, while holes are allowed
to flow out. The p-doped active layer thickness can then be tailored in a wide
range, provided that doping level is low enough such that the recombination is
dominated by radiative recombination. Also in this case, graded heterointerface
composition can be used, to force carriers back towards the p-n junction.
• Back-surface reflector (BSR) and anti-reflection coating (ARC), used for optical
confinement. A reflector provides several advantages: it doubles the absorption
length, allowing to consume less material, and prevents the loss of spontaneous
emission into the substrate. As the BSR allows to reduce the thickness and thus
the volume of the absorber layer, the cell cost is lowered. At the same time,
reducing the volume means that J0 is also reduced, so that VOC is enhanced
(according to Equations 2.12 and 2.13). Additionally, since high internal radiative recombination results in photon recycling, a BSR prevents in fact the
escape (and current loss) of photons generated by radiative recombination. The
ARC instead is placed at the front of the device, and is designed to be optically
transparent to incoming light but simultaneously to avoid reflectance, so that
no spontaneous emission is lost.
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Chapter 3

Experimental techniques
Several methods and facilities are necessary for a comprehensive study of nanowire
growth, as well as investigating the influence of growth conditions on the performance
of nanowire-based solar cells: they are described in this chapter. The two methods
used for the synthesis of the nanowires are introduced, together with the epitaxy
systems involved. The nanoimprint lithography technique used for substrate patterning, and the process followed for device fabrication, are then illustrated. Finally, the
means for the characterization of the nanowires and the devices are presented.

3.1

Nanowire growth

Two main paths are used to fabricate a quasi-one-dimensional structure: size reduction towards the nanometer scale of a bulk semiconductor layer or wafer, or nanoscale
deposition of material on a substrate. These methods are known respectively as
top-down and bottom-up. Top-down approaches rely on dry or wet etching to remove
material and shape the nanowire structure, by using e.g. Inductively-Coupled Plasma
(ICP) etching or chemical etching ([103, 49]). Bottom-up schemes instead accumulate
material on a substrate, which results in a nanowire shape by using either a nano-sized
growth mask (Selective Area[104]) or a nano-catalyst (VLS[105]). In this thesis, InP
nanowires are grown using both methods.
In the vapor-liquid-solid (VLS) method a catalyst, which usually becomes liquid
at the growth temperature, is employed. The growth is defined either homo- (also
known as self-) catalyzed, or hetero-catalyzed, depending whether the catalyst is one
of the elements constituent the material or not. In the case of self-catalyzed growth
of III − V semiconductor nanowires, the group III element, such as In or Ga, is used
as the catalyst[106]; hetero-catalysts are instead metal nanoparticles: Au is by far the
most commonly used, as in this thesis, for VLS growth of InP nanowires, but several
other metals have been considered and investigated[107, 108].
When the temperature is increased up to the growth temperature, the Au catalyst particle melts and forms an eutectic alloy with the substrate below it[96]. At
this point, the growth species of the intended material are introduced in the growth
chamber. The Au catalytic particle acts as a preferential location for the deposition
since it locally increases the precursor decomposition efficiency. A continuous sup31

ply of precursors causes saturation of the catalyst, until supersaturation is reached.
When the supersaturation is high enough, nucleation then suddenly occurs, resulting
in the growth of a single monolayer-thick slab of material. The growth of this single
mono-layer momentarily decreases the amount of supersaturation, but if the precursor flows are kept fixed, the supersaturation increases again until the nucleation of
the next mono-layer occurs. In this way, layer-by-layer growth continues at the interface between the gold particle and the semiconductor nanowire. The catalyst is thus
effectively lifted up every time a new layer is nucleated[109] (Figure 3.1). Since the
nucleation starts at the triple-phase-line[110, 111, 112], meaning the point of contact
of the vapor (precursor), liquid (eutectic alloy of Au and e.g. In) and solid (substrate
or growing nanowire) phases, the name of the method, VLS, is explained.

Figure 3.1: Different stages of VLS growth. Metallic catalysts, placed on the growth
substrate, are heated up to form an alloy with the substrate and precursor gases.
As soon as supersaturation occurs, nucleation starts at the triple-phase line, so that
the droplet is pushed upwards by layer-by-layer growth. With a constant supply of
precursor from the gas phase, VLS growth continues, resulting in a nanowire shape.
Selective area growth was first developed in the early 1960s, initially for siliconbased integrated circuits[113], while it was investigated in 1965 for GaAs[114]. It is a
technique based on partially masked templates, where SiO2 or SiNx amorphous films
are normally used as masks. The mask can be considered inert, as poly-crystals can
be generated on the mask only if the distance between the mask openings is larger
than several hundreds of µm. Deposition is prevented by two processes: precursor
diffusion in the gas phase at the surface of the masked area and re-evaporation. In
typical growth conditions, the gas surface diffusion length of precursors over the mask
is in fact in the range of 1mm, so that material can diffuse on the mask and deposit
only in the openings. Furthermore, precursors deposited on the mask tend to reevaporate to the gas phase before nucleating crystals, effectively limiting the amount
of growth outside of the intended areas [115, 116, 117]. Thus, normally nanostructures
only assemble inside the openings.
Nanowire growth is then dominated by faceted growth, meaning that the accumu32

lation of material is driven by the facets developed during growth (depicted for GaAs
in Figure 3.2). Crystal phases in equilibrium exhibit then a polygonal cross-section
surrounded by close-packed planes with minimized surface energy[118]. These planes
have a stable surface because of the low surface energy, which results in a slow growth
rate that thus develops the crystal shape. Surface energy is given by the surface
chemical potential of the different planes, which corresponds to the number and type
of dangling bonds, so that the growth rate is directly related to the arrangement of
dangling bonds on the surface, such as the presence of polar or non-polar surfaces.
The growth rates of the different surfaces also depend on the growth conditions: high
aspect ratio selective area nanowire growth is enabled by high growth temperature
and low proportion between the molar fractions of group V and group III elements
(commonly known as the V /III ratio)[119]. In the case of InP, the growth direction is
dominated by the formation of phosphorous trimers, which accumulate preferentially
on the (111A) surface[120], resulting in nanowires growing in the h111i A direction,
with {1 − 10}lateral facets and (111A) top surface[121]. In principle, it is also possible
to combine the VLS and SA methods, by depositing a catalyst in the openings of a
growth mask[122].

Figure 3.2: Selective area facet-driven growth mechanism, depicted for the case of
GaAs. Material diffuses or re-evaporates on the growth mask, while it can be adsorbed
only in the open areas (a). At first, only a tetrahedron forms (b), due to the high
growth rate in the (1 − 10) facets. Subsequently, as accumulation of material on these
facets continues, an hexagonal profile develops (c), with the top facet oriented in the
< 111 > B direction. Meanwhile, the stable {1 − 10} facets are generated, since
they have lowest growth rate in typical selective area growth conditions (low V /III
ratio and high growth temperature): thus, a pillar shaped as an hexagonal prism
is formed (d). InP undergoes a similar process, resulting though in a (111A) top
surface[121, 119].
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Three systems are normally used for growing nanowires: molecular beam epitaxy (MBE), chemical beam epitaxy (CBE), and metal-organic vapor phase epitaxy
(MOVPE). MBE is performed on a heated substrate in an ultra-high vacuum (UHV)
environment, with pressures as low as 10−10 T orr, using elemental sources. UHV ensures material purity and requires no carrier gas, but results in several drawbacks:
setup variability is very limited, and maintenance downtime is long, mainly since it
requires long baking times. This results in the necessity of long sustained individual
campaigns to reach the highest material purity[123]. CBE is a hybrid system, in which
high vacuum is used, but metal-organic or hydride precursors are employed instead
of elemental sources. Its main advantages are compatibility with other high vacuum
processes, and straightforward implementation of in-situ diagnostics by reason of the
UHV environment[124].
In this thesis, nanowires are grown only by MOVPE. MOVPE (also known as
MOCVD, as chemical vapor deposition, or OMCVD, as organo-metallic) is also carried out on a heated substrate, but at pressures much higher than in the MBE and
CBE case (commonly 10 − 750T orr). Advantages of MOVPE are short average maintenance, flexibility of source and reactor configuration, with high growth rates but
crystalline defectivity typically lower than MBE[125, 123]. MOVPE is a widely employed technique for the semiconductor optoelectronic industry, developed in particular for application in GaN LEDs[126] and multi-junction solar cells[127].
A schematic of an MOVPE reactor is depicted in Figure 3.3a. Two types of precursors are used: hydrides and metal-organics. Hydrides, such as P H3 and AsH3 , are
carried directly from a source bottle to the reactor, while MO sources are transferred
in the reactor by a carrier gas, usually hydrogen (H2 ), from bubbler cylinder sources
(Figure 3.3b). A bubbler cylinder source is used for the storage and isolation of a
compound from air (to avoid contamination by moisture or oxygen) and to convey
the contained solid or liquid metal-organic precursor into a vapor. Their operation is
based on a supply pipe and a sampling tube: from the inlet, an inert gas is introduced,
bubbling through the precursor, so that the mix of the inert gas and the vaporized
chemical compound exits the cylinder towards the downstream reactor. The supply
of the precursor is thus determined by the temperature of the bubbler, usually between −15 and 17°C, and by the regulated flow of the inert gas, which results in a
precisely controlled vapor pressure of the chemical compound. The III − V precursors are thus transferred independently and mixed only in the reactor chamber, where
the growth actually takes place on a rotating susceptor, maintained at a controlled
temperature normally between 400 and 1000°C. The elevated temperature causes the
metal-organic and hydride precursor to pyrolise, so that group III and V ad-atoms
are deposited on the substrate surface and become available for nanowire growth.
In the case of InP , the precursors used in this thesis are tri-methyl-indium (T M I)
and phosphine (P H3 ). An important consideration is that precursors might not
be completely decomposed, depending on the growth temperature. For example,
phosphine is only partially decomposed unless the growth temperature is higher than
570°C[125]. When studying the effect of temperature on the growth below this level,
P H3 supply flow must be adjusted to keep the effective flow present in the reactor
constant. T M I, instead, is completely decomposed for T ≥ 400°C. Still, even if
the In from T M I is totally dissociated from the methyl groups, the methyl radicals
may still be not decomposed and can be still introduced in the grown structure, for
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Figure 3.3: a) Schematics of the basic components of an MOVPE reactor. b) Scheme
of a bubbler cylinder used as metal-organic source in MOVPE systems.
instance as a carbon impurity[128, 129]. Incorporation of carbon can be reduced
by increasing growth temperature or by using different precursors, in order to favor
methyl pyrolisis[130, 131]. Typical dopants for InP , used in this dissertation to obtain
p-n junctions for solar cell applications, are diethylzinc (DEZn, p-doping), DT BSi
and H2 S (ditertiarybutylsilicon and hydrogen sulfide, n-doping).
Two categories of MOVPE reactors are common: vertical reactors (showerhead)
or horizontal reactors (laminar). Both types are employed to grow nanowires in this
dissertation.

3.1.1

Showerhead reactor

In this thesis, a vertical showerhead AIXTRON-CCS (close coupled showerhead) reactor is used for VLS nanowire growth in chapter 4 and 5 (Figure 3.4a). In this
configuration, gases are injected perpendicularly to the substrate through a watercooled showerhead-like surface via many small holes, which ensure an homogeneous
precursor distribution over the whole surface of the wafer. Since the distance between
the inlets and the substrate is rather small (16mm), fast gas switching is allowed, for
precise growth of layered structures and formation of p-n junctions. The inlets are
designed to keep group III and V precursors separated until they are injected in the
reactor chamber, through separate openings; hence, an even distribution of the gases
is allowed, which result in excellent growth uniformity. A resistive heater is used to
heat a rotating graphite susceptor on which the substrate is placed, with separate
zones to ensure a uniform temperature profile[132]. During growth, temperature is
monitored in-situ by optical sensors mounted on the bottom of the shower head facing
the susceptor and the growth substrates.

3.1.2

Laminar reactor

A horizontal reactor is used for Selective Area growth in chapter 6 and 7 (Figure
3.4b). Here, process gases enter from one end of the chamber (liner quartz tube) and
flow parallel to the susceptor and the substrate. Since the entire reactor is heated up
by infrared lamps up to a temperature of 800°C, some gases are pre-cracked before
the substrate is reached, which results in material deposition on the susceptor. The
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Figure 3.4: Schematics of showerhead (a) and horizontal (b) MOVPE reactor geometries.
release of previously deposited material can cause memory effects on the following
growths, so it is important to have an optimal coating of the reactor inner surface
to avoid contaminations. A laminar reactor allows a more uniform distribution of
material in the whole chamber, avoiding possible cold-wall issues such as precursor
condensation and low mobility of supplemental material. Advantages of a showerhead
reactor are the prevention of memory effects, due to the absence of upstream parts,
and fast gas switching. Depending on the intended application, a showerhead or an
horizontal reactor is the desirable choice.

3.2

Nanoimprint lithography

As evident from chapter 1, nanowire diameter and position control is fundamental for
device applications. An ordered and uniform array of nanowires enables investigation
of optical properties and prevents electrical shunting paths. Historically, nanowire
positioning has been achieved with two techniques: by colloidal metal nanoparticles
deposition (for VLS growth) or by patterning a substrate using electron beam lithography (EBL). Both this methods present severe shortcomings: position control with
colloids is very challenging, while EBL requires long processing times, which results to
a high production cost. Nanoimprint lithography is instead a very simple process with
wafer-scale reach, which allows for low-cost fabrication[133, 134, 135]. In our case
we use substrate conformal imprint lithography, in which a poly-dimethyl-siloxane
(P DM S) stamp is used to define the position and the diameter of the nanowires.
The P DM S stamp is molded from a silica master pattern, fabricated by EBL, that
can be reused hundreds of times without any deterioration. A single stamp can be
used for tens of times before it starts decaying. The stamp consists of an array of
protruding pillars, which are used to imprint a resist by mechanical deformation. For
this thesis, two stamps have been used: one with a fixed pitch of 513nm and pil36

lar diameter of 90nm, used for solar cell devices; and one with a matrix of arrays
with several different diameter and pitches, used for growth of nanowires for single
nanowire solar cells.
The fabrication flow of the nanoimprint process for selective area growth is depicted in Figure 3.5. Nanoimprint is always performed on 2” (Inch.) InP wafers,
without pre-patterning cleaning as the wafers are supplied epi-ready. First, a thin
(50nm) layer of silicon nitride (SiNx ) is deposited by plasma-enhanced chemical vapor
deposition (PECVD), carried out at 300°C in SiH4 : N H3 : N2 atmosphere. Then,
a 300 nm thick low-molecular-weight P M M A layer (Poly-methyl methacrylate, 35k)
is applied by spin-coating on the substrate, followed by a 15min bake on a hotplate
heated up to a temperature of 150°C. Next, a silica-based sol-gel (tetramethoxysilanemethyltrimethoxysilane) is spin-coated over the P M M A layer. Within one minute,
the stamp is manually pressed on the liquid sol-gel. The stamp features are quickly
filled with sol-gel by capillary forces, while the silicon oxide precursors contained in
the sol-gel start reacting with each other, forming a silica-based solid material within
two hours after the application of the stamp.
The byproducts of this reaction are alcohols and water, which diffuse in the P DM S
stamp. At the end of the reaction, the stamp can be carefully removed, leaving a
negative impression of its pillars in the solid silica on the whole wafer. The waste
products accumulated on the stamp can be then removed by a brief HF 1% etching
and by cleaning in ethanol, which dissolve both the silica-based side products and the
alcohols remaining.
The 20nm layer of solidified sol-gel residue, still present since the liquid sol-gel
layer is thicker than the stamp pillars, is removed by a quick reactive ion etch step
(RIE), based on CHF3 . An oxygen-based RIE step is subsequently performed to
transfer the pattern from the sol-gel layer through the P M M A layer underneath,
and a final CHF3 step is used to transfer the design down to the InP substrate.
This processing steps lead to a widening of the original diameter of the holes, which
typically reach a diameter of 180nm that is the final diameter of the nanowires. The
P M M A is dissolved in acetone and by oxygen plasma, carried out with 300W power
for 10 min, which removes any remaining organic residues and creating a protective
oxide layer on the InP substrate.
In the case of VLS growth, no SiNx is deposited at the start of the processing. After transferring the pattern to the substrate, instead, the metal catalysts are deposited
by electron-beam assisted evaporation. Subsequently, lift-off is performed in acetone,
leaving metal disks on the substrate. Since the growth temperature in this case is
around 450°C, a Pirañha etching (45s in 1 : 1 : 5 H2 O : H2 O2 : H2 SO4 ) is performed
to remove any organics residues from the nanoimprint process[136]. For selective area
growth, the oxide formed during oxygen plasma is removed by diluted H3 P O4 , which
is a known compound for InP oxide removal[137], as the high temperature growth
ensures removal of organic residues.
37

38

Figure 3.5: Nanoimprint steps for substrate patterning. Process starts with a 2”
wafer (a), on which SiNx is deposited on by PECVD (b). P M M A is spin-coated
on the sample (c), as a supporting layer for molding of Sol-gel, deposited by spincoating (d). A P DM S stamp is hand-pressed on the sol-gel (e), so that the sol-gel
fills up the features of the stamp and dries up (f). After the stamp is removed, a
negative impression of the stamp is left in the sol-gel (g). The obtained pattern is
then transferred through the remaining sol-gel (h), the P M M A (i), and the SiNx (j).
After the P M M A and the sol-gel are removed by acetone and oxygen plasma (k),
the desired pattern is realized on a full wafer (l).

3.3

Solar cell device fabrication

A nanowire solar cell device can be divided in several elements: the active element
(InP nanowires), top and bottom contacts, and an insulating planarization component. To fabricate this relatively complex system, a process made of several steps has
been developed (see Figure 3.7).

3.3.1

Top and bottom contacts

Reducing contact resistance is fundamental for a solar cell, since it is correlated to the
fill-factor and also influences the short-circuit current of the device. Ohmic contact
is thus necessary: an appropriate contact metallization featuring a matching work
function is crucial, normally in combination with annealing. Annealing though is
not advisable for nanowires, as they exhibit large surface area, and in particular is
detrimental for InP nanowires, since phosphorous has a low boiling point[128]. Thus,
nanowires evaporate easily, unless they are annealed under phosphorous atmosphere,
which is unpractical. Therefore, an annealing-free process or a very low temperature
annealing is desirable for InP nanowires.
The main challenge in InP is achieving ohmic contact to p−doped material, which
has been proved problematic in literature. This topic is further discussed in Chapter
5, where a solution was developed for single-nanowire devices. For large area applications, we build our device on a p−doped InP substrate, in order to increase the
contact area and reduce the contact resistivity. We use a 200nm p+ − InGaAs layer
(Zn doping 1.2×1019 cm3 ), which is grown on the backside of the substrate before the
nanoimprint process and the growth of nanowires (Figure 3.7a). A T i/Au multi-metal
layer, deposited after nanowire growth and planarization with electron-beam assisted
metal evaporation, is used as the back electrode (Figure 3.7i). For contacting the
n−doped side of the device from the top, a transparent conductive oxide is used, to
allow transmission of photons. A 300 nm layer of indium tin oxide (IT O), chosen due
to its excellent electrical conductivity and transparency, is sputtered on the nanowire
tips after planarization (Figure 3.7h)[138, 139].
To evaluate the contact resistances introduced by the two electrical contacts,
transmission line measurements (TLM) were performed on electrodes analogous to
the chosen ones, fabricated on h111i B InP substrates at varying distances in a onedimensional array. For the p−doped electrode, a contact resistance of 5.3×10−4 Ωcm2
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Figure 3.6: I-V characterization of T i/Au contacts (a) and IT O (b) finalized to the
determination of contact resistance via TLM measurements.
has been determined, while for IT O a value of 2.5 × 10−3 Ωcm2 is found (see Figure
3.6). Considering as the contact area the 250nm long exposed tips of a nanowire with
a diameter of 180nm, the contact resistance would be approximately 2 × 106 Ω per
nanowire. Since a typical solar cell contains 106 nanowires, the contact resistance is
2Ω, which is a minor contribution to the total series resistance of a nanowire solar
cell device (30−60Ω per nanowire, measured by I-V characterization, described later
in this chapter). Solar cells active areas are patterned, by optical lithography of the
IT O layer, into squares of 500 × 500µm. A positive resist (HP R 504) is used to define the areas, and a diluted HCl solution (HCl : H2 O 1 : 1) at room temperature is
employed to etch the excess IT O (Figure 3.7h).

