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Chapter 1
Introduction
1.1

Overview

The world has developed signiﬁcantly over the past decades, resulting in a continuous
growth in energy demand for mankind. The estimated global-energy demand could further increase by 50% by the middle of 21st century [1]. It is highly desired to deliver such
amount of energy to the world in a renewable, environment friendly, and sustainable way.
Lots of eﬀorts are put on the development of renewable energy solutions, including wind
power, hydropower, solar energy, biomass and biofuel, etc. Solar irradiation is the most
abundant and permanent renewable energy source. Every second, 1.08 × 1017 J of solar
energy reaches the surface of the earth on average [2]. It is about 7500 times the total
annual primary energy consumption in the world [1]. Even taking strict area limitations
into account power systems with only 10% efficiency will be able to generate 3 times
the current total global energy consumption of 20 TW [1]. Therefore, it has been widely
accepted that solar energy will play a leading role in the transition towards a carbon free
economy in the future. In fact, solar energy has been growing most rapidly in the recent
decades as a renewable source. Great interests have been generated in the industrial and
research community to explore the application of solar energy.
A solar cell is an optoelectronic device, which directly converts solar energy to electricity
by using the photovoltaic eﬀect. The ﬁrst practical solar cell device was demonstrated at
Bell laboratories in 1954 using crystalline Si (c-Si) with a power conversion eﬃciency of
6% [3]. After that, tremendous eﬀorts have been made to improve solar cell eﬃciency and
to lower the solar cell cost. As a result, the cost of solar energy per kWh from c-Si solar
cells has been reduced by more than 200 times over the past 30 years [4]. Meanwhile, the
production of solar panels has increased by more than 20 times from 2000 to 2014. The
entire installed capacity has reached 178 GW by the end of 2014 [151].
The advancement of solar cell technology and fabrication is divided into three generations. The ﬁrst generation is mainly based on Si wafers, such as mono-crystalline and
multi-crystalline solar cells. Due to the relatively high eﬃciency-to-cost ratio and long
7
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stability, these are the dominant commercial solar cells with a market share of 90.9% in
2013 [5]. However, they are mechanically rigid due to the thickness of the device and lots
of energy is consumed in the fabrication process.

Figure 1.1: Eﬃciency and cost projections for ﬁrst-(I), second-(II), and third-generation (III)
PV technologies [6]

In order to reduce the production cost and improve device ﬂexibility, a second generation
solar cells has been introduced. They are based on amorphous silicon [7] and thin ﬁlms
such as CIGS [8] and CdTe [9], which have typical eﬃciencies around 15-23% [11]. Compared to the ﬁrst generation, these solar cells consume much less materials. Therefore,
the production cost can be signiﬁcantly reduced. Moreover, ﬂexible devices can be made
to a certain degree. However, the production of the second generation solar cells still
involves high-vacuum and high-temperature processes, leading to a lot of energy consumption during the production process. In addition, the second generation solar cells
are based on scarce elements which are limiting factors in price.
The most cutting-edge technology is represented by a (future) third generation solar cells,
which replace the traditional 2D solar cells completely by using new materials or novel
design approaches. Examples are nanostructures which allow a 3D design [14, 15, 16, 17],
quantum dots [18, 19, 20, 21], multi-junction solar cells [22, 23], which employ the
advantage of band-gap engineering.

8
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Figure 1.2: Schematic of a three-junction tandem solar cell (a) and the corresponding spectral
conversion eﬃciency of each sub-cell in an AM 1.5G spectrum (b) [23].

The aim of the third generation solar cells is to decrease the cost of energy to a level
below 0.5 $/W, or even below 0.2 $/W, as shown in Figure 1.1. This can be achieved
by signiﬁcantly increasing eﬃciency, while maintaining the low cost of the thin ﬁlm
deposition [6]. When the eﬃciency of a single-junction solar cell is evaluated, more than
50% of the energy is lost due to two factors. The ﬁrst one is the mismatch between
material bandgap and solar cell spectrum, while the second one is thermalization of
carriers induced by photons with energy larger than the material bandgap, as described in
the Shockley-Queisser theory [28]. Diﬀerent approaches have been investigated to exceed
the Shockley-Queisser limit for a single junction cell, for example, by using multiple
semiconductor bandgaps to capture photons with diﬀerent energy, by generating multiple
electron-hole pairs with a single high-energy photon or by generating an electron-hole
pair with the combination of a few low energy photons [29]. However, so far, only the
ﬁrst approach has been practically demonstrated in tandem solar cells. Currently, the
highest power-conversion eﬃciency that has been reported is 46%, which is obtained in
a four-junction solar cell by using diﬀerent group III/V materials [30]. The idea of a
multiple-junction solar cell is to use diﬀerent bandgap materials to eﬃciently harvest
diﬀerent parts of the solar spectrum. In this approach, photons are captured in an
energy sequence from high to low. Energy losses induced by the thermalization of high
energy photons in a small bandgap are thus avoided. For instance, if a solar cell has three
junctions which respectively correspond to the blue/green, the red, and the infrared range
of the solar spectrum, as shown in Figure 1.2, high-energy photons will be absorbed by
the top cell, and red photons are transmitted through the top cell and are absorbed by
the middle cell. Infrared photons are ﬁnally absorbed by the bottom cell.
With the focus on ultra-high eﬃciency that is obtainable with III-V thin ﬁlm solar cells,
the long-term objective of this project is thus an ultra-high eﬃciency III-V tandem solar
cell based on III/V nanowires. The ﬁnal nanowire solar cells are eventually desired
to feature comparable or even higher eﬃciencies as in thin ﬁlm multiple-junction III-V
9
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solar cells, but with much less usage of expensive materials and based on a cheap silicon
substrate.