3.3.2

Nanowire isolation and planarization

Isolation and separation of top and bottom contact are fundamental to avoid shunting paths and short-circuits. Thus, after nanoimprint and growth (Figure 3.7b-c),
nanowires are cleaned by O2 plasma treatment or Pirañha (in the case of devices
based on VLS nanowires, as discussed more in detail in Chapter 4). Promptly following the cleaning, a 70nm SiO2 layer is deposited by PECVD at 300°C (Figure
3.7d). The SiO2 acts as a passivation layer of the nanowire surface[47], as well as
an adhesion promoter on InP for BCB. Cyclotene (BCB), in fact, is then used as
a filler in between the nanowires (Figure 3.7e): it was chosen because of its excellent
mechanical stability and good electrical isolation properties, such as leakage current
of only 10−12 A/cm2 [140]. BCB is commonly used for electrical isolation and planarization, and as support in semiconductor bonding. BCB is thermally stable and stable
against most chemical compounds, which are fundamental properties for the solar
cell processing developed, and to ensure long device lifetime. It is applied, after an
adhesion promoter (AP 3000), via spin-coating, resulting in a layer of 2.5 − 3µm, and
cured in a vacuum oven at 250°C for 30min. As the BCB is, on purpose, thicker than
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the length of the nanowires, it is introduced in a RIE etching chamber (gas mixture
20 : 4sccm O2 : CHF3 ) to remove the polymer in excess, and expose the n − doped
tips of the nanowires (Figure 3.7f). The progress of the process is controlled by SEM
measurements, so that only the tips are exposed, thus avoiding short-circuits. No
damage has been observed during the dry etching. The SiO2 is present also for electrical isolation, in case the BCB layer has pinholes. Just before the IT O deposition,
the sample undergoes a dip in buffered hydrofluoric acid (BHF ) for 7s, to remove
the SiO2 shell and the native oxide on the nanowires (Figure 3.7g).
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Figure 3.7: Nanowire solar cell processing, from substrate processing to final device.
a) p+ − InGaAs deposition on the backside of the InP substrate, by MOVPE. b)
Substrate patterning by nanoimprint lithography. c) Nanowire growth by VLS or
SA method. d) SiO2 deposition by PECVD. e) Cyclotene (BCB) spin-coating and
curing. f) Removal of excess BCB by RIE. g) Removal of SiO2 from tips via BHF .
h) IT O sputtering and patterning, by optical lithography and diluted HCl etching.
i) Metal evaporation on the InGaAs layer.

3.4

Characterization techniques

To measure the optoelectronic and the structural properties of the nanowires, as well
as to characterize devices, several characterization techniques have been used. Since
nanowires are quasi-one-dimensional structures, several techniques used for bulk characterization are difficult to employ, in particular electronic measurements such as Van
der Pauw and Hall measurements. For this reason, often contact-less methods such
as photoluminescence (PL) are employed, and significant effort has been undertaken
to improve characterization of nanowires.

3.4.1

Scanning electron microscope

Resolution limits for structure imaging depends on the wavelength of the radiation
used, due to the effects of the diffraction limit (d), governed by equation d = 2NλA ,
where λ is the wavelength and N A the numerical aperture of the objective used. For
nanostructures, visible light has a wavelength larger than their diameter, impeding
an easy assessment of the morphology of the nanowires, unless super-resolution microscopy is employed[141]. It is possible, though, to measure the global geometrical
properties of nanowire arrays by exploiting the effects of length and diameter on the
optical reflectance, measured depending on the wavelength[142]. Nevertheless, optical
measurements do not allow the characterization of single nanowire morphology.
The most common approach is thus to use electrons instead of visible radiation, as
they have much smaller wavelength compared to visible photons. By using the wellknown De Broglie relation λ = hp , with h the Planck constant and p the relativistic
momentum of the electron at a few keV , a wavelength in the order of 10pm is obtained.
Electrons can then be used for imaging, for instance in a scanning electron microscope
(SEM), depicted in Figure 3.8a. In this system, electrons are emitted in a beam by
an electron gun via thermionic emission, and are accelerated by a potential typically
varying between 1 and 30kV . Tungsten is the most common material of the electron
gun filament, because of its low vapor pressure and high melting point, which makes it
the ideal candidate for thermionic emission. The beam is focused by electromagnetic
lenses and goes through deflection coils that control the direction of the beam. The
focused electron beam scans along a rectangular area, so that the electrons interact
with the specimen. Inelastic processes cause the electrons to exchange energy with the
sample, resulting in emission of back-scattered electrons, secondary electrons, Auger
electrons, and electromagnetic radiation, each of which can be sensed by specialized
detectors. The result are signals expressing properties such as the sample topography
(for the secondary electrons in particular) or the element composition (i.e. the back42

scattered electrons). Even though the theoretical resolution is a few tens of pm, the
spotsize is limiting the possible resolution, such that the typical resolution obtained
in conventional SEM is a few nm. In this thesis, a Zeiss Sigma SEM is used for
imaging the nanowire morphology by an in-lens detector, which detects back-scattered
electrons.

Figure 3.8: SEM and TEM. a) Cross-section schematic of a scanning electron microscope. b) TEM schematics with the most of the components of the system, including
advanced instruments such as image and probe correctors. Images courtesy of FEI
Europe BV, part of Thermo Fisher Scientific Inc.
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3.4.2

Transmission electron microscope

The SEM is an extremely versatile and widely employed tool, but encounters limitation when the interest is assessing the crystalline properties of nanowires.
Another instrument based on accelerated electrons is used in this case: the transmission electron microscope. Using higher acceleration voltages (up to 300kV ), the
resolution is improved down to the sub-nm range, so resolution of atomic features
of the samples is enabled. TEMs are employed thus to evaluate nanowire crystalline properties: crystalline phases, side facets, dislocations, heterostructures, etc.
A schematic of a typical TEM is shown in Figure 3.8b. Similarly to an SEM, the
electron beam is generated by a filament and accelerated by an electric field, then
focused using magnetic lenses. The main difference is that collection of the signal
is through the sample, hence the name transmission EM. As electrons crossing the
material can maintain coherence only for a few hundred nanometers, ultra-thin samples such as single nanowires or lamellae fabricated by milling, are necessary (with
typically < 200nm thickness).
Three imaging modes are commonly used: bright/dark field, high resolution TEM
(HRTEM), and scanning TEM (STEM) mode. In the bright field mode, the contrast
image is formed directly by occlusion or absorption of electrons that cross the sample.
An aperture is placed directly below the sample so that regions with the sample
appear dark, while areas without the sample are bright. In dark field mode, different
apertures are placed in the back-focal plane of the microscope, so that only one of
the several diffracted electron beams is selected: the image will appear dark wherever
no sample scattering of the selected peak is present, leaving most image dark; this
method is used in particular to identify crystal defects in the nanowires.
In the HRTEM mode, the transmitted and scattered beams are combined to generate an image that can contain lattice fringes, depending on the crystallinity and
the crystal orientation of the sample. The image can then be used to measure lattice spacing and the atomic structure of the crystal, for instance to detect different
crystalline structures in crystalline heterostructures[69].
STEM, instead, combines the scanning principle of an SEM with the transmission
of a TEM, so that a beam focused in a narrow spot is scanned over the specimen. The
image can be then detected as a bright field (BF-STEM), showing the transmitted
beam, or by using a ring-shaped detector that collects all the electron scattered over
a high angle (> 50mrad). In this mode, STEM/HAADF, atomic positions can be
precisely determined, with a demonstrated resolution down to less than 100pm (Figure
3.9a)[67].
Additionally, while operating in STEM mode, energy dispersive X-ray spectroscopy
(EDX) can be performed. This technique allows to quantitatively measure the elemental composition of the structures. In fact, the electron beam has sufficient energy
to excite one of the core electrons (K − L − M shells) of the specimen, creating a hole
that is filled by an electron from an outer shell. The difference in energy between the
two electrons is then released as an electromagnetic wave with a wavelength in the
range of X-rays: an EDX detector forms thus an energy spectrum by collecting the
X-rays. The emitted X-ray energy is characteristic for the element generating it, so
it can be used for elemental analysis (Figure 3.9b). EDX is an extremely powerful
tool for studying in particular radial and axial heterostructures[67]. Its composition
resolution is usually ≤ 1%, allowing accurate study of variations in composition, and
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Figure 3.9: TEM applications. a) Aberration-corrected HAADF-STEM image of
GaP/Si interface, and corresponding magnified image highlighting the single dumbbells of Si. b-c) EDX compositional map and corresponding line scan taken across the
NW diameter, showing the radial composition of the core-shell nanowire. Adapted
from[67]
of extremely high doped samples. It is not a suitable technique for doping studies,
though: for this scope other techniques such as atom probe tomography or secondary
ion mass spectroscopy are necessary.
Furthermore, a recent application is the introduction of precursor gases in a TEM,
enabling real time observation of MOVPE reactions such as the growth of nanowires,
which allows exceptional depth of insight in the growth mechanisms of nanowires[109].

3.4.3

Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a technique that allows study of transitions of
electrons in a semiconductor material. It enables estimation of transition energy and
time-resolved lifetime measurements, such as band-gap energy and minority carrier
recombination lifetime. PL is an extremely efficient, contact-less and non-destructive
method to assess the optical quality of nanostructures. The sample is excited by
a laser with energy higher than the band-gap, so that the formation of electrons
and holes is promoted, respectively in the conduction and the valence bands. Microphotoluminescence (µP L) studies are carried out either on nanowire arrays (as-grown
or processed), or on a single nanowire, transferred by mechanical transfer to a Si/SiO2
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substrate. A schematic of the setup is depicted in Figure 3.10.

Figure 3.10: Schematics of the PL setup, with the different components used for
optical measurements.
To image the specimen and to focus the laser beam, lenses or objectives (with
50x/100x magnification) are used. Nanowire samples are mounted on the cold finger
of a flow cryostat, which allows to control the temperature between helium cooled
(∼ 4K) and room temperature (293K). The cryostat is mounted on a x-y translation
stage for basic positioning, while fine aligning in x, y, and z directions is performed by
piezoelectric actuators (with 30nm resolution) controlling the objective. The optical
emission of the NW is directed towards the entrance slit of a triple grating SP 2500A
(Princeton Instruments, 50cm focal length). A white lamp coupled with a camera is
used for controlling the location of the incident laser on the sample. Time-resolved
PL measurements are done using a time-correlated single photon counting module
(TCSPC, Picoharp 300), which measures the time delay between the sample excitation and the arrival of emitted photons at a single photon detector (SPD). After
the measurement is repeated many times, the delay times are sorted in a histogram
plotting the time distribution of the emission after the excitation pulse[90].

3.4.4

Current-Voltage Characteristics

To evaluate the performance of solar cells, the most common and comprehensive
method is the measurement of current-voltage characteristics. This technique allows
to determine all the fundamental parameters governing the efficiency of the solar cell.
When performed in the dark (Figure 3.11a), important parameters such as the
dark saturation current of the device can be extracted, together with the shunt and
the series resistance of the device, when laid out on a semi-log scale (Figure 3.11c).
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A shunt path is represented as a circuit in parallel to the solar cell that provide an
alternate current path, which diverts current from the solar cell device. Its impact is
particularly large at low voltages, where the effective resistance of the solar cell is high:
it is thus determined by the resistance in this region, and the higher the value, the
better the device performance. Series resistance, instead, is caused by three mechanisms: the resistance of the nanowires, the resistance of the metal-semiconductor
interface of the contacts with the active part of the device, and the resistance of the
metal contacts. It is typically most relevant at voltages close to the VOC , and is
measured as the slope of the I − V curve in this region.

Figure 3.11: Current voltage setup in the dark (a) and under illumination (b), with
corresponding I-V measurements (c-d), highlighting the parameters extracted by each
measurement.
When performed under illumination (Figure 3.11b), the efficiency of the cell is
obtained, by measuring the short-circuit current, open-circuit voltage, and the fill
factor (respectively ISC , VOC , F F ), if the illuminated cell area A is known (as shown
in Figure 3.11d). In the case of solar cells based on nanowire arrays, the illumination
is always normal to the substrate, so that the light is always parallel to the nanowire
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growth direction. The short-circuit current is the current through the solar cell when
the voltage across it is 0, while the open-circuit voltage is the amount of forward
bias on the solar cell caused by the light-generated current, and corresponds to the
voltage measured without current flowing. Fill factor is defined as the ratio between
the maximum power a cell can generate and the product of ISC and VOC .
×VOC
, where Pin is the incident power.
The efficiency is then defined as η = F F ×IPSC
in
Standard conditions for efficiency measurements are: Pin of 100 mW
cm2 , cell temperature
of 25°C, and use of AM 1.5 solar spectrum of the light source. AM 1.5 is defined as the
average solar spectrum reaching the earth surface at sea level at temperate latitudes,
where most population centers, and thus most solar installations, are present. In this
thesis, a Xenon lamp is used to simulate the AM 1.5 spectrum, using a photo-diode to
calibrate the spectrum, and a reference GaAs solar cell (supplied by ReRa Solutions)
to calibrate the total incident light intensity.
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Chapter 4

Influence of Growth
Conditions on the
Performance of InP Nanowire
Solar Cells
Nanowire based solar cells have attracted great attention, due to their potential for
high efficiency and low device cost. Photovoltaic devices based on InP nanowires
have now characteristics comparable to InP bulk solar cells. A detailed and direct
correlation of the influence of growth conditions on the performance is yet necessary
to improve efficiency further. In this Chapter, the effects of the growth temperature,
and of addition of HCl during growth, on the efficiency of nanowire array based solar
cell devices, are explored. By increasing HCl, the saturation dark current is reduced,
and thereby the nanowire solar cell efficiency has been enhanced from less than 1% to
7.6% under AM 1.5 illumination at 1-sun. At the same time, we observe that the solar
cell efficiency decreases by increasing T M I, strongly suggesting that these effects are
related to carbon incorporation.1

4.1

Nanowire positioning optimization

Nanowires are grown in a low-pressure Aixtron Closed Coupled Showerhead (CCS)
MOVPE machine. Hydrogen (H2 ) is used as a carrier gas for the precursors, with a
total gas flow of 6l/min at a pressure of 50mbar, both constant during growth. Axial p-i-n junctions are obtained by doping nanowires in-situ by diethyl-zinc (DEZn,
as p-dopant) and hydrogen sulfide (H2 S, as n-dopant). Nanowires are grown on
(111)B InP substrates with the vapor-liquid-solid (VLS) method, in which Au droplets
act as catalysts. To realize a nanowire array with diameter ≈ 180nm, optimum for
light absorption, Au disks with a thickness of 40nm and a diameter of 240nm are
patterned with a square symmetry and a pitch of 513nm, by nanoimprint lithogra1 The

content of this chapter is published as a journal article in [143].
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phy on a 2inch. wafer[134, 135]. Tri-methyl-indium (T M I) and phosphine (P H3 )
are used as group III and V precursors. Before nanowire growth, an annealing step
at 510◦ C under P H3 atmosphere is performed to remove organic residues from the
nanoimprint process. HCl is used in-situ to suppress sidewall growth that leads to tapering of the nanowires[144], with different molar fractions. The HCl molar fraction
is kept constant during growth for both p- and n- doping segments. The ∼ 200nm
nanowire diameter is defined by the amount of Au catalyst, which is kept constant
for all of our samples. Growth times of p- and n-doped segments is varied to control
nanowire length within a range of 1.3–1.5µm, and position the intrinsic region halfway
the nanowire length. The nanowire arrays are imaged on cleaved samples by using
a Zeiss Sigma field emission Scanning Electron Microscope (SEM) operating at 3kV .
Imaging is performed at either 30◦ or 90◦ tilt compared to the normal to the surface.
TEM and STEM analyses were conducted using a JEOL JEM ARM200F aberrationcorrected TEM operated at 200kV , while for the chemical analysis, energy dispersive
X-ray (EDX) measurements were carried out using a 100mm2 Centurio silicon drift
detector (SDD).
Before proceeding to the fabrication of solar cell devices, optimization of the
nanowire growth is needed to obtain an optimum nanowire array geometry for sufficient light absorption and a uniform nanowire distribution, which grants a stable
electrical behavior of the cells. The nanowire diameter and pitch are determined by
the nanoimprint mask and the Au layer thickness. As previously stated, in order to
obtain nanowires with diameters in the order of 180 to 200nm, we deposited a relatively thick Au disk (40nm) with a diameter of 240nm. If growth proceeds without
any further steps, the vertical yield and the uniformity, in the case of these relatively
thick nanowires, are both relatively low. In fact, the Au droplets, which are all in
the intended position before growth, can split, move on the substrate and/or merge
with other Au particles. As a result, nanowires are missing from the pattern or have
a diameter noticeably divergent from what was intended (see Figure 4.1a and c). In
order to reduce this effect, we added a step, performed before the annealing phase at
510◦ C, in which the sample is pre-heated at 370◦ C for 5min in P H3 /H2 atmosphere
(P H3 is switched on at a temperature of 300◦ C, to prevent phosphorous evaporation
from the InP substrate). With this step, the Au catalysts are fixed to their position,
preventing them from moving across the substrate surface (Figure 4.1b and d). The
vertical yield of nanowires, averaged over arrays of 10 × 10 nanowires, increases from
45±17% to over 99%, while the diameter changes from 195±43 to 201±6nm (relative
standard deviation is reduced from 22% to 3%). The Au catalysts react with the InP
substrate below them[145, 96, 97] during this pre-growth step, restraining them from
changing location and guaranteeing a high vertical yield, as is evident by comparing
Figure 4.1c with 4.1d. A similar mechanism and behavior has been observed and
investigated in more detail in a recent paper[146].

4.2

Growth temperature

Once the morphology of the nanowire array was adequate, the first parameter we
investigated to optimize the performance of nanowire solar cells is the growth temperature. The growth temperature has been shown to influence the crystalline structure of undoped InP nanowires, and to affect the presence of impurities, also in bulk
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Figure 4.1: Pre-growth Au fixing. Scheme of temperature sequence during nanowire
growth, a) without and b) with pre-growth fixing of the Au particle to its position
(P H3 is always switched on in these schemes). SEM image of sample after 10min
growth, c) without and d) with pre-growth Au fixing. Scale-bars are 5µm. Insets
show corresponding higher magnification SEM images, with 1µm scale-bar.