1.2 Nanowire synthesis
A nanowire is a one-dimensional nanostructure that has a diameter on the order of
nanometers and a length typically up to a few micrometers. Basically, there are two main
approaches for nanowire synthesis, which are bottom-up and top-down, respectively. A
bottom-up approach synthesizes nanowires by growing adatoms on top of a substrate,
whereas the top-down method forms nanowires by etching a crystal.

1.2.1

Vapor liquid solid growth mechanism

For the bottom-up approach, nanowires are epitaxially formed, or grown, on a substrate
via the reaction between vapor phase precursors and the substrate. The vapor-liquid-solid
(VLS) is the mostly used mechanism for nanowire growth. The VLS growth mechanism
was proposed by Wagner and Ellis in 1964, which was developed to explain the growth
of Si whiskers in the presence of the Au droplets on a Si wafer [31]. After many years of
development, it has become the most successful bottom-up growth method to synthesize
nanowires. Using the VLS mechanism, a wide range of materials have been demonstrated in nanowires, such as GaAs, InP, GaP, ZnO and III-Nitride [32, 33, 34, 35]. The
advantages of this mechanism include exploring new crystal structures and integrating
hetero-junctions with high-interface quality, which will be later discussed in section 1.3.
In the VLS growth method, a metal particle, i.e., mostly Au, is used as a catalyst to
decompose the precursors. Figure 1.3 shows the process of the VLS mechanism. A metal
catalyst is placed on a substrate, which is heated to a high temperature. By absorbing the
group III elements (for the growth of III-V materials) from the substrate and precursor
gas, the metal turns into the liquid phase, a eutectic, with group III elements inside.
Then the precursor for group V is switched on. From this point, the Au catalyst works
continuously as an absorber of gases for both group III and group V precursors. As time
continues, the eutectic saturates after collecting enough material. Eventually it reaches
a supersaturated state. At this point, a solid layer nucleates at the interface between the
eutectic and solid substrate, and a nanowire is formed in the axial direction. During the
growth, diﬀerent gases can be added or removed to form a hetero-junction nanowire or a
nanowire with diﬀerent dopant proﬁles.

10
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Figure 1.3: Schematic of diﬀerent stages in the VLS growth mechanism: (from left to right)
Au particle is deposited on a substrate; The gold particle forms alloy at higher temperature
by feeding group III species; Nanowire begins to grown at the interface of the liquid phase
and the solid phase when the alloy is supersaturated; With further precursor supply, nanowire
continues to grow longer; Dopants can be introduced into growth and p-n junction is formed
by simultaneously switching diﬀerent dopant sources.

Crystal structures in VLS-grown nanowires
The semiconductor nanowires based on the VLS mechanism are mostly grown in the
<111> direction. Nanowires in this direction usually exhibit mixed crystal phases of
zincblende (ZB) and wurtzite (WZ), which appears successively along the growth axis.
The atomic stacking sequence of ZB and WZ crystal structure is illustrated in Figure
1.4. In the ZB structure, atoms stack in a manner of AaBbCcAaBbCc (or ABCABC) in
the <111> direction, while atoms stack in a manner of AaBbAaBb (ABAB) in the WZ
structure.
There are well-known crystal-phase related defects in VLS grown nanowires, namely twins
and stacking faults. Twins are formed at the interface between two ZB segments that
are mutually rotated by 60o along the <111> growth direction. A twin plane can also be
regarded as a single monolayer of WZ between two ZB segments. A periodic sequence of
twinning plans along the <111> crystal direction results in a ZB twinning superlattice,
as illustrated in Figure 1.4(b). The second crystal-phase related defect is a stacking fault.
It refers to a local interruption of the regular stacking sequence, which continues after
each stacking fault. Figure 1.4(c) shows schematically a ZB InP stacking fault in a WZ
nanowire.
For InP, a type II band alignment between WZ and ZB has been predicted by theoretical
calculations [36, 37], as shown in Figure 1.4(d). According to the calculation, WZ InP
has a bandgap of 1.504 eV at 0 K, while ZB InP has a bandgap of 1.42eV [37, 38].
11
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This band alignment makes the ZB segment a quantum well for electrons and the WZ a
quantum well for holes, making them trapping centers for carriers in a nanowire solar cell.
For example, it has been shown that an electron concentration up to 1018 cm-3 can be
trapped within the ZB segment even at room temperature [39]. As a result, the nanowire
conductivity is signiﬁcantly degraded. On the other hand, the interfaces between the
stacking faults also perform as scattering centers for carriers, which further decrease the
carrier mobility. The measured carrier mobilities for InP nanowires are signiﬁcantly lower
than the values reported for optimized bulk InP, even when the surface recombination of
InP nanowire is low (170 cm/s) [40]. The low carrier mobility is explained by the enhanced
carrier scattering at the ZB-WZ boundaries. Importantly, formation of stacking faults
also induces the incorporation of unwanted impurities on the sidewall of the nanowires,
which are detrimental for the solar cell application.

Figure 1.4: Schematics of (a) zincblende and wurtzite crystal structures. (b) Zincblende twinning superlattice containing a periodic sequence of twin planes. (c) Thin zincblende stacking
fault in wurtzite InP. (d) Illustration of the type II band alignment of the WZ and ZB crystal
phase InP at 0 K.
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1.2.2

Top-down dry etching

A top-down method involves a lithographic patterning step followed dry (or wet) etching. Ordered nanowire arrays can be formed by etching material away from a wafer.
During the etching process, the un-etched part remains and it preserves the wafer’s original properties that have been incorporated before the top-down etching process. In this
way, nanowires with complex structures have been demonstrated, e.g., InP/InGaAsP
hetero-junctions and InP/InAs quantum wells [41, 42, 43]. A main concern for top-down
nanowires is to limit the surface damage. The surface can be damaged by the bombardment of etchant ions during the etching process, which can cause detrimental damage
to the electrical and optical properties of the devices. However, with a proper surface
treatment after etching, it is possible to obtain nanowires with good surface quality. As
a result, the minority carrier life time is able to be equally long as that in the epitaxially
grown thin ﬁlms [41].

1.3 Semiconductor nanowires with novel structure
Semiconductor nanowires have remarkable potential for novel nanostructures and optoelectronic devices, such as hetero-junctions [44], crystal phase quantum dots [36, 45, 46],
solar cells [14, 47], LED [48] and quantum devices [49]. In this section, we proceed by
showing the advantages of nanowires, which directly or potentially beneﬁt photovoltaic
applications.

1.3.1

Nanowires with high-quality hetero-junctions

The bottom-up nanowire growth mechanism allows forming hetero-junctions with high
interface quality, and provides a larger freedom in combining diﬀerent semiconductor
materials compared to the bulk. Lattice matching is a basic requirement to form a
hetero-junction without creating misﬁt dislocations at the interface. Because of this
reason, it is quite challenging to grow hetero-junctions without misﬁt dislocations in
conventional thin ﬁlm technology. However, in a nanowire, the stress at the interface
between two diﬀerent semiconductors is signiﬁcantly smaller than that in a thin ﬁlm.
The reason is that a nanowire has a small footprint (usually less than 200 nm) ) allowing
elastic radial compression or expansion. This means that it is possible to stack diﬀerent
bandgap semiconductors with much larger lattice mismatch without creating any misﬁt
dislocations by using nanowires. For example, a InSb/GaAs hetero-structure has been
demonstrated in nanowires with an extremely large lattice mismatch of 14.6% between
InSb and GaAs [50]. In addition, a large variety of III-V materials have been axially
integrated in bottom-up nanowires [51, 52, 48][53].
This is an important advancement for material growth technology, because it may solve
some long-standing technical problems that have plagued the thin ﬁlm community for a
13
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long time [54, 55]. For instance, one of the key goals in microelectronics is to integrate
optoelectronics devices made from III-V materials into traditional Si based electronic
devices. In nanowire technology, this can be achieved directly by III-V nanowire growth
on Si. Figure 1.5(a)-(c) show an example, where GaP and Si are epitaxially grown on
top of each other within a single nanowire [56]. Moreover, GaP can be vertically and
epitaxially grown on a cheap substrate, e.g. Si, as shown in 1.5 (d)-(f) [44]. Similar
results have been demonstrated for InP on Si (Ge), GaAs or InAs on Si [57, 58, 59, 60],
with almost no limitations.
(a)

(b)

(d)

(e)

(f)

(c)

Figure 1.5: (a) SEM image of an array of 60 nm diameter GaP-Si-GaP nanowires with GaP, Si,
and GaP segment lengths of 180, 150 and 270 nm, respectively. The sample is tilted by 80°, the
scale bar is 1µm. (b) TEM image of a single GaP-Si-GaP nanowire with a diameter of 28 nm,
scale bar is 200 nm. (c) High-resolution TEM picture of a Si-GaP transition, scale bar is 5 nm.
(a)-(c) are from [33]. (d) A GaP nanowire array grown epitaxially on Si (111) by laser ablation.
(e) Cross-sectional TEM image of a single GaP wire on Si and (f) a high-resolution TEM image
of the GaP-Si interface, showing an epitaxy growth with a rotational twin dislocation at the
interface. (d)-(f) are from [44].

1.3.2

Nanowires with novel crystal structures

Another unique and important feature of (bottom-up) nanowires is that they allow growing materials with novel crystal structures that do not exist in the corresponding bulk
material and have never been achieved by conventional thin ﬁlm technologies. For instance, group III-V (except nitrides) bulk materials always have the zincblende (ZB)
crystal structure, whereas in a nanowire, the wurtzite (WZ) crystal structure has been
achieved in In(Ga)As and In(Ga)P [61, 62, 63, 64, 32]. By tuning the growth parameters,
it is possible to form nanowires with a pure WZ crystal structure. Since diﬀerent crystal
structures represent diﬀerent band structures, this is actually a new type of bandgap
engineering, which allows us to study new fundamental physical phenomena and explore novel devices. A representative example is the pure WZ GaP, which was recently
14
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demonstrated in bottom-up nanowires [61]. The pure WZ GaP nanowires exhibit a direct
bandgap, from which a strong band-edge emission is observed, as shown in Figure 1.6. As
a result, electrochemical devices based on WZ GaP nanowires present an extraordinary
performance compared to conventional ZB GaP materials [65]. Other examples include
hexagonal Si and Ge, which have been experimentally demonstrated in a nanowire recently [66, 67]. According to theoretical calculation, hexagonal SiGe possesses a direct
bandgap for high (>75%) Ge compositions.
A further application of these novel crystal-structure nanowires is the crystal-phase quantum systems. Quantum conﬁnement can be achieved in a single nanowire by exploiting
the diﬀerent bandgap energies and band alignments of WZ and ZB [36, 45, 46]. The
properties of crystal-phase quantum systems can be controlled and tuned by the diameter of the nanowire and the length of each ZB/WZ segment. A special feature of crystal
phase quantum system is that they oﬀer atomically sharp interfaces. Moreover, because
the chemical composition is identical thought the entire nanowire, crystal-phase quantum
systems are extremely stable. Although these novel materials have not been integrated
for photovoltaic application so far, we believe it oﬀers a new concept for device design.

Figure 1.6: (a) SEM image of a WZ GaP nanowire array (tilting angle 70°). (b) Photoluminescence (PL) spectrum of a ZB GaP (red spectrum) substrate and of WZ GaP nanowires
(blue spectrum). (c) Time-resolved photoluminescence spectrum of ZB and WZ GaP. The WZ
GaP nanowire exhibits a very short PL life-time, indicating the direct nature of the WZ GaP
semiconductor material [61].