InP [91, 130]. We varied the growth temperature from 450◦ C up to 510◦ C. At 510◦ C,
as has been previously reported in several cases[145, 147, 148], growth becomes very
unstable and it is difficult to obtain vertical nanowires with good morphology, without
considerably altering the growth conditions. Therefore, we could not use these arrays for further processing. To fabricate nanowire array solar cell devices we followed
the procedure described earlier in Chapter 3. After growth, nanowires are etched
by a Piranha solution for 50s, to remove surface defects and shunting paths that
cannot be removed by in-situ HCl, as previously demonstrated[47]. The result is a
nanowire array with a final nanowire diameter of 170nm, which are ideal for solar
light absorption.
In the range 450 − 490◦ C, the nanowires are uniform under analogous growth
conditions. We processed these nanowire samples to fabricate nanowire solar cells,
and the results are shown in Figure 4.2a. We clearly see an improvement of the solar
cell performance with the increase of growth temperature. Additionally, we observed
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a small decrease in dark current. Table 4.1 lists the characteristic parameters (Open
Circuit Voltage, Short Circuit Current, Fill Factor, and efficiency, respectively Voc ,
Isc , F F , and η) for the different growth temperatures. The efficiency is calculated
considering the total area contacted with IT O square pads with 500µm×500µm sides,
and not the geometrical cross-section of the nanowires. An overall enhancement with
increasing temperature is evident. It has been shown previously that increasing the
growth temperature of undoped nanowires can: 1) lower the density of stacking faults
and induce a homogeneous crystalline structure[92]; and 2) decrease the incorporation
of non-radiative recombination centers [91]. Both these effects would be expected to
have a favorable effect on the optical properties and on the photovoltaic performance.
We have not seen an effect of temperature on the crystalline structure, from TEM
analyses. The nature and concentration of the intentional dopants has, in fact, the
most dominant effect on the crystalline structure. As a result, the zincblende (ZB)
structure, with several twins (tens/µm), is predominant in the p-doped segment,
while the n-doped segment exhibits the wurtzite (WZ) structure, with a high stacking
fault density (hundreds/µm), as it has also been demonstrated previously (Figure
4.2b) [47, 102]. Post-growth rapid thermal annealing was also performed, but no
improvement of performance has been observed. We will further focus on the details
of the non-radiative centers in the discussion session, later in this Chapter.

Figure 4.2: Effect of the growth temperature on the nanowire solar cell performance.
a) I-V curves of solar cells based on nanowire arrays grown at temperature of 450◦ C,
470◦ C, and 490◦ C. The HCl molar fraction is 1.3 × 10−6 . Inset shows a SEM image
of a device after processing. Scale-bar is 1µm. b) TEM image showing an overview
of a p-n doped < 111 > InP NW. Scale-bar is 250nm. The two insets show HRTEM
images of zoomed-in sections of p- and n- doped segments. Scale-bars are 50nm.
Growth temperature is 490◦ C.
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T Growth
450◦ C
470◦ C
490◦ C

mA
Jsc ( cm
2)
8.8 ± 0.4
9.8 ± 0.4
13.7 ± 0.5

Voc (V )
0.55 ± 0.10
0.55 ± 0.10
0.66 ± 0.10

FF
0.6 ± 0.1
0.65 ± 0.05
0.70 ± 0.05

η
2.8 ± 0.6
3.5 ± 0.7
6.3 ± 1.1

Table 4.1: Solar cell performance parameters (Jsc , Voc , F F and efficiency η) as a
function of growth temperature. The HCl molar fraction is 1.3 × 10−6 .

4.3

Effect of HCl molar fraction

The second parameter we studied is the HCl molar fraction in the reactor chamber,
[HCl]. HCl is used to prevent lateral growth on the side facets of the nanowires.
It is an excellent means employed to avoid tapering without altering other growth
conditions[144]. The effect of HCl on the solar cell performance, though, is largely
unexplored. We varied [HCl] by a factor of 3 (from 5 × 10−7 to 1.6 × 10−6 ) without
changing any other parameter, apart from the growth time, modified to take into
account the reduced growth rate, so that the total length of the nanowire is kept
constant[144]. Using an [HCl] lower than 5 × 10−7 results in nanowire tapering,
as has been proven before in literature[144, 47], while a molar fraction higher than
1.6 × 10−6 yields a growth rate several times lower, and often leads to a kinked
nanowire morphology. We observed that varying the [HCl] within this range does
not affect either the morphology or the crystalline structure of the nanowires. In
particular, we did not observe a change in the density of crystalline defects such as
twins and stacking faults. The optoelectronic properties of nanowire devices, instead,
are dramatically affected by changing the HCl molar fraction.
We first focus on the dark saturation current of nanowire solar cells (Figure 4.3a).
The dark current is related to the density of non-radiative recombination centers in the
bulk of the wires, such as unintentional impurities, crystalline and point defects. We
observed a sharp decrease of 3 orders of magnitude of the dark current by increasing
[HCl] by a factor of 3. The nanowire solar cells have been subsequently studied under
AM 1.5 illumination at 1-sun intensity (Figure 4.3b-c). All performance parameters
(Voc , F F and Jsc ) clearly improve by increasing [HCl]. The increased standard
deviation in F F and Jsc is explained by the presence of kinked wires, which is observed
for [HCl] larger than 1.2 × 10−6 . Even a small number of kinked wires significantly
decreases the probability of contacting all the nanowires with a thin IT O top contact
layer, introducing leakage current and shunting paths, as p-doped regions are shortcircuited.
We now concentrate on the relation between the increase of Voc and the decrease
in the dark current (J0 ). In fact, the open-circuit potential can be expressed as:



nkTc
Jsc
Voc =
ln
+1
(4.1)
q
J0
where n is the ideality factor, k is the Boltzmann constant, Tc is the temperature of
the solar cell, and q is the elemental charge of electrons. J0 is measured by fitting the
dark I-V curves with the diode equation, to extract it together with the ideality factor.
According to this equation, a decrease of 3 orders of magnitude of J0 , together with
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the increase in Jsc , should correspond to a linear increase of the Voc by approximately
a factor 3. This is consistent with the observed enhancement (see Figure 4.3d). The
mA
highest efficiency achieved is 7.6%, with a Voc of 0.61V , a Jsc of 18.2 cm
2 and a F F
−6
of 0.68, at an [HCl] of 1.46 × 10 . Use of a higher [HCl] is possible, but the
growth rate reduces dramatically, making such growth impractical. Furthermore, a
very high [HCl] favors nanowire kinking and a general degradation of morphology,
which negatively affects the solar cell performance. This data-set demonstrates that
the Voc is directly correlated to the saturation dark current, as expected, and that
HCl can improve substantially the performance.

Figure 4.3: Effect of HCl on solar cell performance. Logarithmic J −V characteristics
in the dark (a) and linear J − V at 1 − sun illumination (b) for nanowire solar cells
with different [HCl]. c) Measured Voc , F F and Jsc for nanowire solar cells with
different [HCl]. d) Measured Voc as function of the ratio of Jsc and J0 . All growths
are performed at a temperature of 490◦ C.
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4.4

Effect of T M I molar fraction

Figure 4.4: Effect of T M I on the solar cell performance. a) J − V characteristics
at 1sun illumination for nanowire solar cells with different T M I molar fractions. b)
Measured Voc , F F and Jsc for nanowire solar cells with different T M I molar fractions.
All samples are grown at 490◦ C with an [HCl] of 1.2 × 10−6 .
A possible reason for the improvement of the characteristics of the nanowire solar
cells is the reduction of unintentional impurities, which act as recombination centers.
A common impurity in MOCVD growth is carbon, introduced by the metal-organic
precursors. To study a possible adverse effect of carbon on the cell performance,
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we grew nanowires at a temperature of 490◦ C with a constant [HCl] (1.2 × 10−6 )
and increased the T M I molar fraction, effectively augmenting the amount of carbon
during growth. There is no effect on the morphology of the nanowires, which are not
tapered and have similar growth rate; also, the crystalline structure is unchanged. The
performance of the solar cells obtained is instead clearly degrading with increasing
T M I molar fraction (Figure 4.4a-b). Voc , F F and Jsc all decline when the T M I molar
fraction is increased in the reaction chamber, and an increase of the dark current is
observed at the highest T M I molar fraction. These measurements seem to suggest
that the amount of T M I, or more accurately the ratio between T M I and HCl (if
the latter is not large enough), have a large influence on the solar cell performance,
which has not been observed before.

4.5

Impurity measurements by APT

Since the growth rate changes with varying [HCl] and with temperature, the intentional doping concentration could be slightly different between samples. This change
is not expected to drastically affect the performance, but it introduces an additional
variable difficult to control. To exclude a significant effect of the growth conditions
on the dopant concentration, we performed Atom Probe Tomography (APT) measurements on single InP nanowires extracted from the solar cells. Atom Probe Tomography is performed on a Cameca LEAP 4000 XHR. The system is equipped
with a laser generating picosecond pulses at a wavelength of 355nm. For the analysis,
samples are cooled down to a temperature of 20K. The experimental data are collected at a laser pulse rate of 65 − 100kHz at laser powers between 0.6 and 1pJ. APT
data have been reconstructed using IV AS 3.6.8 and visualized using AtomBlend in
Blender2.7.6[149]. Depth-profiles are extracted from the Atom Probe data by slicing the reconstructed 3D volume perpendicular to the growth axis and determining
the fraction of atoms of each element detected in the resulting sub-volumes from a
background-corrected local mass spectrum [150]. Errors are estimated for each element as the sum of the expected statistical counting errors [151] and the fluctuations
in the background signal next to the respective elemental peaks.
We observed no substantial differences in the concentration of dopants, when
comparing nanowires from samples grown at the extremes of our experimental range.
One sample is grown at low HCl and high T M I molar fraction (5 × 10−7 and 1.16 ×
10−5 ), a second at high HCl and lower T M I molar fraction (1.2×10−6 and 8.9×10−5 ),
with all other growth parameters identical. The doping concentrations measured are
in the range of a few ppm, which result in 1017 cm−3 . A typical 3D APT reconstruction
of a nanowire extracted from the first sample is shown in Figure 4.5. The figure shows
the concentration profiles of In, P , S, Zn, and C extracted from the APT analysis
overlapped with two representations the reconstructed 3D volume - one showing the
reconstructed positions of all ions and one highlighting the position of the doubly
charged phosphorus ions (P 2+ ). The concentration profiles suggest that the p-n
junction is at a depth of 1000 − 1100nm in this wire. At the same position, an
abrupt change in the presence of doubly charged phosphorus ions is observed. The
charge state of the ions in APT is known to be related to the electric field on the
surface of the analyzed sample[152] and an abrupt change in the electric field necessary
to remove ions from the sample surface is likely to be related to a change in the
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Figure 4.5: Atom Probe Tomography measurements of a single InP nanowire taken
from a solar cell, grown with HCl and T M I molar fractions of 5×10−7 and 1.16×10−5
respectively. The axial concentration profile extracted from the APT analysis locates
the p-n doped InP nanowire. No evident carbon signal can be detected. The error
estimate for the carbon detection indicates a sensitivity to carbon of 1 × 1017 cm−3 .
Insets: Position of the atoms in the 3D APT reconstruction (top, only 5% of In
and P shown for clarity) and positions of doubly charge P ions (bottom). As the
abrupt change in the presence of doubly charged P ions are caused by a change in the
material properties, it substantiates the presence of the p-n junction at this position.
material properties[153]. The abrupt change in the amount of P 2+ ions is thus another
indication for the presence of the p-n junction at this depth.

4.6

Discussion of the mechanisms improving performance

In this section, different possibilities that could be the origin of the observed effects
are discussed: the improvement of nanowire solar cell performance with increased
temperature and HCl molar fraction, and the degrading effect of an increase of T M I
molar fraction. Several explanations are possible: surface states and shunting paths,
planar crystalline defects, point defects, and unintentional impurities.
Surface states and shunting paths can be ruled out, as we always remove a layer
of about 25nm from the nanowire sidewalls directly after growth, which has been
demonstrated in a previous work as being effective in removing possible as-grown
shunting paths and surface impurities[47]. Since the surface is etched, it is the same
for all kind of wires in our study, excluding an effect from it. The effect of changes
in the density of planar crystalline defects (like stacking faults and twins) can also be
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excluded, as we have seen no influence of growth conditions on the crystalline structure
of nanowires, evidenced by TEM study. The improved solar cell performance at higher
growth temperature should thus be explained by a reduced number of non-radiative
recombination centers, such as point defects, like vacancies and anti-sites, and/or
unintentional impurities.
A possible explanation is related to the incorporation of unintentional impurities[144,
130]. As we have seen no significant changes in the concentration of the Zn and S
dopants, measured by APT in samples with dramatically different growth conditions, we can also exclude their effect. The most likely unintentional impurity in
MOVPE growth is then carbon, originating from the metal-organic precursors used,
as In(CH3 )3 and (C2 H5 )2 Zn are used as precursors for In and Zn, as T M I and
DEZn respectively. Carbon acts as a donor (n-type dopant) in InP , so that it can
partially compensate the intentional Zn-doping in the p-doped region, and perturb
the effective n-doping region in the S-doped segment[128, 154]. Our strongest argument in favor of carbon is the fact that the solar cell performance heavily degrades
with increasing T M I flux. Both the growth temperature and HCl are also expected
to affect carbon: temperature has been shown before to be crucial to reduce carbon
incorporation, both in bulk layers and nanowires[130, 91], while it is known that HCl
can react with T M I in the gas phase to form InCl3 , removing methyl groups from
the In, which results in less incorporation of C in the InP wires[155]. As shown in
Figure 4.5 where the sensitivity of APT to carbon is in the range of 1 × 1017 cm−3 , no
clear carbon signal is detected, though. Nevertheless, even a carbon concentration as
low as 1016 cm−3 can influence the performance of the devices[156]. We thus conclude
that although carbon is a clear suspect for decreasing the solar cell performance, we
cannot provide conclusive evidence.
As an alternative explanation, a decrease in the density of point defects might
also explain the improved solar cell efficiency, as point defect formation is known to
be influenced by growth conditions, even though direct measurement of their presence in nanowires is not straightforward[157, 158]. Most likely, thus, the enhanced
performance would be explained by a combination of effects related to the reduction
of carbon impurities and/or point defects.
The results above allow a deeper insight on the influence of basic growth conditions on the performance of nanowire solar cells. Still, the efficiency demonstrated
in this chapter is lower than previously reported efficiencies [47, 43]. While the APT
analysis indicates diffusion of Zn into the nominally S doped top layer, this has been
observed in both kind of samples examined, so it cannot explain the large difference
in performance. Elimination of the intermixing of p and n-dopants in the nominally
n-doped top region of the wires, though, would be expected to further improve the
performance of our devices. Furthermore, we note that the dopant profile design used
is not ideal [43, 77], and we expect that the performance of the devices can be strongly
enhanced by its optimization [159].
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Chapter 5

High Yield Growth and
Characterization of h100i InP
p-n Diode Nanowires
Nanowires are usually grown vertically on (111)-oriented substrates, while (100) is
the standard in semiconductor technology[119, 98]. The growth, and the ability to
control impurity doping, of h100i nanowires is thus crucial for integration in current
technology[160, 161, 92]. Here, we discuss doping of single-crystalline h100i nanowires,
and the structural and optoelectronic properties of p−n junctions based on h100i InP
nanowires. We describe a novel approach to achieve low resistance electrical contacts
to nanowires via a gradual interface based on p-doped InAsP. As a first demonstration
in optoelectronic devices, we realize a single nanowire light emitting diode in a h100ioriented InP nanowire p−n junction. To obtain high vertical yield, crucial for future
applications, we investigate the effect of the introduction of dopants on the nanowire
growth1 .

5.1

Growth method of h100i InP p-n junction

Nanowires are grown in a low-pressure Aixtron Close Coupled Showerhead (CCS)
MOVPE machine, using Au particles as catalysts in the VLS growth method. The
Au was patterned in a square symmetry on a InP (100) substrate by nanoimprint
lithography, with a thickness of 8nm, a diameter of about 125nm and a pitch of
500nm. Growth was performed at 500◦ C with a pressure of 50mbar, using tri-methylindium (T M I) and phosphine (P H3) as precursors, with molar fractions Xi (T M I) =
2.4 × 10−5 and Xi (P H3 ) = 7.4 × 10−3 . Hydrogen (H2 ) was used as a carrier gas
for precursors, with a total flow of 8.2l/min. Au catalyst filling with In is used
to enable high yield growth[96]. We increased the filling time to 25s to account
for the larger amount of Au that is present in samples patterned with nanoimprint
lithography compared to electron beam lithography. We used Diethylzinc (DEZn)
1 The

content of this chapter is featured in the journal article [97]
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and Hydrogen Sulfide (H2 S) as dopants, in various molar fractions. HCl was used to
remove tapering in some of the samples, always with a molar fraction of 1.8 × 10−5 .

5.2

Dopant effect on the morphology of h100i NW
arrays

As nanowire position control on the wafer scale is essential to develop large-area NWbased devices, a high vertical yield and good reproducibility are necessary for future
applications. To ensure sample uniformity, Au catalyst particles are patterned via
nanoimprint lithography on a 2 − inch. wafer[134, 135]. To study the effect of the
addition of dopants on the h100i InP NW growth, we grew p- and n- doped NW on
Zn− and S−doped substrates respectively. In both cases, we switched on the dopant
precursor fluxes 10seconds after InP growth initiated. At first, we determined the
vertical yield, growth rate, and diameter by scanning electron microscopy, to gain
insight in the morphology of the samples. Using SEM images at 30◦ tilt, as can be
seen in Figure 5.2a, we measured the growth rate and diameter by averaging at least
15 NWs per sample. Nanowire growth rates, in our conditions, are approximately
2nm/s: variation of dopant molar fraction does not have a significant effect on the
growth rate and the diameter of the h100i nanowires (see Figure 5.1).

Figure 5.1: Growth rate and diameter as a function of H2 S and DEZn dopant molar
fractions. NW growth time is 20min.
For each sample, the vertical yield of five fields of 25 × 25 nanowires from different
areas was measured by top-view SEM images (a typical image is shown in the inset
of Figure 5.2). Non-vertical nanowires are visualized easily in this configuration, and
include both nanowires growing in the h111i direction and nanowires crawling on the
substrate. A very small percentage of gold droplets is absent (< 0.01%), resulting in
missing NWs in the pattern.
Even if the dopants do not affect significantly the growth rate and diameter, the
effect of the two dopant types on the vertical yield is completely different. A three
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orders of magnitude variation of the H2 S molar fraction is not changing the vertical
yield, which always remains higher than 85%. In contrast, the addition of a small
molar fraction of DEZn, subsequently defined as [DEZn], significantly reduces the
yield down to 15%. Upon increasing the [DEZn] (from ∼ 10−7 to 10−4 ), the vertical
yield increases from 15% to 80% (Figure 5.2b).

Figure 5.2: Vertical yield of impurity-doped h100i InP nanowires. a) 30◦ tilt SEM
image of p-doped nanowires on p-doped InP substrate patterned by nanoimprint
([DEZn] = 4 × 10−4 ). Scale-bar is 500nm. Inset: Top-view SEM image of nanowires.
Scale-bar is 3µm. b) Vertical yield of nanowire growth as a function of H2 S (n-dopant)
and DEZn (p-dopant) molar fractions.