1.4 Nanowires for solar cells
In a nanowire, a p-n junction can be formed in either the axial direction or the radial
direction (core-shell), as shown in Figure 1.7(b) and (c) [68]. The axial structure has a
similar stacking sequence of the p-type and the n-type segments as in a conventional thin
ﬁlm solar cell. In an axial nanowire solar cell, the electrodes are placed on the bottom of
the n (p)-doped substrate and the top of the p (n)-doped nanowire segment, respectively.
15
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A good electrical isolation between these two electrodes is therefore required to prevent
current leakage. For the core-shell design, electrical contacts can be directly made on the
top of the nanowire array and the backside of the substrate.

()(a)

(b)

(c)

:
Figure 1.7: (a) Schematic of a nanowire array solar cell. (b) Schematic of a nanowire with an
axial p-n junction and (c) with a core-shell radial p-n junction [68].

In theory, the radial core-shell junction design surpasses the axial solar cell design. This
is because core-shell junction has an orthogonal pathway for light absorption and carrier
collection, which decreases the carrier losses caused by Auger recombination. Moreover,
a core-shell nanowire mostly has radial dimension smaller than 500 nm, which is substantially smaller than the minority carrier diﬀusion length. Therefore, a lower recombination
loss is expected in core-shell nanowires. In addition, in the core-shell design, the depletion
region is embedded within the material, whereas the depletion region is exposed to air
or a dielectric in the axial structure.
Lots of calculations have been conducted to investigate the core-shell and the axial structure for solar cell application [69, 70, 71]. The results suggest that a higher solar cell
eﬃciency can be obtained with a core-shell structure. However, in practice the axial
junction structure plays a leading role for high-eﬃciency nanowire solar cells. Although
no clear reason is available, the most probable reason is the interface quality between the
p-doped and the n-doped segment. Core-shell structure in a nanowire starts with a core
growth, during which defects and impurities can be incorporated on the sidewall of the
core [72]. Subsequently, in-situ shell growth is performed by changing the growth temperature, which leaves the defects and impurities at the p-n junction interface. Another
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point is that the stacking faults within the nanowire are formed in the radial direction.
The stacking faults will cross the p-n junction, which might lead to current leakage.
In contrast, an axial junction has no unwanted impurities at the interface of the p-n
junction, while stacking faults in nanowires are rarely observed in the axial direction.
More importantly, multiple-junctions can be easily formed in the axial junction conﬁguration by stacking diﬀerent materials in the axial direction, as described in previous
section. However, this is very diﬃcult to make in the radial junction conﬁguration, where
large stress can be introduced at the interface of hetero-junctions as nanowire diameter
increases. Therefore, the axial junctions are more interesting for tandem solar cell in
respect to radial junctions. Because of these reasons, in this thesis, we decide to work on
nanowire solar cells with axial junctions.

1.5 Nanowires for ﬂexible devices
Nanowires are also attractive for ﬂexible solar cells. After synthesis, nanowires can be embedded into a transparent and ﬂexible polymer, such as poly-di-methyl-siloxane (PDMS).
The PDMS layer can be subsequently peeled oﬀ from the substrate, maintaining the original geometry of the nanowires. This procedure allows an almost 100% yield of removal,
which has been demonstrated in both GaP an InP (As) [73, 74, 75], as shown in Figure
1.8. The nanowires embedded in the PDMS layer can be used to fabricate a ﬂexible solar
cell. Moreover, the substrate with the removed nanowires can be reused for growth after
a proper cleaning process, which signiﬁcantly reduces the cost of a solar cell device.
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Figure 1.8: 1)-3): Transfer of a nanowire array into a PDMS polymer ﬁlm, showing (1) nanowire
growth on a substrate, (2) spin-coating of PDMS and subsequent curing of the PDMS to obtain a
ﬁlm with thickness larger than the nanowire length, (3) removal of the nanowire array embedded
in PDMS using tweezers and a razor blade to scrape the substrate surface [75]. (a)-(d) An
example of the transfer of GaP nanowires into PDMS. (a) A SEM image of GaP nanowires after
growth and (b) the GaP substrate after PDMS transfer, showing only the nucleation sites of the
nanowires remaining on the substrate. (c) Optical microscopy images of nanowire embedded in
PDMS after removal. (d) A photograph of a PDMS sample with nanowires embedded [73]. All
scale bars are 10 µm.

1.6 State-of-the-art of nanowire solar cells
A solar cell can be made from either a single nanowire or a nanowire array. As a proof of
concept, the ﬁrst nanowire solar cell was demonstrated in 2007 by the Lieber group using
a single Si nanowire, which had a power conversion eﬃciency of 3.4% [14]. Thereafter,
tremendous interests have been generated in exploring nanowires for photovoltaic (PV)
applications. As a result, single nanowire solar cells are demonstrated using diﬀerent
semiconductors, such as InP, GaAs, InAsP, and group III-Nitrides [48, 76, 77, 78]. At the
same time, the control of the morphology, the position, the crystal phase purity, and the
doping of the nanowires has been signiﬁcantly improved. Over the past three years, the
eﬃciency of nanowire-array based solar cells has been signiﬁcantly improved from a few
percent to more than ten percent. The progress on nanowire solar cells is summarized in
table 1, highlighting the important contributions to the ﬁeld of nanowire solar cells using
III-V materials.
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In 2013, Magnus Borgström demonstrated a solar cell with a world-record eﬃciency of
13.8% by using InP axial junction nanowires [47], as shown in Figure 1.9. The material volume fraction of this solar cell is only 12% of that of a planar solar cell. More
importantly, this work suggests that the solar cell eﬃciency is limited by a insuﬃcient
light absorption, which can be further improved by a proper ﬁne-tuning of the nanowire
array geometry. It is therefore possible to obtain a nanowire solar cell with an eﬃciency
that is comparable to thin ﬁlm solar cells. In Eindhoven, we have demonstrated signiﬁcant enhancement of solar cell eﬃciency by cleaning of the nanowire sidewall. With a
proper cleaning procedure, the solar cell eﬃciency has been raised from less than 1% up
to 11.1%, as will be shown in Chapter 5. Moreover, very recently, we achieved a 19.2%
eﬃciency solar cell based on an InP nanowire array fabricated by a top-down method.
To our knowledge, this is the most eﬃcient solar cell made from III-V nanowire arrays,
and it is very close to the highest eﬃciency (22.1%) of InP planar solar cells.

Figure 1.9: (a) A cross-sectional SEM image of an InP nanowire array solar cell. (b) Currentvoltage characteristics of the solar cell device under AM 1.5G illumination, showing a power
conversion eﬃciency of 13.8% [47].

Apart from solar cells, hydrogen production by photoelectrochemical (PEC) watersplitting is another interesting method to harvest the solar energy. PEC water-splitting
directly converts solar energy to fuels. Nanowires have shown a great potential for PEC
water-splitting [79, 80, 81, 82]. In our group, we have demonstrated hydrogen production
from water by using bottom-up grown InP nanowire arrays as well as by top-down etched
nanopillar arrays. The eﬃciency for hydrogen generation by the VLS grown nanowire
array is 6.4%, which is among the world’s best hydrogen production devices [82]. For
this experiment, nanowires working as photocathodes are placed in an aqueous solution
for reducing water, using a Pt counter electrode. The device geometry for solar water splitting thus closely resembles the radial p-n junction nanowire solar cell geometry. As
we described in the section 1.4, the radial geometry provides an enhancement of electron
transport towards the nanowire-water interface. Moreover, MoS3 catalysts are used to
enhance the eﬃciency of the solar
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water-splitting, as shown in Figure 1.10. Very recently, we demonstrated 15.8% solar
hydrogen conversion eﬃciency using top-down etched InP nanopillars. In this case, the
InP nanopillars work as an anti-reﬂection coating on a planar InP photocathode, which
shows the high potential of nanowires for low cost and eﬃcient hydrogen production [83].
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Figure 1.10: InP nanowires used for water spitting application. (a) Transmission electron
microscopy image of an InP nanowire with MoS3 catalyst deposited on the nanowire surface.
EDX mapping of (b) Mo, (c) phosphorous and (d) indium elements. (e) Current-potential curves
(black solid line) and photocathode conversion eﬃciencies (blue squares) of the InP nanowire
arraysefficiencies
with MoS3 (blue
catalyst
in 1 M
chopped
AM1.5G
squares)
of HClO
InP nanowire
with
MoS3 inillumination
1M HClO4 [82].
4 under arrays
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Table 1.1: Summary of III–V nanowire solar cell performance.
type

substrate

growth
details

GaAs

GaAs

n-GaAs

MBE,

(111) B

Au-assistant

n-GaAs

MBE,

(111) B

Au-assistant

array
or
single
array

nanowire

η

FF

geometry
core-shell p-n

0.83

0.2

Ref.

Jsc

Voc

(mA/cm2 )

(V)

36.6

0.2

[84]

(2.6 suns)
array

n type

1.65

0.25

27.4

0.245

[85]

nanowires on p
substrate

GaAs

n-GaAs

SA-MOVPE

array

core-shell p-n

2.54

0.37

17.6

0.39

[86]

SA-MOVPE

array

core-shell p-n

6.63

0.62

24.3

0.44

[87]

SA-MOVPE

array

axial p-i-n

7.58

0.636

21.8

0.565

[71]

MBE,

single

core-shell p-i-n

40*

0.52

180*

0.43

[76]

SA-MOVPE

array

core-shell p-n

3.37

0.57

13.7

0.43

[88]

SA-MOVPE

array

core-shell p-n

6.35

0.596

23.4

0.457

[89]

p-InP

MOVPE,

array

axial p-n

11.1

0.73
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0.73

[72]

(111) B

Au-assistant

p-InP

MOVPE,

array

axial p-i-n

13.8

0.724

24.6

0.779

[47]

(111) B

Au-assistant

p-InP

dry etching

array

axial p-n

19.2

0.83

29.88

0.795

TU/e

MBE ,

array

axial p-i-n

0.68

0.34

14.4

0.14

[90]

array

p-type

2.73

0.38

7.6

0.95

[91]

(111) B
GaAs

n-GaAs
(111) B

GaAs

n-GaAs
(111) B

GaAs

p-Si (111)

self-assisted
InP

p-InP
(111) A

InP

p-InP
(111) A

InP

InP

InP

(100) B
InN

n-Si (111)

catalyst free
GaN

n-Si (111)

CVD,
Au-assistance

nanowires on
n-type
substrate

In-

p-Si (111)

GaAs
GaAsP

MOVPE

array

Core-shell p-n

4.7

0.52

18.1

0.5

[92]

single

core-shell p-i-n

10.2

0.77

14.7

0.9

[77]

catalyst free
p-Si (111)