5.3

Effect of Zn on the vertical yield

To investigate the effect of DEZn, we have studied p-doped nanowires with a short
undoped stem, which have i-p doping profiles. We varied the growth time τi of the
intrinsic segment before the introduction of the Zn dopant, always keeping a total
growth time (τi + τdoped ) of 8min. No HCl is used for this study, to simplify the
growth system, although we did not observe any significant effect on the yield when
using HCl. We distinguish two cases: a low (∼ 10−7 ) and a high (∼ 10−4 )[DEZn].
For low [DEZn], the vertical yield increases from 15% to about 80% by increasing
τi from 10s to 3min. When a high [DEZn] is used, already a much higher (80%)
yield is obtained for τi = 10s, and it increases up to 95% for τi = 3min (Figure
5.3a). In order to find the origin of this difference, we have grown a similar series of
undoped nanowires, without adding the Zn-doped segment, so that the evolution of
the catalyst can be studied. Growth times were between 10s and 3min, in analogy
to the previous growths. After the growth, we cooled down the sample under P H3 .
We studied the contact angle between the gold particle and the nanowire by ex-situ
side view SEM, as depicted in the inset of Figure 5.3b. The contact angle increases
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from 90 ± 5◦ to circa 125 ± 5◦ during the first three minutes of growth (Figure 5.3b).
We expect the contact angle to stop increasing after 3min as contact angles of about
125◦ have been shown to be ideal for vertical h100i NW growth. Subsequently, the
contact angles have been determined for samples grown with different [DEZn], with
τi = 10s and terminating the growth after 3min. We chose τi = 10s as the variation
of [DEZn] has the largest effect at this value. The contact angle increases from 97 ± 3
to 117 ± 7◦ with increasing DEZn molar fraction (Figure 5.3c). In Figure 5.3d we
plot the vertical yield versus the contact angle, measured on the same sample: a clear
correlation can be observed, with the vertical yield increasing with contact angle.
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Figure 5.3: Effect of DEZn on the growth of h100i InP NW. (a) Structure: i-p NW
with variable τi . Vertical yield of NW with undoped/p-doped segments as function
of τi (the growth time of the undoped stem), varied from 10s to 3min. (b) Structure:
i-NW with variable length. Contact angle of i-InP NW, without p-doped segment,
as a function of τi in the same range as panel (a). Inset shows side-view SEM image,
used to measure ex-situ the contact angle between gold particle and NW. Scale-bar
is 50nm. (c) Structure: i-p NW with τi = 10s and variable DEZn molar fraction.
Contact angle as a function of [DEZn], with τi = 10s. Red dash dot line indicates
contact angle if no Zn is introduced. (d) Nanowire vertical yield as a function of
contact angle, measured on the same sample as panel (c).
Contact angles in the range of 120 − 130◦ have been previously shown to be
optimal for vertical growth of undoped h100i NW, since they are close to the dynamic
equilibrium of the particle, resulting in stable growth in the h100i direction[96]. The
increase of the vertical yield with longer τi is thus also explained. A longer τi results
in a larger contact angle due to the natural evolution of the catalyst particle, which
is caused by the line tension, as has been shown previously[162, 163]. Increasing τi
therefore promotes high vertical yield. Introducing a small amount of DEZn in the
early stages of the growth destabilizes the Au droplet, which is very sensitive to any
perturbation, causing a reduction in vertical yield. It has already been demonstrated
that dopants change the contact angle and the surface energy of catalyst, in this
case Au − In − (Zn, S)[164, 165], but these influences have not been unambiguously
quantified yet.
Growth of undoped nanowires on p-doped substrates has a yield similar to growth
on an undoped substrate. It is thus counter-intuitive that the introduction of a small
[DEZn] could lower the vertical yield so substantially, while increasing further the
molar fraction would increase the yield again up to the level of the undoped case.
The kinetics of VLS-growth allow some insight in this phenomenon. Our explanation
relies on the combined effects of Zn on the substrate and in the Au particle. A simple
model of the catalyst is sketched in Figure 5.4a. γLS , γLV , and γSV are the liquidsolid, liquid-vapor, and solid-vapor surface energies, respectively. α is the angle of
the side facet of the nanowire with the growth direction (essentially, a measure of
tapering), while β is the contact angle. If we consider the system to have cylindrical
symmetry, Young’s equation at the triple-phase boundary is written as:
γLS − γSV sin(α) + γLV cos(β) = 0

(5.1)

α is often discarded, as normally the tapering is constant and relatively small
at these growth temperatures. In the early stages of the growth, though, tapering
is substantial, while the catalyst is evolving towards larger contact angles. The effect of the second term in the equation thus cannot be dismissed. DEZn has been
demonstrated to affect the surface of InP substrates, in particular in the case of
catalyst-free Selective Area Growth[166, 167]. In that instance, the solid-vapor would
be the only interface present. We observed that the introduction of a low amount of
DEZn vapors destabilizes the growth. In our case, the DEZn increases the wetting
of the droplet and thus lowers the contact angle, which results then in a lower vertical
yield. This explains the counter-intuitive behavior previously described, as increasing
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the molar fraction then results in an increase in the Zn content in the Au particle,
which causes a larger catalyst volume and a larger contact angle (Figure 5.4b). These
correlated effects result in an increased vertical yield. The consequence of a long undoped stem, is then to allow the catalyst to evolve towards large contact angles[162],
which promotes high vertical yield, making thus the importance of α and γSV less
pronounced.

Figure 5.4: Discussion of the effect of Zn on the growth. a) Sketch of the model
used to describe the catalyst particle. b) Volume, Contact angle, and ratio of catalyst
height and diameter, as a function of [DEZn].
In order to check for the presence of Zn we grew a sample at very high [DEZn]
(> 10−4 , in which the growth becomes unstable). In these nanowires, just below the
Au particle an average Zn content in the nanowire of 0.5% is measured, by ex-situ
EDX, after cool-down. Instead, no Zn could be detected in the catalyst after growth:
the absence suggests that Zn evaporated from the catalyst during cool-down, which
can be explained by the very high vapor pressure of Zn. At such high [DEZn], we
also observed a lower growth rate and smaller NW diameter, with a very high contact
angle, which is a clear indication of an effect of Zn. The reduced growth rate can be
explained by a reduced intake of In due to the presence of large amounts of Zn in
the Au particle. Zn has a liquid-vapor surface energy γLV of 0.79J/m2 [168], which
is in between that of In (0.54J/m2 [169]) and Au (1.22J/m2 [170]). In liquid metal
compounds, the element with lower surface tension tends to segregate, and accumulate
at the surface[171]. As the Au particle contains about 40% In [96], most of the In will
be dissolved in the particle, thus resulting in a large contact angle. When a very large
[DEZn] (> 10−4 ), comparable or higher than the T M I molar fraction, is introduced,
Zn can accumulate at the catalyst surface and block further intake of In[164], at the
same time increasing the contact angle so much that the growth is not stable any
longer. Smaller [DEZn] (10−6 –10−4 ), also have an effect on the Au catalyst, both by
volume increase and by influencing the liquid-vapor and liquid-solid surface energies.
At even lower [DEZn] (10−7 ), instead, the effect inside the catalyst is marginal and
the effect on γSV is dominant, causing the drop in vertical yield.
There are two contrasting mechanisms expected to act on the catalyst, then: the
first, crucial at high [DEZn], promotes high vertical yield by increasing the catalyst
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volume and thus the contact angle, and affecting the liquid-vapor and liquid-solid
interfaces. The second is the effect of DEZn on the surface of InP , which is more
significant at low [DEZn]. A comprehensive explanation of this phenomenon is still
missing, though: more detailed studies, using for example in-situ TEM[109], are
necessary to conclude definitively on the precise mechanism. A high vertical yield
growth of h100i NW with a wide range of [DEZn], is possible either by growing
a relatively short intrinsic stem or by using large [DEZn]. Also, growth of Zndoped nanowires on S-doped stems behaves in the same way as the growth previously
described in literature on undoped segments, making straightforward growing p-n
(n-p) junctions.

5.4

Structural characterization of h100i InP nanowires

In order to check the possible effect of dopants on the crystalline quality of the
NW[172, 173, 102], we studied p-n junctions based on h100i InP nanowires by TEM.
The growth was performed using a Zn-doped substrate. We introduced the DEZn
after 1min of growth and continued growth for 8min. Subsequently, we switched off
the p-dopant and introduced H2 S, growing for 13min. The NW shown in Figure
5.5a has a pure ZB crystal structure without planar defects and flat 100 side facets.
The corresponding Fast Fourier Transform image in Figure 5.5b demonstrates the
zincblende crystalline structure and confirms the h100i growth direction.
To compare, VLS nanowires grown in the h111i direction, as shown in chapter 4,
usually show twin planes, and addition of dopants can completely switch the crystal
structure from cubic (for Zn) to hexagonal (for S)[47]. h100i InP wires, in contrast,
have at most only a few stacking faults per nanowire, always close to the NW base[96].
These defects are stacking faults of 111 planes. A single stacking fault will introduce
a kink in the growth direction of the wire. A pair of stacking faults, as observed most
frequently, will leave the growth direction unaltered. These defects are introduced
during nucleation when the catalyst particle is still evolving towards its equilibrium
shape, as has also been discussed previously[96]. Most of the nanowire and, in particular, the region of the p-n junction, is completely free of defects. In h100i nanowires,
growth proceeds by nucleation of {100} rather than {111} layers, as in h111i grown
nanowires, where the position of the p-n junction is easily recognized by a transition
of the crystal phase from zincblende to wurtzite[47]. In the case of h100i nanowires,
a change in stacking sequence from cubic (ABC) to hexagonal would imply the introduction of a WZ layer at an angle of 71◦ with the original growth direction, making
this crystal phase transition unlikely. As a result, in h100i NW growth, the crystal
structure is defect-free ZB for both p- and n- doping (see Figure 5.5c-d).

5.5

Electrical characterization of the resistivity of
p- and n- doped h100i InP nanowires

After growth and structural characterization, the electronic properties of doped h100i
NWs are studied. Nanowires were dispersed on a Si/SiO2 (280nm) substrate, and
four metal contacts were deposited on single nanowires by electron beam lithography
(EBL) and metal evaporation (layer thickness is 110nmT i/10nm Au for n-doped
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Figure 5.5: Structural analysis of a h100i p-n junction NW. a) HAADF STEM image
showing an overview image of a p-n doped < 100 > InP NW. Dopant molar fractions
are 4 × 10−6 (DEZn) and 3 × 10−5 (H2 S). Scale-bar is 500nm. b) Corresponding
FFT image of the NW in panel (a). c-d) HR-STEM images from the highlighted
segments of panel (a), demonstrating the pure zincblende crystalline structure of the
NW both for p- and n-doped h100i InP nanowires. Scale-bars are 5nm.
nanowires, 1nm T i/40nm Zn/60nm Au for p-doped nanowires). In order to remove
the native oxide, nanowire surfaces were etched using a buffered hydrogen fluoride
(BHF) solution before metal evaporation. Nanowires were tested in a probe station
by four point measurements, in which the current is applied to the outer contacts and
the voltage is measured in the inner contacts, in order to obtain I-V curves.
The resistance of n-doped NWs is in the range of a few kΩ (see Figure 5.6a). This
behavior is expected, as T i/Au contacts have been extensively used for characterization of single n-doped InP NWs[174]. The measured resistance corresponds to a doping concentration of 1018 cm−3 . For p-doped nanowires, the resistance was measured
to be several tens of M Ω, which corresponds to a doping concentration of < 1017 cm−3
(Figure 5.6a). In this case non-linear I-V curves, though, are obtained if 2-point probe
measurements are performed (Figure 5.6b). The observed non-linear behavior is attributed to the formation of Schottky contacts at the metal-semiconductor nanowire
interface, resulting in a potential barrier, which gives rise to the poor electrical contact. Obtaining a low resistive electric contact directly to p-doped InP has previously
proven to be a very challenging task[175, 176]. In most cases Zn-based metallization
is necessary[177, 178], making processing unsuitable for most cleanrooms based on
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III − V materials or silicon. In addition, the highest active hole concentration accessible by Zn doping of InP has been measured in the 2−5×1018 cm−3 range[179, 180],
while the hole concentration necessary to achieve ohmic contacts is predicted to be
5 × 1018 cm−3 with conventional T i/P t/Au contacts[181]. Furthermore, annealing is
often required[182], adding complexity to the structure and to the processing.

Figure 5.6: a) Four point characterization of single n-doped and p-doped nanowires.
b) Two point probe measurement on single p-doped nanowire, showing a typical diodelike curve caused by the large contact resistance.

5.6

InP/InAsx P1−x gradual interface growth

In order to avoid these drawbacks, a contact area was developed, which consists of an
axial extension of the p-doped InP with p-doped InAsx P1−x , where the As content
is increased gradually (Figure 5.7a). Ohmic contacts can be established on p-doped
InAsP and InAs[183, 184]. It is important to limit as much as possible the As
content though, in order to achieve good electrical contacts while maintaining the
bandgap large enough. This way, the potential barrier towards the transition to InP,
where the recombination is intended to occur, is kept low.
To grow the p − InP/p − InAsP gradual interface, the growth temperature was
lowered to 440◦ C, and the molar fractions of T M I and P H3 are immediately reduced
to 1.21×10−5 and 2.51×10−3 respectively, while the AsH3 is gradually increased from
0 to Xi (AsH3 ) = 2.51 × 10−3 in 15min, with a final InAsP section of 10min. Dopant
precursor molar fractions, for gradual interface samples, are Xi (H2 S) = 3 × 10−7 ,
Xi (DEZn) = 4 × 10−6 . The dopant molar fractions were not changed during growth
of the gradual interface. We grew the NWs in an n − InP/p − InP/p − InAsP
growth sequence. To prevent InP non-catalyzed vapor-solid growth, which results
in growth of low material quality on the nanowire side facets[144], we introduced
during growth in-situ HCl with a molar fraction of 1.8 × 10−5 . No HCl, though,
was used during the InAsP growth, resulting in a shell that had to be removed after
growth using 50 − times diluted P irañha 3 : 1 : 1(H2 SO4 : H2 O2 : H2 O) solution for
35 seconds[47].
We evaluated the crystalline structure of the NW by TEM measurements (see
Figure 5.7b). The growth direction switches from h100i to h111i during the transition
from InP to InAsP . The h111i growth direction can be expected to be favored
for InAsP NWs unless a careful optimization of growth parameters is accomplished.
Here, the InAsP segment is used only as a contact segment, and not as an active
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Figure 5.7: Gradual interface structural properties. a) Scheme of the geometry of
n − InP/p − InP/p − InAsP h100i NW with gradual interface. b) TEM image
of a h100i nanowire with a gradual compositional interface on top, with the arrow
depicting the growth direction. The scale-bar is 1µm. The inset displays a detail of
the red highlighted region, on which EDX is performed. c) HAADF STEM image of
the region highlighted in panel (b), with the line-scan highlighted. The scale-bar is
200nm. d) EDX line-scan performed parallel to the nanowire growth axis, showing
the gradual increase in As content towards to the nanowire tip.
part of the nanowire devices. Due to the challenges in growing a gradual interface
on both the bottom and top of a p-doped NW, thus, we evaluated the performance
of the gradual interface only in p-n junctions by measuring I-V characteristics of
single nanowires. Measurements on vertical as-grown nanowire devices have been
demonstrated previously[185], but the gradual interface-related kinked morphology
makes single vertical nanowire contacting impractical and array processing unfeasible.
In the top segment of the nanowires, we measured, by Energy Dispersive X-Ray
spectroscopy (EDX), a fraction of As in the NW increasing from 0 up to 0.56 ± 0.06,
in good accordance to the molar fractions used (Figure 5.7c-d).

5.7

Gradual interface optoelectronic properties

For the electrical measurements, we thus transferred single nanowires to a Si/SiO2
substrate, and fabricated the metal contacts by two separate steps of electron beam
lithography and metal evaporation. We used T i/Au (110nm/10nm) for contacting
the n-doped side of the NW and T i/P t/Au (1nm/50nm/60nm) for contacting the
p-doped side of the NW. Annealing did not improve the performance of our devices.
A typical 2 − point measurement, performed at room temperature, is shown in
Figure 5.8a. We observed similar characteristics at low temperature, where most of
the devices have higher voltage thresholds and sharper turn-ons of the current. We
attribute the relatively high turn-on voltage of 2.5V to the low Zn doping concentration, which alters significantly the barrier voltage. No saturation of the current
is observed in the voltage and current range of our measurements (up to 15V and
2.5µA, which results in a current density in the order of 104 A/cm2 ). The rectification
ratio (measured in the range of ±5V ) is typically 100. We estimated a total series re68

sistance in the device of 1M Ω, dominated by the series resistance of the p-doped side,
which is an improvement of 2 orders of magnitude compared to previous devices[186].
The series resistance is in the same order of magnitude as the resistance measured
for the combination of single n-doped and p-doped nanowires, suggesting that ohmic
contacts are obtained on both the n- and p-doped regions.
We tested the optoelectronic properties of the nanowire light emitting diode by
electroluminescence, measuring the emission spectrum as a function of the injection
current. A series of typical electroluminescence (EL) spectra of a single NW, measured
at different injected current levels at a temperature of 4K, is presented in Figure 5.8b.
Two peaks (at 1.38eV and at 1.33eV ) with different characteristics can be identified.
The peak at higher energy increases in intensity and blue-shifts with larger current.
The origin of this peak is likely due to donor-valence band and acceptor-conduction
band transitions, due to the presence of both p- and n- doping in the nanowire.
The rather high doping concentration results in indirect transitions, broadening the
peak. We attribute the blue-shift to state filling of higher energy states with increased
injection current. The energy position peak at 1.33eV , instead, does not change with
current, indicating an impurity-related emission, which is filled at low-injection levels
and thus is already saturated at the injection currents considered (Figure 5.8c).

Figure 5.8: Optoelectronic characterization of p-n junctions based on h100i InP NWs
with gradual interface. a) I-V characterization in dark conditions at room temperature (293K) of single h100i InP NW p-n junction. The current is shown in both a
linear and logarithmic scale. Inset: SEM image of device used for NW optoelectronic
characterization. Scale-bar is 1µm. b) Electroluminescence (EL) of single h100i InP
NW p-n junction with gradual interface at 4K, measured at several different injection currents. Nanowire diameter is 80nm. c) Center peak wavelength dependence
on injection current for the two identified peaks.
At room temperature, we observed a reduction in EL intensity of the peaks by
an order of magnitude. The quantum efficiency at low temperatures is estimated to
be ∼ 0.1%, further indicating an improvement with respect to previously reported
devices[174]. Possible channel losses are minority carrier escape to the metal contacts, as the minority carrier diffusion length in InP is > 1µm, and non-radiative
recombination due to impurities. We expect the introduction of an undoped segment
within the p-n nanowire diode to improve the quantum efficiency for applications of
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quantum devices. In addition, the nanowire is lying on a substrate with higher refractive index, so a large fraction of the light is directed towards the bottom and is
not collected by the objective[187]. Nanowire integration in photonic waveguides can
also enhance the light extraction efficiency thus[188].

5.8

Comparison of h111i and h100i InP nanowires

Relative to p-n junctions based on h111i InP nanowires without gradual interface[174,
186], measured at similar injection currents, the nanowires presented in this work show
an order of magnitude stronger peak intensity and narrower peak line-width by a factor of 2. The gradual interface was developed also for VLS h111i nanowires, with
the same doping molar fractions and identical diameter, resulting in optoelectronic
performance identical to the h100i case. The threshold voltages are comparable, with
similar low- and room-temperature behavior. Electroluminescence linewidth and peak
intensity are also analogous. The growth conditions, are very similar, with the only
significant difference being the growth temperature, 500°C for h100i, 450°C for h111i
nanowires. The doping molar fractions are also identical: since the dopant incorporation is expected to be similar, this measurements lead us to conclude that stacking
faults and crystalline defects, present in h111iNW but not in h100i, do not have a
significant effect on the optoelectronic properties of the nanowires. The growth conditions appear to be the limiting factor towards high efficiency solar cells: incorporation
of carbon or point defects seems to be an unavoidable limitation in this system, as
also evident from Chapter 4. Non catalyzed growth, performed at high temperature, seems promising for yielding superior solar cell performance, as discussed in the
subsequent Chapters.
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Chapter 6

Exploring the internal
radiative efficiency of
selective area nanowires
Nanowires grown with the VLS method appear to be able to achieve only limited
solar cell performance, as is evident from the previous chapters. Selective area (SA)
growth has the potential to surpass these limits, thanks to higher growth temperature,
defect-free crystalline structure and absence of external catalysts. This chapter is divided in three parts, presenting an investigation of the nanowire optical properties,
performed in order to optimize the internal radiative efficiency. In an initial preamble
the motivation for this study is discussed, as well as the morphology and crystallinity
of the nanowires. The effect on the nanowire photoluminescence of several intrinsic
and extrinsic parameters and factors are then presented: first, the influence of basic
growth conditions such as the temperature and the precursor ratio is studied. Subsequently, the effects of varying dopant molar flows are explored, keeping in mind the
intended solar cell application. Third, the manner in which the processing and the
passivation affect the nanowires is discussed.

6.1

PL
ηext
optimization

PL
The external radiative efficiency ηext
is expressed as the ratio between the number of
radiative recombination events that lead to photons emitted out of the device, and
PL
the total recombination events. The ηext
is closely related to the efficiency of a solar
cell device, in particular to the VOC , as discussed in Chapter 2 and expressed clearly
by the equation

kB T
rad
PL
Voc = Voc
−
ln ηext
(6.1)
q

This equation can be re-written in terms of the PL intensity of the sample, which is
PL
directly proportional to the ηext
, so that it becomes a direct relation between the PL
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and the Voc :




qVoc
IP L (E) = a(E)Ibb (E) exp
−1
kT

(6.2)

where E is the energy of the emission, kT is the thermal energy (25.7meV at
room temperature), a(E) is the absorptivity and Ibb (E) is the black-body emission
intensity. An increase in the radiative efficiency is directly connected to an increase
of the PL intensity, which corresponds to a Voc enhancement. Furthermore, if the
internal radiative efficiency is low (< 0.1) as in the case of the nanowires considered
PL
can be defined as
here, as discussed in Chapter 2 the ηext
PL
PL
ηext
= ηint
× P esc

(6.3)

In this chapter, the focus is first on the maximization of the first term by changing growth conditions, assuming that the second factor is constant; afterwards, the
nanowire environment is modified in order to enhance the second term. As the temperature has an effect on the PL, all measurements are performed at room temperature
(∼ 300K), which is the solar cell operating temperature. VLS-grown nanowires have
very low PL intensity at room temperature, in particular when doped, while selective
area nanowires have extremely good optical properties, such as room-temperature optically pumped lasing[92]: they thus appear to be a much more promising approach.

6.1.1

Selective area nanowires morphology and crystallinity

As introduced in Chapter 3, selective area nanowires are obtained by using a substrate
covered with a growth mask, from which nanostructures shaped as columns can be
grown out by carefully tuning the reactor conditions. They have been extensively
studied in the last 10 years, with extremely promising results in lasing, transistor,
and solar cell applications[92, 64, 70]. A 50nm thick silicon nitride layer is used as the
growth mask, patterned by soft contact nanoimprint lithography on a (111)A oriented
p-doped InP substrate (Zn doping carrier concentration 2 × 1018 cm−3 from AXT,
USA). Nanowires are normally obtained at relatively high temperature (650 − 750°C)
and low ratio between the group V (P H3 for P ) and group III (T M I for In) precursors (10 − 200). In Figure 6.1a-b are presented two typical SEM images of undoped
selective area nanowires, grown at 730°C for 20min at a V /III ratio of 114 and T M I
molar fraction of 4.7 × 10−5 , at a pressure of 100mbar in an H2 flow of 15l/min, in
a laminar MOVPE reactor. The morphology of the sample is extremely uniform, as
all nanowires have hexagonal cross-section, and have very homogeneous length and
diameter. Diethylzinc (DEZn) is used as the p-dopant, with molar fractions typically
between 1 × 10−6 and 7.4 × 10−5 . Ditertbutylsilane (DT BSi) is used as n-dopant,
with molar fractions within 5 × 10−9 and 1.6 × 10−6 . In Figure 6.1c-f several TEMacquired images are shown, displaying the crystalline properties of a nanowire with a
p+ − p − i − n − n+ doping profile as depicted in panel (c). The doping transitions
are sharp, with doping molar fractions 7.4 × 10−5 − 10−6 − 0 − 4 × 10−7 − 1.6 × 10−6
respectively. Apart from the very highly n-doped top part of the nanowire, which
has a high density of stacking faults, the nanowires have perfect wurtzite crystalline
structure, showing no effect of doping on the crystallinity. Undoped nanowires have
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identical crystalline structure. A sample grown with increasing n-doping, characterized by both atom probe tomography and TEM, reveals no stacking faults up to a
doping molar flow of ∼ 10−6 , further proving the purity of the crystalline structure.
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Figure 6.1: SEM and TEM of selective area InP nanowires. a) SEM image, inclined
30° respective to the normal, of SA i-InP . Scale-bar is 1µm. b) Top view SEM image
of i-InP nanowires taken normal to the substrate. Scale-bar is 1µm. c) Overview
Bright Field TEM image of a representative nanowire with p+ − p − i − n − n+ doping
profile. The nominal design of the doping profile is depicted in the image as well. d)
Selected area electron diffraction pattern, acquired from a 1.3µm long segment of the
middle part nanowire, displaying the wurtzite structure. e) BF-TEM image of the
top of the wire (red arrow panel c), displaying the defected top n− -doped part and
the defect-free rest of the NW. f) HRTEM image of the center of the nanowire (blue
arrow panel c), displaying the perfect wurtzite structure.
The growth of nanowires with a wurtzite crystalline structure on a zincblende
substrate is explained by the fact that in the typical SA growth conditions (high
temperature and low V /III ratio) the desorption of P is significant, and thus the
surface is terminated with In atoms. In this configuration, growth along the 111A
is only possible if additional In atoms are adsorbed: the WZ stacking though is
favored as the ABAB stacking is more energetically stable, due to the larger Coulomb
interaction between In atoms and the second nearest pair of In and P [189].

6.2

PL
ηint
: effect of growth temperature and V /III
ratio

The first two parameters taken into account are basic growth settings such as the
temperature in the reactor and the V /III ratio, which are the two most elementary
variables adjustable during MOVPE growth.
Temperature is a crucial parameter in nanowire growth, as it has been shown to
change the crystalline structure of the nanowires, to influence the concentration of
intrinsic and extrinsic defects, and in general to dramatically affect optoelectronic
properties of nanowires[98, 91, 190]. In particular, for selective area growth, temperature increase is demonstrated to lead to pure wurtzite crystalline structure, and
a strong enhancement of PL intensity[92]. In Figure 6.2a, a series of PL spectra,
acquired at room temperature for samples grown at increasing temperatures, up to
770°C, is depicted. No growth is observed at temperatures of 780°C or higher. In
all cases, irrespective of the incident laser power, the PL spectra show a peak with a
shoulder at higher energy, representing respectively the band edge emission and the
split off valence band (often labeled as A and B transitions) of WZ InP nanowires.
While all measurements are performed as-grown, with nanowires standing on the
(111)A InP substrate, no contribution to the PL from the bulk ZB InP , at an energy of 1.35eV , is observed. The intensity, and thus the optical quality expressed as
PL
ηext
, increases for higher growth temperature up to 730°C, while decreases at higher
temperatures. The external radiative efficiency for the best sample, which is also one
of the highest among all the samples following in this chapter (since both doping and
processing decrease the PL performance) is estimated as ∼ 10−4 at 1 − sun illumination intensity. This value is comparable to what has been measured for InP bulk
layers grown by MOCVD, but lower than nanowires etched by ICP-RIE (respectively
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5.2 × 10−5 and 7 × 10−4 )[49]. The second parameter to be investigated is the V/III
ratio: a series of samples is realized by keeping the T M I molar fraction constant
at 4.7 × 10−5 , and varying the P H3 , such that the proportion between the two is
adjusted between 41 and 164. A clear increase is witnessed up to a quotient of 114,
while a further raise is detrimental (Figure 6.2a-b). No influence of the V /III ratio
on the shape of the PL peaks is observed in this case (Figure 6.2f).

Figure 6.2: Effect of the growth temperature and V /III ratio on PL intensity. a)
Series of spectra of the absolute PL intensity versus energy, measured for samples
grown at different temperatures between 690°C and 770°C, with a V /III ratio of 114.
The intensity increases when the temperature is raised up to 730°C, but decreases
strongly at higher temperatures. Two vertical lines, at 1.42eV and 1.45eV , indicate
the position of the A and B transitions. b) Peak integrated PL intensity, as a function
of growth temperature, measured at a laser power equivalent to 10suns, showing the
same trend as in panel (a). c) Series of spectra normalized to the maximum of each
one, measured on samples grown at different temperatures. d) Series of spectra of the
absolute PL intensity versus energy, measured for samples grown at different V/III
ratios, between 41 and 164, at a growth temperature of 730°C. The intensity increases
when the V/III is raised up to 114, but decreases strongly at higher ratio. Two vertical
lines, at 1.42eV and 1.45eV , indicate the position of the A and B transitions. e) Peak
integrated PL intensity, as a function of V /III ratio, measured at a laser power
equivalent to 10suns, showing the same trend as in panel (d). f) Normalized spectra
calculated from the absolute spectra of panel (d), highlighting the negligible difference
between the spectra.
A variation in temperature or in the V /III ratio can result in three main consequences, which impact the PL intensity:
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• Alteration of the crystalline structure, since both parameters can result in a
change in crystalline structure. At low V /III ratio (< 150) the nanowires
always exhibit a pure WZ crystalline structure, while a very high V /III ratio
(> 150) is known to result in an increase in the stacking fault density[191,
92]: the PL decrease seen in the data could be thus explained by the higher
concentration of planar defects[91], which due to the higher material quality
of selective area nanowires is impacted by stacking faults, as opposed to VLS
nanowires that have lower quality. The dependence in the low V /III range
would remain unexplained, though. An increase in temperature from ∼ 650°C
to ∼ 750°C instead normally reduces the stacking fault density[92]. No change
in the crystalline structure has been observed at higher temperatures though,
so that the decrease in PL at 770°C cannot be thus explained.
• Increase in the pyrolisis of precursor: as the temperature increases, the dissociation of the precursors is more efficient, and results in a diminished incorporation
of impurities such as carbon in the nanowires[130]. This mechanism does not
explain the decrease in PL intensity at very high temperature though, since
there are no detrimental effects of an increase in pyrolisis. Furthermore, no
effect of the V /III ratio on the pyrolisis itself is expected, so the dependence of
PL on the ratio is not explained. The crucial difference with the results in the
previous chapter is that in this case the T M I molar fraction is kept constant.
• Modification of the density of point defects, such as the introduction of P vacancies[158], which are present because of the increased evaporation of precursors and change in the surface reconstruction of the nanowire top surface,
which are both expected with rising temperature[167]. Radiative recombination
is then reduced at extremely high temperature by the accumulation of point defects. This explanation is supported by the fact that at temperatures higher
than 750°C the growth rate is lower, and at 780°C growth stops entirely: as P
atoms evaporate progressively more quickly, crystalline growth is not supported
anymore, and growth cannot occur. This mechanism also partially explains the
V /III ratio series results, as the high temperature would result in increased
precursor evaporation: In from the precursor has high vapor pressure already
at lower temperatures, but as the temperature is increased, the phosphorous
vapor pressure increases as well. As the group V flow is increased with augmenting V /III ratio though, the density of P -related point defects would be
diminished, so that the PL intensity increases.
The effect of all the three mechanisms must be considered thus for explaining the
observed dependence: the temperature series is explained by the enhanced pyrolisis
and crystal structure purification at higher temperature, while the decrease at T =
770°C is stemmed by the simultaneous increased density of P -vacancies. The PL
dependence on V /III ratio is also related to a variation in point defects density, but
at the highest value is influenced by the change in crystalline structure. In conclusion,
a growth temperature of 730°C is deemed as ideal, with a V /III ratio of 114. In the
next section, the effects of doping on samples grown in these conditions are discussed.
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6.3

PL
Doping effect on ηint

Control of the presence, the concentration, and the profile of dopant atoms is fundamental for nanowire solar cells: the presence of impurities, charged in respect to their
environment, creates the built-in voltage that separates photogenerated carriers, and
ultimately enables the operation of the device and the power generation. Dopants also
influence the PL intensity of the material, which as just discussed impacts profoundly
the VOC : careful design of the doping is thus crucial. The spectra of doped semiconductors are affected both in shape and in intensity by doping. The Burstein-Moss
(BM) shift, an effect also known as Pauli blocking, is caused by the occupation of
higher energy states in the conduction band due to the Pauli exclusion rule between
carriers. The BM shift hence results in an apparent increase of the bandgap by an
amount defined as
~
2
(3π 2 n) /3
(6.4)
∆EBM =
2m∗
where ~ is the reduced Planck constant, while m∗ and n are the carrier effective
mass and concentration. As it is dependent on the effective mass, this effect is much
more pronounced for electrons than for holes. If generalized for the non-parabolicity
of the conduction band, and substituting the values for electrons in bulk ZB InP , the
formula then becomes[192]
∆EBM (eV ) = 4.73 × 10−14 ne/3 − 13.83 × ne/3
2

(6.5)

4

An effect contrasting the BM shift is the bandgap re-normalization (BGR), which
leads to a narrowing of the bandgap and an increase of the FWHM. It is caused by
many-body effects: the net balance between Coulomb and spin-interaction among
carriers is attractive, basically resulting in an increase in the valence band edge and a
decrease of the conduction band edge. BGR is commonly described by an empirical
relation where the coefficients are measured experimentally[192]:
∆EBGR (eV ) = An1/3 + Bn1/4 + Cn1/2 =

(6.6)

17.2 × 10−9 × n /3 + 2.62 × 10−7 × n /4 + 17.3 × 10−12 × n /2
1

1

1

In this section, the PL intensity and the minority carrier recombination lifetime
are examined for varying p- and n-doping molar flows.

6.3.1

n-doping

Si is a common dopant element for InP : since it is a group IV material, it is in
principle an amphoteric element, as it could function both as a donor or an acceptor.
In practice though its amphoteric behavior is very limited (only 10−4 − 10−3 of all
Si atoms behave as an acceptor)[193], so it is used efficiently as a dopant in thin film
devices, often employing di-tertiarybutyl-silane (DT BSi) as a precursor[194, 195]. At
growth temperatures above 630°C, Si incorporation in MOCVD growth is efficient,
and can result in very high concentrations, up to 1020 cm−3 . Comparable concentrations have been measured by atom probe tomography also in the SA-grown nanowires
presented in this thesis, with a linear dependence of the incorporation of dopant on
77

the molar flow, up to 1019 cm−3 , without any noticeable influence on the growth rate
or the diameter of the nanowires.
A large effect on their optical properties is observed instead, as n-doping is known
to influence the shape of the PL spectrum. The combined effect of the BM shift and
BGR can be seen in Figure 6.3a, where the normalized spectra of as-grown nanowires
with several different doping molar fractions (from 5×10−9 to 1.2×10−6 ) are depicted.
The PL peak shifts with the increasing doping concentration; at the same time, the
FWHM of the peak broadens, as it has been observed also before with increasing
doping concentration [196, 197]. Another peak at ∼ 1.6eV is evident in most spectra
and is explained by the mixing and superposition of the A and B transitions, due
to the larger FWHM associated with higher doping level. The doping concentration
is determined both by the BM and BGR shift, and by an atom probe tomography
(APT) calibration performed on analogous nanowires, grown with a step-like doping
distribution from 5×10−7 to 9×10−6 . At the highest DT BSi molar fraction presented
here (1.2×10−6 ), the doping concentration is thus estimated to be 2×1018 cm−3 . The
dopant concentration appears to be linearly dependent on the molar fraction used,
but at low molar fraction values it is challenging to reliably estimate a concentration
value by atom probe measurements. As the combined effect of BM and BGR shifts is
very small, it is difficult to determine precisely the doping level if the molar fraction
is . 5 × 10−7 : a direct proportionality can then only be assumed, as is done later in
this Chapter.
Time-resolved PL measurements, performed with a time-correlated single photon counting (TCSPC) module, presented in Figure 6.3b, reveal that increasing the
doping concentration impacts dramatically the minority-carrier recombination lifetime: starting from a reference level of 1.8ns measured for nominally undoped InP
nanowires grown in identical conditions, the lifetime decreases sharply with higher
DT BSi, until the lifetime is shorter than the instrument response function (limiting
the measured laser decay time to∼ 0.3ns) at a molar fraction higher than 5 × 10−7 ,
which corresponds to a doping level of ∼ 1018 cm−3 , as just discussed.
Regarding the PL intensity, in Figure 6.3c, a series of laser-power dependent PL for
the different dopants is presented. The laser power is converted to sun intensity, with
1 sun corresponding to the power intensity of AM 1.5 illumination (∼ 100mW/cm2 ).
It is clear that by increasing the dopant concentration by almost three orders of
magnitude, the PL decreases about 6-fold, so that a higher Si molar flow would
have a direct negative effect on the VOC that can be extracted from the solar cell,
decreasing it by approximately 40mV . The mechanisms causing this behavior are
discussed shortly.

6.3.2

p−doping

For InP p−type doping, Zn is by far the most common element used: several precursors have been proposed and used, but often di-ethyl-Zinc is chosen[173]. In the
case of p−doping, the Burstein-Moss shift is very small because of the much higher
effective mass of holes, which is around one order of magnitude larger than in the
case of electrons (0.6m0 compared to 0.08m0 ), reducing heavily its effect. Bandgap
renormalization instead has yet again a similar magnitude as the case of Si doping,
and would give the largest deviation from undoped bandgap. Varying the DEZn
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molar flow by almost two orders of magnitude (from 10−6 to 7.4 × 10−5 ) though does
not result in any shift, as can be observed in Figure 6.3d.
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Figure 6.3: Effect of Si- and Zn-doping on the photoluminescence of nanowires. a)
Series of spectra normalized to the maximum of each one, with different DT BSi
doping molar fractions, between 5 × 10−9 and 1.2 × 10−6 , showing a peak shifting
to higher energy, and an increase in FWHM, with increasing Si. b) Time-resolved
photoluminescence of the same samples, measured at a laser intensity of 1.4W/cm2 ,
highlighting the decreased minority carrier recombination lifetime with larger dopant
molar flow. c) PL intensity as a function of incident laser intensity, converted in
multiples of AM 1.5 sun intensity: by rising Si incorporation, the emission strength
decreases sharply. d) Series of spectra normalized to the maximum of each one,
with different DEZn doping molar fractions, from 10−6 to 7.4 × 10−5 , showing no
dependence of the peak shape on the molar flow. e) Time-resolved photoluminescence
of the same samples, measured at a laser intensity of 1.4W/cm2 , depicting the decrease
in minority carrier recombination lifetime corresponding to a larger dopant molar
flow. f) PL intensity as a function of incident laser intensity, converted in multiples of
AM 1.5 sun intensity: as the DEZn fraction increases, the intensity is monotonically
enhanced.
The only difference in the spectra is a result of a variation in the NW PL intensity,
which corresponds to a more visible contribution of the substrate PL (at an energy
of 1.35eV ). No variation in the peak shape is instead visible, giving thus a first hint
that the Zn incorporation in SA nanowires might be inefficient. A clear influence
of the doping molar flow can be seen on the minority carrier recombination lifetime
of the same samples instead, where the increase of doping concentration results in a
shorter lifetime, from around 1ns (for 10−6 fraction) to ∼ 0.6ns at the highest molar
fraction (Figure 6.3e). Furthermore, the PL intensity of p-doped NW has a different
trend than for n-doped, as can be seen in Figure 6.3f. An increase in PL intensity is
observed for increasing doping molar flow, in sharp contrast to the Si-doped case: the
intensity is approximately a factor 15 higher for the largest molar fraction, resulting
in an enhancement of Voc of ≈ 70mV .