MBE,
self-assisted

—————————————–
*

Jsc is calculated according to the area of the geometric cross-section of the nanowire, not the illuminated cross-section of
the nanowire. It is same to the calculation of η.
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1.7 Scope of the thesis
This thesis focuses on the application of vertical nanowire arrays for high-eﬃciency solar
cells, mainly focusing on the eﬀect of nanowire synthesis on solar cell performance.
Chapter 2 describes the theoretical background of nanowire solar cells. First, the thermodynamic limitations of solar cell energy conversion eﬃciency are presented in terms
of losses in Voc . Secondly, the intrinsic properties of nanowires are discussed, which in
theory allow increasing the nanowires solar cell eﬃciency beyond that of a planar solar
cell. In the end, the design criteria for making a high-eﬃciency nanowire solar cell are
discussed, including the optimum nanowire geometry for light absorption, the internal
quantum eﬃciency of the nanowire material, the doping proﬁle, and the morphology of
the nanowires.
Chapter 3 describes the experimental techniques used for the work in this thesis. At ﬁrst,
the growth technique of metal-organic vapor phase epitaxy is discussed, followed by the
plasma dry etching technique for top-down nanowires. Secondly, the device fabrication
related processes are introduced. Finally, standard techniques for nanowires and solar
cell characterization are discussed.
Chapter 4 focuses on the growth development of InP nanowires using the Au-catalyzed
vapor-liquid-solid (VLS) mechanism. The eﬀect of growth temperature on the crystal
phase and optical properties of the nanowires is presented. The eﬀect of in-situ HCl
etching is studied, which is used to eliminate the nanowire shell, but which is also shown
to simultaneously aﬀect the uniformity, the growth rate and the doping incorporation
of the nanowires. In particular, we show that the HCl ﬂux strongly inﬂuences solar cell
performance, including the open circuit voltage and the ﬁll factor.
Chapter 5 demonstrates an eﬃciency enhancement of an InP nanowire axial p-n junction
solar cell by cleaning the nanowire surface. We show that post growth etching is critical
for solar cell performance. With this procedure, a solar cell eﬃciency of 11.1% is achieved.
Chapter 6 and 7 focus on nanowire solar cells made by a top-down approach. Chapter
6 presents the development of a top-down method to form highly ordered nanowire arrays with well-controlled nanowire diameter and spacing. In addition, we show that the
damaged surfaces are repaired by digital etching and annealing under a PH3 atmosphere.
Chapter 7 presents an experimental observation of the intrinsic light-concentration eﬀect
in nanowires, which oﬀers a higher Voc compared to a planar solar cell. Moreover, we
demonstrate a solar cell device with a power-conversion eﬃciency of 19.2% by using the
top-down etched nanowires. The aspects that inﬂuence the Voc and Jsc of the solar cells
are discussed in the end.
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In this chapter, we ﬁrstly focus on the thermodynamics of a solar cell to understand
the energy losses in a practical solar cell in terms of the losses in Voc . Secondly, we
describe the intrinsic nanowire properties, which in theory allow to increase the nanowires
solar cell eﬃciency beyond that of a planar solar cell. In the end, the design criteria
for making a high-eﬃciency nanowire solar cell are discussed, including the optimum
nanowire geometry for light absorption, the internal quantum eﬃciency of the nanowire
material, the doping proﬁle, and the morphology of the nanowires.

2.1 Introduction
Semiconductor nanowires are a new class of material. Nanowires have attracted lots
of attention for photovoltaic application. An important reason is that nanowires allow
forming hetero-junctions without defects at the interface between diﬀerent semiconductor
materials, which is diﬃcult or impossible to achieve in conventional thin ﬁlm technology.
A nanowire array uses less semiconductor material than a thin ﬁlm, and it can be synthesized on a cheap substrate. Moreover, the substrates can be even reused. Therefore,
nanowire array solar cells oﬀer several technical opportunities to reduce the production
cost of solar cells. The only argument presented so far that allows to increase the nanowire
solar cell eﬃciency beyond the thin ﬁlm counterpart, is the enhanced carrier extraction
in core-shell nanowires as discussed in Chapter 1. In the past several years, the eﬃciency
of nanowire solar cells has been increased from a few percent to more than 10 percent,
and new physical insights have been brought into this ﬁeld, showing that nanowires are
able to exceed the eﬃciency limits of traditional planar solar cells. Experimentally, the
current eﬃciencies of nanowire solar cells, however, are still lower than their planar counterparts. In order to achieve an eﬃcient nanowire solar cell, it is therefore important to
understand the underlying physics.

23

Chapter 2. Theoretical background

2.2

Thermodynamics limitation of the
conversion eﬃciency of a solar cell

power-

The power-conversion eﬃciency (η) of an ideal p-n junction solar cell is deﬁned as
η=

Jmpp Vmpp
F F Jsc Voc
=
Pin
Pin

(2.1)

where Jmpp and Vmpp represent the current density and the voltage at the maximum
power point (mpp), respectively. Jsc is the short-circuit current density, while Voc is
the open-circuit voltage. F F is the ﬁll factor and Pin denotes the incident solar energy
density. Energy losses decrease the eﬃciency of a solar cell through both Jsc and Voc . For
example, energy is lost due to the mismatch between the solar spectrum and material
bandgap, which degrades Jsc . Energy losses are also caused by the thermalization of
electron-hole pairs excited with a higher energy than the material bandgap. In addition,
losses induced by entropy eﬀects, which are related to both radiative and nonradiative
processes, result in a decreased Voc .
For any kind of solar cell, the Voc at the cell temperature Tc is given by [93]
kTc
Voc =
q



Jsc
ln
+1
J0

(2.2)

where J0 represents the saturation current density of a p-n diode. In a solar cell, J0
consists of both radiative and nonradiative recombination components
J0 = J0rad + J0nrad

(2.3)

Regarding the thermodynamics limitations, the Voc of a practical solar cell is given by
[94]:
´
´

A(E)φsun (E)dE
εout A(E)φbb (E)dE
εin
(1 − pr )Rrad
qVoc = kTc ln ´
×
×
×
εout
Scell w(1 − pr )Rrad
Rnrad + (1 − pr )Rrad
A(E)φbb (E)dE
(2.4)
where k is the Boltzmann’s constant, and Tc is the temperature of the solar cell. A(E)
represents the solar cell absorptance for the photons with an energy E. φsun (E) is the
photon ﬂux of the sun, φbb (E) is the black body radiation ﬂux of the cell. εin and εout are
the étendue (angular spread) of the incident photons and emitted photons, respectively.
Scell and w denote the surface area and thickness of the cell. Rrad represents the radiative
recombination rate, which is with a ﬁnite probability of reabsorption pr , and Rnrad is the
rate of nonradiative recombination.
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The ﬁrst term on the right side of Eq. (2.4) is the radiative recombination limited
open-circuit voltage of an ideal solar cell with a full angular restriction for photon emission. This term gives Vocrad,max , which is only determined by the material bandgap of a
terrestrial solar cell. This term includes the energy losses related to three diﬀerent mechanisms, which are the Carnot loss due to the temperature diﬀerence between the incident
photons from the sun and emitted photons by the cell, the spectral mismatch between
the solar spectrum and the semiconductor absorption spectrum, and the thermalization
of electron-hole pairs excited with a photon energy higher than the material bandgap.
The ﬁrst term on the right side of Eq. (2.4) describes the intrinsic losses for any single
junction solar cell, which cannot be overcome unless multiple-junctions are used.
A solar cell is designed to absorb solar photons. However, a solar cell also emits photons
under thermal equilibrium condition. The solar photons from the sun are conﬁned in
a cone with an solid angle of 6.85 × 10-5 sr [28], while the photons emitted by the
cell can spread to any directions, i.e. a solid angle of 4π sr. This means that the
angle-related entropy of the photons is strongly increased during the absorption and
re-emission process. So, the second term describes the energy loss caused by an increase
in the étendue (angular spread) of photons emitted by the cell with respect to the incident
photons. The ﬁrst and second terms on the right side of Eq. (2.4) cover all the situations
only limited by radiative recombination, which is the Shockley-Queisser (S.Q.) limit. For
a planar solar cell without a design for light conﬁnement or light guiding, spontaneous
emission happens in an isotropic way (angular spread 4π sr), and it decreases the Voc by
315 meV. It is therefore of great importance to restrict the angular spread and to try
to guide the direction of emitted photons. In this respect, nanowires have an intrinsic
advantage, because they have wave guiding properties, resulting in a restricted angular
emission pattern. This will be further discussed in Section 2.3.1.
In the S.Q. theory, the radiative recombination rate at open-circuit condition is derived
from the detailed balance between the solar absorption and the radiative recombination
rate at V = 0, i.e. Fc0 , which is only determined by blackbody radiation.
ˆ
qFc0 =

J0rad

= qεout

A(E)φbb (E)dE

(2.5)

In an idealized practical solar cell with only radiative recombination, the saturation
current density at V = 0 reads
J0 = qScell w (1 − pr ) Rrad

(2.6)

where J0 represents the saturation current density, which is proportional to the material
volume Scell w, and which is caused by internal radiative recombination in the material,
including band-to-band recombination. The third term on the right hand side of Eq.
(2.4) is therefore the ratio between the outgoing ﬂux of photons and the internal recombination rate within the solar cell. This ratio is the emission probability which is always
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smaller than unity. The third term also describes light concentration by an external lens.
According to Rau, this term may equally be expressed as the emission probability Pe ,
i.e. [94].
vol
Pe = iem
rad Cgeo / irad Cang



vol
where iem
rad and irad are the current densities per unit étendue for the photons emitted
by the solar cell and for the total radiative recombination within the volume of the
absorber, respectively. Cgeo is the geometrical solar concentration by an external lens.
The geometrical light-concentration factor Cgeo results in an enhancement in Voc by an
amount qVoc = kT ln Cgeo . Cang is a concentration factor that related to the angular
restriction of emitted photons. It worth to note that the geometrical light-concentration
cannot change the upper limit Vocrad,max that is deﬁned by S.Q. theory. Vocrad,max is only a
function of the temperature of the cell and bandgap of the material.

The last term in Eq. (2.4) describes the energy loss due to the non-radiative recombination process in the semiconductor material. It is therefore related to the imperfect
quality of the material, which is characterized by the internal quantum eﬃciency (IQE)
of the semiconductor material. The IQE is deﬁned as Rrad /(Rrad + Rnrad ), i.e. the ratio
between radiative-recombination rate and the total recombination rate in the volume of
the solar cell material. Figure 2.1 shows the loss in Voc as a function of the IQE. Nonradiative recombination can be induced by impurity incorporation, crystal defects, and
nonradiative surface states.

Figure 2.1: Loss in Voc as a function of IQE.

It is important to note that the 4th term also describes an eﬀect of nano-concentration
when nonradiative recombination is taken into account for Voc . For this case, the saturation current density of a solar cell at V=0 is given by
J0 = qScell w (1 − pr ) Rrad + qScell wRnrad
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2.3. Advantages of nanowire solar cells
When bulk nonradiative recombination is dominant, J0 is proportional to the material
volume of the solar cell. If suﬃcient light absorption can be conserved, the material volume
Scellw can be decreased to prevent the energy loss induced by the nonradiative process in
the material, resulting in an enhancement of Voc. This can be achieved by using nanostructured materials because they possess a larger light-absorption cross-section than their
geometrical cross-section. In other words, a large amount of light is conﬁned, and then
injected into the nano-structure with respect to its geometrical cross-section. In this case,
the process of light absorption is actually the same as an external light concentration that
involves a lens or a mirror. As a result, in the limit of nonradiative recombination, the Voc
in a nano-structured solar cell is increased with a factor of qVoc = kT ln Cnano−geo, where
Cnano−geo is a geometrical factor that represents the material volume of the nanostructured solar cell with respect to a planar solar cell [95].
Equation 2.4 provides us insight into the diﬀerent sources providing thermodynamic
limitations for the Voc of a solar cell. The main limitations have been shown to be due
to the Carnot loss, carrier thermalization, étendue losses and losses due to a limited
IQE of the semiconductor material. It is very important to note that some terms in Eq.
2.4 are not independent of each other, for example, the third and the fourth term are
connected to each other by the van Roosbroeck-Shockley’s law [94]. Moreover, there are
additional energy losses for a practical solar cell, which are not directly described in this
formula. Examples are an imperfect light absorption, an improper doping proﬁle, a high
series resistance (Rs ), a low shunting resistance (Rsh ), and all kinds of recombination
processes introduced by an imperfect device fabrication. In the following section, we
describe how a nanowire solar cell is able to potentially beneﬁt from an increased Voc
(conversion eﬃciency) according to Eq. (2.4).