6.3.3

p−and n− doping PL discussion

For the sake of the subsequent discussion, it is now crucial to distinguish three quantities related to doping. While valid also for the previous sections, they assume
particular relevant in this examination:
1. The dopant molar fraction: expressed as a pure number (without unit), represents simply the nominal ratio between the amount of dopant precursor flowing
in the reactor chamber, and the total flow present, as can be calculated from
the reactor source values (bubbler temperature, partial pressure, dilution);
2. The dopant concentration in the semiconductor: expressed as a density (commonly in cm−3 ) of the number of dopant atoms, or more generally impurity
atoms, present in a material. They supply free carriers, and can act as radiative
or non-radiative recombination centers. Within a certain limit, which roughly
speaking corresponds to a dopant concentration much lower than the solubility
limit of the element in a material, they are dependent linearly on the molar frac80

tion introduced. The atomic density measured by APT provides a very accurate
estimation of this density;
3. The carrier concentration in the semiconductor: also expressed as a density in
cm−3 , is the number of electrically active (free) carriers diffusing in a semiconductor, or more often in a region of it. The thermally excited carrier density is
altered by the presence of dopant atoms and by photogenerated carriers created
by incident light. They are influenced by several factors such as temperature,
the presence of other impurities, the doping profile design, and bias voltages.
As it is clear from the previous two sections, p− and n−doping of SA nanowires
have dramatically different behaviors: this is shown further in Figure 6.4, where the
peak energy (scatter dots) as a function of the dopant molar fractions are directly
compared.

Figure 6.4: Influence of varying n− (in red) and p− (blue) doping molar fraction on
the energy of the PL peak. The x − axis is not in scale, for image clarity.
It appears clear how n-doping strongly influences the position of the peak, effectively leading to a shift in the emission energy of up to 40meV , corresponding to
a doping of ∼ 2 × 1018 cm−3 as confirmed by APT. p-doping does not affect the
peak energy, so that the emission peak is always centered at ∼ 1.42eV , hinting
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that the carrier concentration in n-doped samples is much higher than in p-doped
samples. Zn is known to be more difficult to incorporate if growth temperature is
raised over ≈ 700°C[198, 199]; recent results published in literature also support this
conclusion[200, 201]. This inference is further confirmed by measurements performed
with APT of nanowires identical to those presented here: at the highest Zn molar
fraction (7.4 × 10−6 ) the Zn concentration is < 1017 cm−3 , which is difficult to discern
from the ppm noise level of the instrument (1ppm is 4 × 1016 cm−3 in InP ). At lower
molar fractions thus the dopant concentration cannot be estimated.
p- and n- doping influence the total intensity of PL, in opposite ways: increasing Si
doping leads to a decrease of emission strength (about a factor 3), while augmenting
the DEZn molar flow appears to be beneficial, leading to a 10-fold increase in PL
intensity (Figure 6.5). It is interesting to note that the PL intensity of p−doped
nanowires is always much smaller than that of n-doped though (between a factor 3
and 1000, depending on the values used to compare). Furthermore, increasing the
dopant molar fraction results in a shorter minority recombination lifetime in both
cases, as shown in Figures 6.5b.
Two key equations must be introduced in order to explain this phenomena. First,
it must be considered that, under any kind of excitation, the radiative recombination
rate is defined as
Rext ∝ (n0 + ∆n)(p0 + ∆p)

(6.7)

in which Rext is the radiative recombination rate, n0 (p0 ) are the equilibrium
concentrations of electrons (holes), and ∆n (∆p) are the density of excited carriers
(in this case, photo-excited). In particular it is important to note how following this
equation, an increase in the doping atom concentration (n0 or p0 ) should result in an
increase of Rext , which results in a decrease in minority carrier recombination lifetime.
An increase in the recombination rate would then correspond to an increase in the PL
intensity (when normalized to the integration time), and thus in an increase of the
PL
PL
is enhanced. The contribution
, which if the P esc is constant, means that the ηint
ηext
of non-radiative recombination must also be taken into account though, as expressed
by the relation already discussed in Chapter 2
PL
ηint
=

τr−1

τr−1
−1
+ τnrad

(6.8)

where τr−1 is directly related to the radiative recombination rate Rext just introduced.
It is thus clear that two mechanisms take place when the dopant concentration
is increased: as the equilibrium carrier concentration is larger, leading to an increase
−1
in the Rext , the τnrad
is also increased at the same time, as the number of impurityrelated non-radiative recombination centers is increased. The different behaviors of
undoped, p-, and n-doped nanowires are then explained by comparing their depenPL
dence on carrier concentration of the PL intensity (∝ ηint
) and the minority carrier
recombination lifetime (∝ Rext ) (Figure 6.5):
• n−doped NW: at the lowest DT BSi molar fraction considered, the dopant
atom concentration is already relatively high (≈ 8 − 10 × 1016 cm−3 ), so that as
PL
the dopant concentration is increased, the contribution to ηint
of non-radiative
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Figure 6.5: Effect on optical properties as a function of dopant atom concentration,
extracted by APT measurements on highly doped samples, for undoped (purple) as
well as p(red) and n(blue) doping. a) Integrated PL intensity dependent on the dopant
atom concentration, measured at a laser intensity of ∼ 1000W/cm2 . The x − axis is
not in scale, for image clarity. b) Minority carrier recombination lifetime. p-doped
samples have shorter lifetime at comparable dopant concentration. The inset shows
the same data, with the x − axis in logarithmic scale to further prove the difference
between p- and n-doped samples. c) Recombination rate, calculated as the inverse of
the lifetime, showing once again the faster recombination rate exhibited by p−doped
nanowires. In b) and c), the purple dot represent the lifetime (rate) of an undoped
sample grown in identical conditions, without introducing dopants. For this sample,
a background intrinsic dopant concentration of 1015 cm−3 is considered, in accordance
to typical values of intrinsic carrier concentration for MOCVD-grown InP [202].
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recombination is rising quicker than the radiative recombination, as is expected
in this doping range: the PL intensity is thus lowered[77]. This is further
proved by the fact that with increasing carrier concentration (assumed to be
linearly dependent on the dopant molar fraction) the radiative recombination
rate does not increase linearly, but appears to saturate very quickly (Figure
6.5b-c). The saturation in the recombination rate is then attributed to the
increased contribution from non-radiative recombination; as the PL intensity
is nevertheless larger than in the p−doped case, it would be explained by a
non-radiative recombination rate lower on absolute terms.
• p−doped NW: the introduction of Zn increases the recombination rate as p0
is increased (as in Eq. 6.7), and consequently the radiative lifetime is reduced.
The PL intensity increase with higher DEZn is explained by the fact that since
PL
the doping is still rather low (< 1017 cm−3 ), the dominant variation in ηint
−1
would be the increased τr . In comparison to the undoped case however with
−1
a small amount of Zn atoms the τnrad
is suggested to be much higher, as the
PL intensity is much lower (cf. Eq. 6.8). Raising the DEZn molar fraction and
thus the dopant atom concentration, which is the concentration of impurities,
−1
does not appear to augment τnrad
further in a substantial manner instead. In
the range available in fact if a similar doping atom concentration is considered,
p-doped NW have lower lifetime and correspondent higher recombination rate
than n-doped NW (Figure 6.5b-c), so no saturation is observed, in contrast
with the n-doped case. Several publications have already demonstrated how
the internal radiative efficiency of p-doped InP is much lower than n-doped:
this is often attributed to a large density of deep trap levels related to Zninduced neutral acceptor centers, which result in non-radiative recombination
dominance[203, 204]. The PL intensity has an ambiguous behavior though, as
it is very high for undoped NW, is heavily reduced for the lowest DEZn molar
fraction, and increases slightly again as the DEZn becomes larger. A possible
explanation is that since the molar fraction of DEZn is rather high (comparable or even larger than the T M I), it is densely present in the chamber. Even
if it is not incorporated in the bulk of the nanowires, it can still accumulate
at the surface of the nanowire lateral facets, where it would heavily increase
the surface recombination. A possible explanation for the different incorporation of Zn on the top surface (where the axial growth takes place) and the
lateral facets (where no radial growth is observed) is explained by the lateral
facets different crystalline orientation, which results in a dissimilar Zn atom
adsorption[167]. The adsorption is not influenced by an increased DEZn molar
fraction, as even at the lowest flow there would be an excess of Zn atoms. Zn is
often deemed responsible for stimulating point defects constitution, for example
following the introduction of interstitial Zn or a phosphor di-vacancy linked to
Zn (VP − Zni − VP )[205]. The incorporation in the core part of the nanowires is
instead dependent on the molar fraction, resulting in the strange behavior of PL
intensity. Atoms present at the surface are difficult to measure by APT or other
techniques though, so it is difficult to prove unequivocally that Zn deposited at
the surface is responsible for this phenomenon.
• undoped NW: the radiative lifetime is relatively long (∼ 1.8ns) compared to
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doped nanowires, so the recombination rate must be small. Nevertheless, since
the PL and thus the internal radiative efficiency are high, the non-radiative
recombination rate must be very low. It is reasonable, since no intentional
impurities are introduced, so the imperfection and trap density should be small.
Surface recombination can be expected to be the major source of non-radiative
recombination.
In the case of bulk InP , the reported minority carrier radiative recombination lifetime
(a few tens of ns) is much longer than for nanowires discussed in the previous section
though (∼ 1ns): surface recombination is undoubtedly responsible for a large part of
this decrease, so an adequate passivation design should be implemented in nanowires
to improve their performance. Preliminary unpublished results on the atomic layer deposition (ALD) of P Ox +Al2 O3 thin layers, deposited on the same undoped nanowires
previously mentioned, are very promising. A 3-fold enhancement of radiative lifetime
PL
enhancement of more than an order
(up to > 5ns) is achieved, which results in a ηext
of magnitude, since τrad is increased at the same time as τnrad is decreased.

6.4

Effect of device processing

As the intended solar cells application of the nanowires presented in this dissertation
requires several processing steps, it is important to study the effect of device fabrication on the nanowire PL. The procedure, discussed extensively in Section 3.3, starts
with a cleaning and passivation step, and continues with nanowire array planarization
and front-side contacting.
Nanowires possess a rather high surface-to-volume ratio, which is around 5 times
larger than the surface of a bulk layer if cylindrical NW are considered, with 2µm
length, 500nm pitch, and 180nm diameter. Surface protection and passivation is
thus crucial: in the case of VLS InP nanowires, it has been demonstrated that
during growth the surface easily incorporates defects, which cannot be removed by
the in-situ HCl etching. These imperfections are eliminated by removing the outer
part of the nanowires with a short post-growth ex-situ Pirañha etch (25s in H2 SO4 :
H2 O2 : H2 O 3 : 1 : 1), which allows to improve the efficiency of the device from
∼ 1% up to 11.1%[47]. For selective area nanowires, both a dielectric coating and
a lattice-mismatched window layer have been proposed as performance-enhancing
passivations[70, 200], together with ALD deposition of thin layers.
In Figure 6.6a-b, several different cleaning solutions are thus evaluated by measuring the integrated intensity of PL emission of intrinsic nanowires. SiO2 deposited by
PECVD at 300°C is used as passivation, as it has been demonstrated to be effective
in several instances both for InP and for other III − V materials[206, 47, 50, 207].
The use of SiO2 only, without any cleaning beforehand, appears to be detrimental
compared to the as-grown sample, most likely because without any cleaning the native oxide formed on the nanowire sidewalls prevents any effective passivation of the
material. Three cleaning solutions, all in combination with SiO2 deposition after the
cleaning, are then considered: Pirañha, diluted (10%) phosphoric acid, and diluted
(1%) HF etching. Pirañha appears to improve slightly the performance relative to
as-grown nanowires, but is not as effective as oxide-only removing agents like H3 P O4
or HF . In fact, Pirañha removes also InP , so that the effective nanowire volume is
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decreased, lowering the absorption: the decrease in absorptance does not justify the
reduction of PL intensity of a factor ∼ 2, though, so it is possible that the nanowire
sidewalls are damaged as a result.

Figure 6.6: Effect of device fabrication on nanowire PL intensity. a) PL intensity as
a function of incident laser intensity, plotted with different lines representing different cleaning and passivation stages. The highest PL signal is obtained by cleaning
nanowires in a 1% diluted HF solution, and capping them with SiO2 . b) Integrated
PL intensity measured at a laser power of 75W/cm2 , showing the same data in panel
(a). c) Time-resolved photoluminescence of the same as-grown and HF + SiO2 samples, measured at a laser intensity of 1.4W/cm2 .
H3 P O4 and HF instead, in combination with SiO2 deposition, both increase significantly the PL intensity: this is attributed to the gentle oxide etch performed by
both solutions. HF yields a slightly better performance as a result of the different
chemistry of the post-cleaning surface. In fact, H3 P O4 cleaning results in a hydrophobic surface which is terminated by hydrogen atoms bound to phosphorous sites, while
HF produces an hydrophilic fluorine-terminated surface on the indium sites[208].
When heated during the SiO2 deposition under N2 atmosphere, the F -termination is
removed quickly, so that SiO2 would be deposited directly on the nanowires. The H
atoms resulting from H3 P O4 , instead, are not removed, and thus alter the surface of
the nanowires, and the interface with the deposited SiO2 [208]. Additionally, a significant improvement has also been demonstrated by HF passivation in single nanowire
solar cells[207]. Dielectric coating is also expected to increase the absorptance of the
nanowires, but it cannot explain a ∼ 3-fold increase in PL intensity, which is thus
attributed to the beneficial passivation. A further demonstration of the enhanced performance is in Figure 6.6c, where time-resolved photoluminescence of p − n nanowires
grown at 730°C with a V /III ratio of 114 is compared between an as-grown sample,
and one with the best passivation scheme HF + SiO2 . A clear improvement of the
minority carrier radiative recombination lifetime is observed, from 0.5ns to 0.8ns,
which suggests a reduction of surface recombination thanks to the passivation. The
shorter lifetime compared with the intrinsic case presented in the previous section is
caused by the doping (molar fractions are 4×10−8 for DT BSi, 7.4×10−5 for DEZn),
which as discussed previously decreases the minority carrier recombination lifetime.
p − n nanowires have also been tested at all further stages of device fabrication: no
86

significant effect on the PL intensity is observed at different steps. This is expected
since no further material passivation is performed, and all processing is performed at
low temperature, so that the nanowires are not affected by it. The variation between
samples is in the order of ±10%, which is the same range of deviation as between
different identical samples and regions of the same sample.

6.5

Conclusion

The internal radiative efficiency of the nanowires is studied and optimized by varying
growth conditions, such as the temperature and the doping molar flows. It is found
that the ideal parameters are a temperature of 730°C and a V /III ratio of 114, while
a complex influence of dopants is determined. Both dopants result in a decrease of the
minority carrier recombination lifetime, and a reduction in the PL intensity compared
to undoped nanowires. In particular the introduction of Zn, the p−dopant, results in a
strong decrease of the PL intensity of the nanowires, caused by the inclusion of nonradiative recombination centers. Furthermore, by investigating the effect of device
fabrication steps, it is found that with a cleaning and passivation procedure based on
diluted HF and SiO2 deposition, the nanowire optical properties are improved. The
PL intensity of SA-NW is several orders of magnitude higher than in the VLS case,
which is difficult to measure at room temperature and is not presented for this reason.
At the same time, minority carrier recombination lifetime of SA-grown nanowires is
much longer than for VLS-NW: also in this case, the difference is particularly clear
at room temperature.
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Chapter 7

Solar Cells based on Selective
Area InP Nanowires
In this Chapter the performance of solar cells based on InP nanowires grown with the
selective area method is discussed. Devices fabricated on vertical arrays of nanowires
and on a single horizontal nanowire are compared and discussed in terms of thermodynamic limits. Single nanowire devices are especially interesting as a model study and
a frame of reference, as they allow to investigate in detail the operation of nanowire
solar cells with a very simple design; devices based on vertical arrays are instead designed in a manner close to a possible application, and are thus of striking interest
from a technological point of view. Even with the differences discussed shortly, a very
similar performance from both types of devices is expected, as growth conditions are
very much alike.

7.1

Growth of Selective Area NW for solar cell applications

All substrate processing and nanowire growth presented in this chapter is performed
by the author of this dissertation in the Eindhoven N anolab @ T U/e cleanroom.
Growth is performed with a laminar-flow Aixtron 200/4 MOVPE reactor. Devices
based on vertical NW arrays are fabricated and characterized in Eindhoven by the
author as well. Single NW devices are fabricated and characterized at FOM Institute
AMOLF, as reported in [50]. Selective area nanowires for solar cells are grown in very
similar conditions to what is presented in the previous chapter: a 50nm thick silicon
nitride layer is used as selective area growth mask, patterned by the soft contact
nanoimprint lithography technique on a (111)A oriented p-doped InP substrate (Zn
doping carrier concentration 2 × 1018 cm−3 from AXT, USA). Hydrogen (H2 ) is used
as a carrier gas for precursors, with a total flow of 15l/min. Growth is performed
at 730◦ C with a pressure of 100mbar, using tri-methyl-indium (T M I) and phosphine
(P H3 ) as precursors with molar fractions χi (T M I) = 4.7 × 10−5 and χi (P H3 ) =
3.9×10−3 (single NW) or 5.4×10−3 (vertical), resulting in V /III ratios of 83 and 114
respectively. The difference in V /III ratio has a negligible effect on the performance,
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with advantage to devices based vertical NW arrays in principle, as discussed in
Chapter 6. Diethylzinc (DEZn) is the p−dopant, while ditertbutylsilane (DT BSi)
is used as n-dopant, with different molar fractions detailed later for each case.
Devices based on vertical nanowire arrays
Vertical array devices are based on samples grown on a nanoimprint pattern with
513nm pitch and 180nm nanowire core diameter. Both axial or core-shell configurations are adopted. All samples have a p − n doping profile, either axially or radially,
and a n+ -doped top segment grown for 30s with DT BSi molar fraction 9.5 × 10−6
(in both axial and radial structures, resulting in ≈ 50nm segment and < 5nm shell
respectively). No intrinsic segment is used, to reduce the complexity of the design.
The total nanowire length is approximately 1.6µm, which has been proven in several
occasions to be the ideal length to compromise between low NW series resistance and
high absorptance[43, 47, 209]. No radial growth is observed during the growth of the
cores. The shell is grown at 650°C, at a V /III ratio of 430 at the same T M I flow of
SA growth, typical values for InP bulk layers deposition, which result in high quality
growth with a rate of approximately 3nm/min. More details on the doping molar
fraction and growth profile are presented later. Devices are fabricated following the
procedure presented in Chapter 3.
Single nanowire devices
The single nanowire device consists of an InP nanowire with a diameter of 310nm,
coated with a 50nm SiO2 layer, with a p+ − p − i − n − n+ doping profile with
1µm − 3µm − 4µm − 3µm − 1µm segment lengths, lying horizontally on a substrate.
DEZn is the p−dopant, with molar fractions 7.4×10−5 in the p+ region and 3.6×10−5
in the p region. Based on APT measurements, the higher flow corresponds to a dopant
atom concentration of . 1017 cm−3 . Ditertbutylsilane (DT BSi) is the n-dopant,
with molar fractions 9.5 × 10−6 and 4.9 × 10−7 for n+ and n regions, respectively
(corresponding to ≈ 1019 cm−3 and ∼ 8 × 1017 cm−3 atom concentration respectively).
Two electrical contacts (T i/Au for the n+ −doped part and Cr/Zn/Au for the p+
segment) are fabricated by electron beam lithography on the two nominally highdoped extremes of the nanowire. The positioning of the contacts can strongly influence
the performance of the device, as it can be expected that short-circuits or highresistance contact occur if the metallic layers are not only in direct contact with the
highly doped regions. Such a geometry with rather long nanowires is thus necessary
for single NW studies, as relatively long contact segments (p+ and n+ ) are crucial
for proper contacting. Furthermore, long p-, i- , and n- segments are employed to
comprehensively investigate their optoelectronic properties individually using optical
methods (which are diffraction limited to a spot of ≈ 500nm).

7.2

Performance of single nanowire solar cells

Single nanowire devices allow exceptional insight in the effects of nanophotonics on
the photovoltaic performance, as two dimensions out of three are smaller than the
wavelength of the incident light. Nonetheless, the conventions used to determine the
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efficiency of devices are no longer valid in this system, since the nanowire can absorb
light from an area larger than its own: an absolute thermodynamic scale, not dependent on the dimension of the system, is thus the only reliable metrics available. By
using integrating sphere microscopy[50], all relevant performance measurements are
spatially resolved: absorptance (fraction of incident light absorbed), internal quantum
efficiency (fraction of absorptance converted to current), and photoluminescence quantum yield (PLQY, fraction of absorptance converted to external photoluminescence).
These quantities are directly related to the three main mechanisms of photovoltaics:
charge carrier generation, collection, and recombination. They estimate intrinsic performance and allow to determine both the fundamental thermodynamic limits and
the other loss mechanisms in a device, and to compare the characteristics of nanoscale
solar cells to state-of-the-art technology.
First, the photovoltaic performance is measured by an I − V characterization
under AM 1.5 illumination at 1 sun intensity, from which extremely good performance
values are extracted: a ISC of 450pA, a VOC of 0.85V , and a F F of 0.76 are all
excellent[43, 47, 77, 200]. This measurement is shown in Figure 7.1a, where also a
false-color SEM image of the device is presented, with the n- and p-type contacts
are in blue and red respectively. The F F is limited by the diode ideality factor
being larger than the ideal value of 1 (n = 2.08) and the series resistance (Rs =
0.12×109 Ω), which reduce the F F from its maximum possible value of 0.895. The very
long i- and p-doped NW segments (∼ 7µm in total) have respectively no intentional
and low doping, so the resistivity in those regions can be expected to be very high,
resulting in a high series resistance. A current density of ∼ 15mA/cm2 is obtained by
considering the geometrical area of the nanowire. This value is not a precise evaluation
of the performance, as the nanowire absorption cross section is indeed larger than its
geometrical area, but its absorption is still limited if evaluated on an absolute scale,
as can be seen in Figure 7.1b, where the absorptance along the NW is presented[50].
The absorptance is relatively low, never reaching values higher than 50%, so that a
significant amount of light is not absorbed, as can be expected since the NW diameter
is much smaller than the absorption length. If the absorptance could be increased
without detrimental consequences, for instance by using vertical nanowire arrays,
whose broadband absorptance is known to be > 90%[55, 54], performance would be
expected to increase substantially.
Secondly, the IQE is investigated with high spatial resolution (details in [50]):
as can be observed in Figure 7.1c, it peaks at a value up to 100% in the n-doped
region of the nanowire. The color shading in the figure shows the nominal doping
profile used during growth. The IQE is almost zero in the p-type region, pointing
thus at a very short electron diffusion length (quantified in ∼ 285nm by electronbeam-induced current measurements), hinting once again that the p-doped region
performance is worse. As it was determined in Chapter 6 in fact the non-radiative
recombination rate is higher in Zn-doped nanowires, resulting in carrier loss. Carrier
collection is instead very efficient in the 3.4µm long region at the interface between
the n-doped and the intrinsic region, where the IQE reaches values > 90% over the
whole wavelength range, and is not significantly impacted by polarization.
Finally, the PLQY is investigated as a function of the incident laser power, on
which it is found to be linearly dependent (as shown in Figure 7.1d), indicating that
in this regime, the Shockley-Read-Hall recombination dominates. From this graph a
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QY at 1 sun of 4 × 10−4 is extracted, comparable to world record planar crystalline
solar cells based on Si, Cu(In, Ga)Se2 and InP , but nevertheless much lower than
record GaAs-based devices [88]. The limited PLQY results in a reduction of the opencircuit voltage of 210mV . This loss is related to the non-radiative recombination in
the nanowire, so it can be reduced for instance by lowering the material defect density,
or contrasting the surface recombination by passivation.

Figure 7.1: Characterization of the photovoltaic performance of single-nanowire solar
cells. a) Nanowire I-V curve in the dark (blue) and under 1 sun intensity illumination
(red). The solid line is a smoothed fit to the data points shown as small crosses. Inset
shows false-color SEM image of the single nanowire device: the p − i − n doped InP
nanowire is visible in the center, with electron contact (blue) and hole contact (red)
at the extremities. b) Absorptance as a function of the position along the nanowire
device. c) IQE as a function of position along the nanowire length, convoluted with
the focused spot size (radius 730nm, at an excitation wavelength of 600nm). The color
shading expresses the doping profile intended during growth. d) Power dependence of
photoluminescence quantum yield measured at 600nm excitation wavelength, showing
clearly linear behavior with intensity, which hints that recombination is dominated
by Shockley-Read-Hall mechanism. The inset shows the PL spectrum at 1400suns
intensity.
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Furthermore, the maximum open-circuit voltage Voc
for the nanowire device is
calculated to be 1.16V by integrating the collection cross section σEQE (λ, Ω) (related
to the IQE and the absorptance as defined in [50]) over the black-body spectrum and
all angles. Two theoretical values for the Voc are thus obtained: a radiative limit
of 1.16V , lower than the bandgap because of intrinsic entropic losses (cf. Chapter
2), and a material limit of 0.95V extracted from local PLQY measurements, that
includes the effect of non-radiative recombination in the nanowire. This second value
is 100mV larger than the measured Voc obtained (0.85V ): this additional loss is
attributed to the poor carrier selectivity of the contacts. Single nanowire solar cells
demonstrate thus the potential of selective area InP nanowire solar cells. Combining
an improvement to the contact selectivity, for instance by deposition of a material with
high work function, and to the material quality, for instance by surface passivation, is
then expected to lead in the near future to InP nanowire solar cells with Voc > 1V .

7.3

Performance of nanowire array solar cells

The performance of solar cells based on vertical arrays of InP nanowires is discussed
in this section. Both axial and radial architectures are considered, with samples
having different doping molar flows and segment lengths. Table 7.1 lists the samples
presented further in this section. Even if a direct comparison has not been performed,
the growth conditions of these nanowires are similar to those for single nanowire solar
cells, thus very similar performance is expected.
Sample
Axial-1
Axial-2
CoreShell-1
CoreShell-2
CoreShell-3
CoreShell-4
CoreShell-5

DEZn MF
(×10−8 )
48
1800
180
180
180
180
10

DT BSi MF
(×10−8 )
1.3
4.1
41
41
4.1
41
1

p Segment
Length (µm)
1.3
1.4
1.5
1.5
1.5
1.5
1.5

n Segment
Length (µm)
0.3
0.2
< 0.01
≈ 0.05
≈ 0.05
≈ 0.15
≈ 0.05

Table 7.1: Recap table of solar cell samples based on vertical nanowire arrays.
Figure 7.2 recaps the performance of the samples, measured under AM 1.5 illumination at 1 sun intensity. Taking into account the different parameters listed in
the table, it can be observed that doping has a substantial effect on the efficiency.
A clear demonstration of this is obtained by comparing samples CS-2 and CS-3: by
reducing by a factor 10 the n-doping, the performance increases substantially, while
by decreasing Zn, and also lowering Si further (CS-5), the efficiency drops. From this
point of view, these results confirm what has been observed in the previous Chapter:
while the n-doping is very efficient and results in a high incorporation, which in turn
results in more non-radiative recombination, Zn atoms are difficult to include, so
that a larger amount must be supplied. Another interesting result is the effect of an
increase in the growth time of the n-doped shell: a general performance enhancement
is observed with a thicker shell (cf. CS-1,2,4), in particular in the value of the current
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density. While it is known that a larger nanowire diameter can enhance the absorption and thus the current, an increase of 50% can be excluded, principally because
absorption is expected to be already quite high in nanowires with > 180nm diameter,
so that an increased diameter should not have a considerable effect[43]. The material
quality of the n-doped shell should not be better than the axially grown segment,
as has been proven, and also the n-doping concentration should be very similar, as
Si incorporation from DT BSi is not as sensitive to growth conditions as DEZn, as
demonstrated by thin film calibrations.
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Figure 7.2: Efficiency of vertical nanowire array-based solar cells. All parameters
characteristic of their performance are shown: Voc , ISC , F F and η.
While it could appear from these results that the axial geometry cannot yield
good results, as the maximum efficiency is only up to ∼ 2%, several issue related to
fabrication point to a different cause. Even if radial samples produce better outcome,
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their performance is still rather poor (η ∼ 5%), because the current is only as high
as 15mA/cm2 , while the Voc < 0.5V . Albeit axial geometry is theoretically expected
to perform slightly worse than radial geometry for nanowires if all parameters are
optimized[210], no such reduction in efficiency can be explained, pointing thus at an
issue with the device fabrication, the doping profile, or the material itself.

7.4

Discussion of nanowire array solar cells performance

Several explanations for the low efficiency of solar cells based on SA InP NW arrays
are discussed in this section. If compared to the performance obtained on selective
area InP nanowires published in literature, the efficiency is very similar[70], but it
is noteworthy how the performance is significantly worse than in single horizontal
nanowire devices instead. The two kind of nanowires should have identical material
quality, and a similar doping profile, with the addition of an intrinsic region in the
case of horizontal nanowires. A fundamental flaw in the device design or the fabrication is thus hinted as responsible. First, the effect of light polarization on nanowire
absorption is briefly taken into account. Secondly, several issues caused by imperfect
device fabrication that impact vertical array solar cells are discussed: among them
the effect of series resistance, shunt paths, and short-circuits. Finally, the effect of
dopants on both p-n junction fundamental properties, such as the built-in voltage
and the width of the depletion region, and on the optoelectronic properties of the
nanowires, are presented in detail.
The first possible explanation is related to the absorption of the nanowires: it
is in fact well known that the absorption of WZ InP nanowires is dependent on the
polarization of light[211, 50], so that the A band transition is forbidden when incident
light is polarized parallel to the ĉ axis of the nanowire (i.e., the growth direction). As
solar simulator illumination is incident perpendicularly to the nanowire ĉ axis though,
this effect is negligible.
Various issues are related to the fabrication of devices: the first is related to the
etching of IT O, carried out in order to pattern contact pads of known area, which is
fundamental for reliable performance measurement (more details on the procedure in
Chapter 3). The IT O is relatively thick (∼ 300nm) and covers any imperfections in
the sample though, so that it is sometimes difficult to remove. Typical cases are that
the IT O is not completely etched away in between the pads, or if an area without
nanowires is covered and thus the substrate is contacted, or if the IT O at the edge
of the sample is still present. Shunt paths with low resistance (down to ≈ 100Ωcm2 ,
measured by illuminated I − V curves) are created in this way, and can largely impact
current density (Figure 7.3a-c). This is a problem shared both by axial and core-shell
devices, which can explain their rather low short-circuit density, but is particularly
obvious in sample A − 1, as depicted in Figure 7.3. All other samples discussed do
not exhibit such a pronounced influence of shunt resistance, which is still present
though. Secondly, series resistance is another issue in any solar cell device: it can
reach values as high as 100Ωcm2 in some devices (whose measurements are discarded
and not discussed here), while in the best performing sample it is approximately
4Ωcm2 , which is still an order of magnitude higher than in commercial solar cells
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(Figure 7.3b).

Figure 7.3: Shunt and series resistance impact on I − V curves. a) Several typical
I − V curve of A − 1 sample presented in Table 7.1, which exhibits a very small shunt
resistance, resulting in distorted I − V curves. b) Illuminated I − V curve of the best
sample presented in Table 7.1, with shunt and series resistance linear fits. c) Topview schematic of the issues related to IT O etching in devices: while in the ideal case
square uniform contact pads are obtained, several problematic configurations arise if
etching is not homogeneous. d) Cross-sectional device schematic of ideal etching and
over-etching of BCB, the latter resulting in short-circuiting of the p-doped segment
of the nanowires.
This rather high series resistance can be once again explained by the low doping
in the p-doped segment of the nanowires, as in the case of single NW devices. In
the best sample, the combined effect of the shunt and series resistance (∼ 1000Ωcm2
and ∼ 4Ωcm2 respectively) result in a reduction of the F F from 0.895 to around
0.7, according to the non-ideal diode model (cf. [85]), a value consistent with the
measurements. The third issue is the BCB etching, which is a very delicate process
as it is used to expose the tips of the nanowires before IT O contacting (see Figure
3.3 for more details). Especially in the axial geometry, if the etching is prolonged
not only the n-doped part is uncovered (as intended), but also the p-doped segment
underneath, effectively creating a short-circuit (Figure 7.3d). In particular, local
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variations of the BCB thickness in a sample are difficult to control. This issue results
in significant carrier loss and consequent low current density, but is difficult to measure
though as it does not have a quantifiable effect on the I − V curves, like the other
two limitations. Furthermore, over-etching could explain why core-shell devices have
a higher ISC , as the problem is circumvented in this case. Another device-related
limit is associated with the inhomogeneity of the nanowires due for instance to the
contacting or to more fundamental properties like the doping. Since a nanowire array
device is in practice many single NW devices in parallel, if the sample is uneven the
extracted Voc becomes the average of all the single nanowire potential drops, and the
current is the sum of all single nanowire currents, so that performance is degraded.
The introduction of dopants can limit the performance as well, in several ways:
in general, as also demonstrated in the previous chapter and proven by the low PL
intensity, in Zn-doped regions the non-radiative recombination rate is rather high even
if dopant molar fraction is small, so that carriers are easily lost (as shown in Chapter
6). This yields a possible explanation for the increased current density in devices
based on thicker core-shell nanowires. In a larger n-doped volume more carriers can
be photogenerated: since the non-radiative recombination is reduced there compared
to the p-doped region, more carriers can also be collected by the contacts. This is
further proven by investigating the PL of solar cells. If the intensity and shape of the
PL peaks are considered, nanowires with either an axial and a core-shell geometry
perform as an independent superposition of the p-doped and n-doped characters of
their segments/regions. In particular, it is clear also in this case that by increasing
the DEZn molar fraction, or by decreasing the DT BSi, the PL intensity increases.
Additionally, core-shell nanowires exhibit much lower emission strength than axial
devices, which ensues from the fact that the cores, possessing the largest volume of
material, are p-doped, while the n-doped shell is relatively thin. As a consequence,
by extending the shell growth time and thus its thickness, the PL intensity increases
accordingly.
A second issue is that Zn-doping of SA InP NW is problematic and difficult to
achieve, as discussed before[201, 200]. As the Zn-doping achievable is limited, the
most immediate consequence is that the attainable built-in voltage Vbi is restricted.
As the Vbi is effectively the upper-limit of the Voc that can be extracted from a device,
a low built-in voltage eventually reduces the possible open-circuit voltage. The former
is expressed commonly as


Nd Na
(7.1)
Vbi = Vt ln
n2i
where Vt is the thermal voltage, expressing the voltage produced in the p-n junction by the effect of temperature (∼ 25.8mV at room temperature), while Na , Nd are
respectively the acceptor and donor concentration introduced by dopant impurities.
ni is the intrinsic carrier concentration, caused instead by thermal excitation and thus
decreasing exponentially with higher semiconductor bandgap. In the case of Si in fact
the ni is rather large (∼ 1010 cm−3 ), so that a low doping can result in low Vbi . In the
case of InP , ni ∼ 1.3 × 107 cm−3 at room temperature because of the higher bandgap:
the built-in voltage is thus ∼ 1V even with extremely low p- and n- doping (e.g. for
1015 cm−3 p and n-doping, Vbi = 0.94V ), so in this case should not be a limitation,
even though it limits the maximum voltage achievable.
A third issue related with Zn doping though is that with low doping concentration,
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the depletion region width can become extremely thick: in fact, in the full-depletion
approximation, the space charge layer width is expressed as
s


2ε
1
1
W =
Vbi
+
= xn + xp
(7.2)
q
NA
ND
where ε is InP dielectric constant, q is the electron elemental charge, and xn,p are
the depletion layer widths in the n− and p−doped regions, defined as
ND
2εVbi
xp =
q NA (NA + ND )

1/2

2εVbi
NA
xn =
q ND (NA + ND )

1/2



and



(7.3)

(7.4)

In the solar cell devices just discussed, ND is always rather large, so xn is rather
small (< 50nm), while xp can extend for several hundred nanometers, up to > 1µm
if the doping concentration is lower than 2 × 1015 cm−3 . Such a thick depletion layer
is of no consequence for bulk solar cells, both Si, which are much thicker (≈ 100µm),
or InP -based, with a base layer thickness of > 3µm usually. At the same time, also
the single-nanowire based devices shown in the previous chapter are not influenced
by this, as the NW is much longer (∼ 10µm). In nanowire solar cells a short pdoped segment length is present instead: < 1.5µm in both axial and radial design.
In the latter, the depletion layer is even extended over the outer part of the core in
the whole nanowire in practice. The depletion layer can thus even extend into the
rather heavily p-doped substrate, so the potential extends in most of the nanowire
as well (Figure 7.4). The band diagram is modeled using the PN Junction Lab tool
on nanohub.org[212]. The calculations are performed assuming InP ZB material and
assuming a 1D potential (discarding the quasi-1-dimensional character of nanowires),
possessing p − i − n axial doping design, with i representing the lowly p-doped NW
segment, with 1.0µm − 0.8µm − 0.8µm segment lengths and 2 × 1018 − 8 × 1015 −
5 × 1017 cm−3 doping levels, which are all typical values for the solar cells considered.
Such a wide field can also influence the PL of the device, since carriers are separated
by it and cannot recombine. Carriers may thus recombine non-radiatively in the large
depleted region in the p-doped segment, where τnrad is very short and carrier diffusion
is very limited (285nm as determined in single NW measurements). The Voc is then
particularly limited in core-shell devices because the useful p-doped region, where the
potential is created, is even smaller than in axial geometry: the n-doped region is in
fact very close to the p-doped substrate. Current density instead is higher in that
case though because carriers only need to diffuse shortly before being collected by
contacts.
Another possible issue, indirectly related to the Zn doping, arises from the band
alignment of the different materials present in a device based on vertical arrays of
SA InP nanowires. Carriers in fact tend to accumulate, or be driven, in different
directions: holes diffuse to regions with higher energy, while electrons migrate towards
areas with lower energy, so an incorrect band alignment can result in both lower Voc
and carrier loss. The band positions of the materials used as electrical contacts (T i/Au
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Figure 7.4: Band alignment of the p(ZB) − p(W Z) − n(W Z) system, part of a device
based on vertical array of selective area InP nanowires with an axial p − n junction,
calculated with the PN Junction Lab tool from Nanohub.org.
back-contact for p-doped backside, and IT O for the n-doped front side), as well as of
the InGaAs contact layer in the backside, have been previously demonstrated to be
ideal for this application[43, 47, 209]. The top part of the nanowires, with the n/n+
segments, is intrinsically ideal, as it is a conventional homojunction: the carriers are
driven in the desired directions by the built-in potential. The junction between the
p+ substrate, with ZB crystalline structure, and the WZ lowly p-doped nanowires is
source of concern instead. As discussed previously, ZB and WZ InP have a different
bandgap (1.34eV vs 1.42eV ), which exhibit a staggered T ype II alignment, where
the difference of energy in the conduction band ∆Ec is ∼ 125meV , and ∼ 45meV in
the valence band (∆Ev ), so that the WZ structure closer to the vacuum energy level,
i.e. at higher energy[213]. The doping level of the two regions is different though,
so the Fermi level energy distance from the band edge (∆Ef ) is smaller in the ZB
substrate, as it is more highly doped (∼ 2 × 1018 cm−3 ) than the nanowires (always
 1017 cm−3 ). Effectively thus the resulting band alignment is T ype I, and since
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the ∆Ev,c must be both preserved, potential barriers are established at the junction
(Figure 7.4). Carriers should be nevertheless allowed to tunnel through such a small
barrier (≈ 50meV ), so a negligible impact on the current extraction is expected.
Zn doping is thus a cause of concern because only a concentration lower than
needed can be achieved, which leads already to strong non-radiative recombination
though, due to the presence of deep traps, as was discussed already in the previous
Chapter. Nevertheless, it is not clear why a low Zn concentration results in such a
prominent non-radiative recombination. In InP nanowire solar cells based on materials fabricated in a different manner in fact higher Zn densities are employed, with
no comparable adverse effects[43, 209]. Furthermore, such Zn concentrations are
obtained at molar fractions lower than used in SA NW case. As mentioned in the
previous chapter, this disparity between supplied and incorporated Zn can result in
incorporation on the nanowire lateral facets, increasing surface recombination. Furthermore, Zn is known to promote the formation of point defects, for instance by
incorporation of interstitial Zn atoms or zinc complexed with a phosphor di-vacancy
(VP − Zni − VP )[205].
Zn incorporation appears to be a major fundamental limitation, as a higher dopant
concentration is necessary, but as formation of non-radiative recombination centers
should be avoided as much as possible, an alternative must be devised. For instance, a
different doping technique like in − situ Zn indiffusion can be employed, as it allows
carrier densities up to 1018 cm−3 [201]. Additionally, the band alignment with the
substrate is also cause of concern: use of a different substrate, such as Si, can obviate
this problem. Development of flexible solar cells would also solve this issue. At the
same time, an alternative dopant element could be investigated, such as Be, which is
a common choice in bulk layer growth, in order to possibly reduce the density of nonradiative centers associated with Zn doping. While high performance array-based
devices have not been demonstrated yet, in contrast to VLS-grown and ICP-etched
nanowires, selective area nanowires nevertheless appear to be a promising platform
for the development of next-generation solar cells. Their combination of low cost and
good optical quality hold great hope: several challenges are still ahead though, before
an application can truly flourish.
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Chapter 8

Nanowires in PDMS:
substrate reuse and effect on
radiative efficiency
In Chapter 6, the external radiative efficiency has been optimized by tweaking the
material properties of InP nanowires themselves, to improve the internal radiative
PL
efficiency ηint
. In this Chapter, the focus is on boosting the external radiative efficiency by using an improved design of the environment around the nanowire. By
embedding the nanowires in a polymer layer and removing it from the substrate, the
PL
is increased, resulting in a corresponding increase of Voc . At the same time,
ηext
nanowire transfer enables substrate reuse for multiple growth on a single substrate,
which reduces the cost of nanowire-based devices at the same time.

8.1

Introduction

As discussed extensively in Chapter 1 the main obstacle to the definitive diffusion and
finally predominance of photovoltaic devices for power generation is their high cost.
The use of nanostructures, and nanowires in particular, can lower sensibly the price for
the several reasons presented earlier in this dissertation. A core limit is the cost of the
substrate however, as it is the same for III-V nanowire and thin film solar cells, both
based on expensive substrates like InP and GaAs. The most straightforward solution
would be the use of more inexpensive substrates, like graphene[214] or silicon[64, 215],
which remains challenging for both cases, and could result in C or Si diffusion in the
nanowires that, however improbable, act as n-dopants for InP and can thus alter its
optoelectronic properties. One of the most promising pathways is hence the reuse
of substrates. Repeated growth on the same substrate is a core asset for low price,
especially if material waste and cleaning costs are kept as low as possible. In thin
film growth, several techniques are used, such as epitaxial lift-off (ELO), substrate
spalling, and the employment of porous release layers[216]. All these methods share
one common trait: they all rely on the presence of a thin (as much as possible)
sacrificial layer, either epitaxially grown or modified ex-situ, which is removed either
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by etching or by mechanical means, thus resulting in material waste.

Figure 8.1: NAnowire Multi-Epitaxy Cycle (NAMEC). After patterning the substrate
(1), either by nanoimprint or similar techniques, growth takes place in the openings of
the mask (2). Nanowires are then embedded in P DM S and removed by mechanical
lift-off (3). NW embedded in P DM S can also be processed towards flexible solar cells
or other devices (4a). After cleaning the substrate from residues of the polymer and
the nanowire bases (4b), regrowth is possible again on the same substrate, restarting
from (2).
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8.2

NW embedding and substrate reuse procedure

Due to their particular morphology, nanowires can be easily embedded in a polymer
layer such as P DM S, which can then be removed mechanically by stripping the layer
off[63]. Selective area growth technique is particularly suitable for reuse, as after the
substrate is cleaned from polymer residues and the bases of the nanowires are removed
(if necessary), the growth mask is ready for another growth cycle. A procedure for
nanowire repeated growth is presented in Figure 8.1. The camera photos and SEM
images of the sample after the various steps, proving the process success and good
homogeneity, are also included in Figure 8.1. A resembling process was described
previously by Atwater et al. in [217], with a few notable differences: in the reference,
microwires were grown, simplifying the lift-off procedure since the structures are larger
and with much wider spacing, and an Au catalyst is employed for the growth, which
results in more expensive growth and adds complexity to the process, as the catalyst
is used during the growth and has to be redeposited for the second cycle.
In the case of InP SA-growth, special care must be taken to avoid dissolution
of the SiN mask, which would make the process rather pointless, and to prevent
etching the underlying InP (111)A substrate that could result in uneven growth. Favorably, P DM S can be etched at room temperature by a fluoride ion-based solution,
tetra-butyl-ammonium fluoride (T BAF ). T BAF should be diluted in an appropriate
solvent that can dissolve the etched products, such as di-methyl-formamide or N methylpyrrolidinone (N M P )[218, 219]. The chemistry of the solution does not etch
SiN or InP , as required. As the base parts of the nanowires must be removed, a
solution of HCl : H2 O 1 : 1 was used, which is known to etch InP . Diluted HCl
solutions selectively etch InP , attacking the families of {100}, [111]B and {110}oriented facets, but removes extremely slowly the [111]A facets, effectively leaving
them untouched[220]. Since InP SA nanowires have {110} lateral facets, they are
quickly eliminated, but the [111]A facet of the substrate is preserved; no further damage is done on the substrate, since no other facets are exposed to etching. At the same
time, HCl does not attack SiNx , which remains intact. After the cleaning procedure,
the substrate is ready for another growth, in which the growth yield appears to be
unaffected by the cycle (Figure 8.1). As a proof of principle, the process has been
repeated twice, and no degrade in the yield has been observed. As the process is very
gentle and controlled, it is expected that many cycles can be performed. Nevertheless,
the process should be optimized further, for instance by introducing a resist sacrificial
layer at the bases of the nanowires to facilitate lift-off, or by using a different polymer
that is easier to remove and clean.

8.3

Effect on a solar cell application

The procedure just described reaches two technological achievements: it allows the
reuse of expensive substrates, and opens the way towards flexible solar cells based on
nanowires, which have an even wider application range than bulky, substrate-bound
devices. If a flexible device is then designed in an analogous way as the solar cells presented in the rest of this thesis, a transparent conductive oxide would be deposited on
the side of the device facing the sun, while on the backside a contact layer would have
to be placed, as in this case the bulk substrate is absent. The back-layer must provide
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electrical contact, but if a reflective layer is used, such as a metal, effectively it can
also act as a mirror. One of the effects of placing a mirror is the optical path doubling,
which increases the device absorptance per unit of volume[65]. The nanowires considered here are approximately 4µm long though, so that at the excitation wavelength
used (532nm) approximately 95% of the incident light is absorbed by the nanowires,
making the mirror unnecessary in this case[54]. In real applications, with ∼ 1.6µm
long wires, the mirror would strongly enhance the absorption though, in particular in
the longer wavelength region (> 750nm).
The presence of a back mirror can also result in an increased P esc , since photons
resultant from recombination in the nanowires can be expected to escape the material
easily (Figure 8.2a). This phenomenon is interesting from the solar cell performance
perspective as it is known that the VOC is influenced by the photon escape probability
(cf. Eq. 2.8). On top of the technological advantages just discussed, embedding
PL
nanowires in a flexible layer is thus also expected to enhance ηext
, as in the presence of
an InP substrate photons are reabsorbed by the underlying bulk and are re-emitted in
a random direction. The reflectivity can in fact be estimated using the complex Fresnel
equations[221]: if photons are confined in a guided mode inside the nanowire, as it is
usually the case in relatively thick nanowires[79], the reflectivity at the NW/substrate
interface is almost negligible, because of the small difference in refractive index. Even
though no data is available in literature for WZ InP , in fact, analogous cases in other
materials such as GaP and GaN suggest that the difference between the WZ and
ZB refractive index is normally |nW Z − nZB | < 0.5, so that it is not significant for
this case[222, 223]. Effectively most of the photons are hence lost, since the substrate
radiative efficiency, both internal and external, is much lower than that of nanowires.
If the mirror is laid in place of the substrate instead, most of the photons resulting
from the recombination in the nanowires and emitted towards the mirror are reflected
by it, and they can be either re-absorbed by the nanowires, or travel through the
nanowire like in a waveguide towards the sun (or the detector, in this case). Since the
emission wavelength is very close to the bandgap, the re-absorption is rather small,
so it is not relevant. When a reflective layer such as Ag is placed on the back of the
nanowires, i.e. the side not facing the sun/illumination, the NW/Ag reflectance is
∼ 95%. An additional positive contribution comes from the total internal reflectance
(TIR) angle (as depicted in Figure 8.2b); it is calculated with the complex Fresnel
equations, which at the NW/Substrate interface results in a TIR > 60°, while in the
NW/Mirror system it is close to 0° (using a thick Ag mirror). Light not normally
incident at the interface is thus for the most part reflected by the mirror, while it
would still be absorbed rather strongly by the substrate and thus lost (Figure 8.2b).
The experimental comparison is then done between two samples grown in identical
conditions and subsequently processed: in one nanowires are embedded in P DM S
and are still on the substrate, while in the other the nanowires/P DM S layer is liftedoff, and a 300nm thick Ag mirror is deposited on the back. In Figure 8.2c the PL
intensities of the two samples are compared. In order to prove that there is no
influence of the different absorption between the two samples, the absorptance is
measured by employing an integrating sphere (inset of Figure 8.2c). The absorptance
is very high in the visible range, with a value of ∼ 95% at 532nm, which is the
wavelength of the laser used for the PL measurements, in excellent agreement with
the simulation data[54]. As expected, since the NW length is ∼ 4µm, no observable
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effect can be noted in the region where the NW absorptance is non-zero. The only
difference is in fact in the region between the bandgap of the substrate (920nm)
and of the WZ nanowires (870nm), where the absorptance of the sample with the
substrate is, as expected, larger. The measured NW+Mirror system PL intensity is
∼ 60% higher than without the mirror (=with the substrate), which corresponds to
a small enhancement in Voc of ∼ 12mV . The enhancement is not as high as the
reflectance since the internal radiative efficiency of the nanowires is small, so any
photon re-absorbed by the nanowires has also a non-zero probability of being lost.

Figure 8.2: Influence on the optical properties of the nanowires with a mirror or the
substrate placed the backside of the nanowires. a) Effect on the P esc of the presence of
the substrate. b) Depiction of the difference between the presence of the substrate or
the mirror on the TIR. c) Values of the reflectance and of the total internal reflectance
(TIR) angle of the interfaces involved in the embedded NW system, calculated from
the Fresnel equations at 870nm wavelength. d) Integrated PL intensity of nanowires
embedded in P DM S on the native growth substrate, and after polymer lift-off with a
300nm Ag mirror on the backside, as a function of incident laser intensity. The inset
depicts the absorptance of the same samples, as a function of excitation wavelength.

8.4

Conclusion

To conclude, a procedure has been developed to enable repeated nanowire growth on
a single substrate. The nanowires are embedded in a P DM S layer and detach from
the substrate: after cleaning the substrate is ready for another growth and embedding
cycle. Nanowire regrowth yield is maintained high, demonstrating the feasibility of
the process. Removing the nanowires from the substrate also enhances the effective
PL intensity of the sample, which corresponds in a higher open-circuit voltage. This
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process leads thus to several advantages: substrate reuse, increase of solar cell performance, and ushers the way towards nanowire-based flexible photovoltaic devices.
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Summary
Growth of nanowire solar cells
Use of fossil fuels for energy production has dire consequences from the environmental and geo-economic points of view. Photovoltaic technology can supersede a
substantial fraction of hydrocarbon-based electricity generation, and it has undergone
an exceptional degree of progress in the recent decades. Its development is though
curbed by the opposite thrusts of low cost and high efficiency. Solar cells based on
nanowire arrays hold promise to disentangle the current impasse, since they exhibit
several core advantages. Faster growth and lower material consumption, together
with an extremely high absorption-to-volume ratio, guarantee economic convenience.
At the same time, straightforward realization of flexible devices, as well as the strain
relaxation inherent from a quasi-1-D geometry, enable technological superiority. Furthermore, nanowire morphology is intrinsically superior to bulk design, as enhanced
out-coupling and reduced non-radiative recombination rate result in fundamentally
higher voltage, without reduction of the generated current. In this thesis, the growth
of nanowires for solar cell applications is explored, by investigating the effect of growth
conditions on the crystalline and optoelectronic properties of the material. Nanowires
based on InP , a III − V semiconductor, are grown in an epitaxy reactor using vapors of metalorganic precursors as sources for the elements constituent the material
(MOVPE, metal-organic vapor phase epitaxy). The nanowires usually grow vertically
from a substrate of the same material, such that the growth direction is the same as
the substrate top facet: for InP , the substrate used is most of the times oriented
in the (111)B direction. Several techniques are used for the characterization of the
nanowires: electron microscopy as a means to study their morphology and crystalline
structure, while optical and electrical measurements are employed to determine the
performance of devices (either in a single-nanowire configuration, or in ensemble measurements on arrays of nanowires).
In the first part, a metal nanoparticle is used to catalyze the precursor reaction, in
the so-called VLS growth mechanism, which is performed typically at temperatures
around 450−500°C, and is a very common technique used to fabricate nanowires based
on many materials for several applications. Solar cells based on nanowires grown in
the < 111 > B direction were fabricated, and their performance was measured to
study their efficiency as a function of growth conditions: a clear dependence on the
growth temperature and on the amount of HCl introduced in the reactor chamber.
While HCl is commonly used to avoid radial growth, which is not grown through
the catalyst and is thus of lower quality, it was observed that even without radial
growth, HCl can influence the device efficiency. The performance also correlates
with the carbon present in the reactor, which has been previously proven to diminish
as the growth temperature and the HCl are increased. It is concluded that the
incorporation of carbon, is the main culprit for the limited performance. Another
possible explanation is the presence of point defects, which is difficult to prove though,
but that cannot be excluded. Furthermore, nanowires grown in the < 111 > B
direction are prone to nucleate crystalline defects during growth, and have different
crystalline structure depending on the dopants employed: for this reason, significant
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effort has been undertaken to grow VLS nanowires in the < 100 > direction, which
have pure zincblende structure with no planar crystalline defects.
Growth of doped < 100 > nanowires is very sensitive to growth conditions though,
so a thorough study of their influence has been performed, showing that the contact
angle of the catalyst, has a crucial effect on the fraction of nanowires growing vertically. Single-nanowire electroluminescence measurements were performed, where the
nanowire emit light in response to an electric current applied through it. To achieve
good electrical contact, a gradual interface between InP and In0.5 As0.5 P was developed, to lower the contact resistance. < 100 > nanowires do not exhibit enhanced
characteristics when compared to < 111 > B nanowires discussed previously though
(such as intensity of emission, threshold voltage). No significant influence is determined from the crystalline imperfections typical of nanowires grown in the < 111 > B
direction, so that it is speculated that the growth conditions (Au-catalyst, relatively
low temperature) are limiting the performance.
A second growth technique is then presented as a possible solution: selective area
growth, in which a growth mask is patterned on a substrate and is used both to define
the position of the nanowires and to control the nucleation of nanostructures. If the
growth parameters are carefully tuned, vertical InP nanowires with pure wurtzite
crystalline structure are obtained from a < 111 > A InP substrate. Devices based on
a single nanowire were studied by integrating sphere microscopy to identify the losses
and the limits of nanowire-based solar cells: a very high open-circuit voltage was measured (0.85V ), together with near-100% internal quantum efficiency in the n-doped
region of the nanowires. To develop nanowire array-based devices, the photoluminescence of undoped, p- and n-doped InP nanowire arrays was thoroughly investigated,
together with different approaches for their passivation. The ideal growth temperature is determined as 730°C, with a ratio of V to III precursor amounts of 114. A
further increase in PL intensity is obtained by cleaning the nanowires by HF (1%) and
passivating them using SiO2 deposited by PECVD. Undoped nanowire arrays show a
minority carrier radiative recombination lifetime τ of ∼ 1.8ns at room temperature,
which is at least one order of magnitude higher than for VLS nanowires. Devices
based on vertical nanowire arrays are fabricated and measured, yielding though an
efficiency only up to ∼ 5%: several mechanisms and causes for such a disparity in
performance are thus discussed, and the Zn doping is pinpointed as the most prominent responsible. Even if several issues must be still solved, selective area nanowires
represent an exceptional platform for the development of next-generation solar cells.
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He is great to game with,

Introduced me to this group

And while we’re on the subject,

A friend that is the worthiest

I’ll introduce the myth,

Of any compliments, in a loop.

Of playing with a board object.

It’s been more than five years,

For that was a great part,

But much more it appears,

Through many dutch wet nights,

I’d like you to be still here,

Forever in my heart:

For us there’s no frontier.

Those tabletop weird fights.

Third again now appear,

So the crew’s in limelight:

Milo my friend from here:

Rianne Claudiu and then,

Without I am sure that

Alf, Jeroen, Maria you’re right,

These years would’ve been flat.

Want to play, just say when.

So many words were spoken,

These are some of the crowd,

So will be left untold,

That made my days much lighter,

Wherever you are now or,

They should be very proud,

Anywhere you will go.

The best delight igniter.

Last I wanted to keep here,

One I have to single out:

Davide as he is my dear

P it’s been quite some of time!

Friend and colleague and what more,

Finally here’s the last part,

He’s got plenty in his store.

Friends and family from my land

Though it might not always show,

Tozzo will be cited first,

I’m so glad we could be close,

As he visited here earliest,

May your future be grandiose,

With him I feel almost nursed,

Let’s just be at one stone throw!

Makes me almost like the worthiest.

As connection to my dome,

All the excess I wish the most,

He’s good as he’s from home,

As my best from when we’re small,

From the academic point

With no occasion for wedding toast

At least, Milan: that’s the joint!

I’ll take some space in this crawl.

There I had many awesome friends,

Ambro, Marco that is you,

To whom now my thanking extends,

Desdót friendship years we’re through.

some I am still talking to,

With the promise I’ll be there,

with many the distance grew.

Wishing for, and giving care.

As we’re still on academics,

Last I’ll thank my family of two,

cite the Bavarians here I must,

always wish I make proud you.

without causing some pandemics,

I’m your creature, you’re my forge,

May our friendships never rust.

With you I’ll make it
through this gorge.

Going yet back with my school life,

Chiara:

My friend,

I’ll acknowledge the ones high,

My favorite,

They’re a happiness supply,

My support,

Craziness forever rife!

My spark,
My love.
Ale (Cava, Cavino, C/Seballos…)