2.3
2.3.1

Advantages of nanowire solar cells
Angular restriction of photon emission in nanowires

In the limit of radiative recombination, nano-concentration does not increase the open
circuit voltage as long as the ratio between the input étendue and the output étendue is
not changed as compared to a planar cell. In a nanowire solar cell however, the étendue
of emitted photons can be signiﬁcantly changed due to the waveguiding property of
the nanowire and the diﬀerent refractive index of the media surrounding the nanowires.
Figure 2.2 (a) and (b) shows the calculated photon emission rate of an InP NW array as
a function of the emission angle with a nanowire diameter of 170 nm and a pitch of 400
nm.
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Figure 2.2: (a) Emissivity of an InP nanowire array into the air (n=1.0) and (b) into the
bottom substrate (n=3.5). The nanowire array has a pitch of 400 nm and a length of 4 µm.
The emissivity is plotted as a function of polar angle and azimuth angle and calculated by using
Finite-Diﬀerence Time-Domain method for λ = 900 nm. It can be observed that the emission
into the substrate is strongly reduced in a nanowire cell. (c) Calculated reverse saturation
current induced by emission of photons into the air and into the substrate for both a planar cell
and a nanowire solar cell. (d) Calculated Voc for a nanowire solar cell as compared to a planar
cell with Voc =1.01V [95].
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Two groups of photons are taken into account in the calculation, which are the photons
that emit into the air (with a refractive index ntop =1), and photons that emit into the
InP substrate (with a refractive index nbottom =3.5). The front surface étendue is slightly
changed due to the photon emission by guided modes in the nanowires [96]. The largest
eﬀect is however provided by the restricted étendue of emitted photons into the high index
InP semiconductor substrate. In this case, the angular spread of the emitted photons
in the InP substrate is reduced to <30° due to the refraction of light at the interface
between the nanowire array (n≈1.5) and the InP substrate, which results in a strongly
reduced radiative-recombination induced reverse saturation current J0 = qFc0 , as shown
in Fig 2.2 (c). As a result,
 circuit voltage in a nanowire solar cell is increased
 the open
according to Voc = kT ln JJsc0 + 1 , which is shown in Fig 2.2 (d) as calculated by Anttu
[95]. This calculation suggests that the open circuit voltage in a nanowire solar cell can
be considerably increased above the value of 1.01 V for a planar cell.

2.3.2

Intrinsic nano-concentration in a nanowire

A semiconductor nanowire array with sub wavelength features is a cavity for light. The
light-matter (i.e., small particles) interaction has been described by the Lorentz-Mie
scattering theory, and the electron-ﬁeld distribution in a nanowire can be simulated by a
Finite-Diﬀerence Time-Domain (FDTD) method [97]. It shows that a nanowire absorbs
much more photons than its physical cross section, which is called the ‘optical antenna
eﬀect’ [98, 97, 99]. This eﬀect is also described by a general and approximate theory,
called leaky-mode resonance theory [97]. In this theory, a nanowire or a nanowire array
is able to support certain resonance modes, which depend on the nanowire diameter and
spacing. Some of the modes become leaky and interact more with the space surrounding
the nanowire. This eﬀect has been experimentally demonstrated on a single Si nanowire
lying horizontally on a substrate. The light absorption of the nanowire is enhanced by
~ 4 times [97]. In a recent work, Fontcuberta i Morral shows similar results in a single
vertical GaAs nanowire [76]. The total light absorption is enhanced by more than 14 times
in this nanowire, which achieves the strongest enhancement of light absorption close to
the band-edge of GaAs. The enhanced light absorption is explained by a much larger
cross-section for light absorption than the geometrical cross section of the nanowires, as
shown in Figure 2.3. This is the kind of nano-concentration as described in Section 2.2.
In the nonradiative limit, it oﬀers an enhancement in Voc compared to a planar solar cell.
Since this eﬀect is induced by the inherent geometrical properties of the nanowires, it
is also called intrinsic light concentration in the literature. When we aim for an almost
100% solar light absorption using a direct bandgap III/V semiconductor, the material
volume in a nanowire array can be reduced by 5-10 times as compared to a planar cell,
which corresponds to a 41-60 meV enhancement of the Voc according to Eq. (2.4).
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Figure 2.3: Simulated light-absorption cross-section of a GaAs nanowire with a diameter of 425
nm and a length of 2.5 µm, showing two main resonant absorption branches. They are similar
to Mie resonances observed in nanowires lying horizontally on a substrate [76].

2.3.3

Enhanced light absorption in a nanowire array

Due to the optical antenna eﬀect, a nanowire array is able to oﬀer suﬃcient light absorption using much less material as compared to a planar solar cell. For a vertical
nanowire array, the incident light is solely coupled into hybrid leaky modes [100], and
the transverse resonances related to these hybrid modes are able to enhance light absorption. The most dominant transverse resonance modes are the HE11 and HE12 modes.
For a given nanowire diameter, the HE11 mode corresponds to a range with relatively
long light wavelength, whereas the HE12 corresponds to a shorter wavelength range, as
shown in Figure 2.4 [100]. Both modes can be tuned in wavelength by changing the
nanowire diameter, resulting in a diameter-dependent light absorption of the nanowire
array. Figure 2.5 shows the simulated light absorption in an InP nanowire array as a
function of nanowire diameter. The nanowires have a length of 2 µm and a pitch of 513
nm. With a nanowire diameter of 200 nm, the nanowire-array is capable of absorbing
84% of the solar spectrum with a photon energy larger than the bandgap energy of InP.
In this calculation, the light absorption beyond 900 nm is an artiﬁcial eﬀect because the
absorption coeﬃcient gradually decreases around the bandgap of InP. In this example,
the material usage of the nanowire solar cell is only 12% of the material usage of a planar
InP solar cell.
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Figure 2.4: (a) Vertical nanowires array schematic.The nanowires have a diameter of d and a
pitch of a. (b) Contour plot of the calculated absorption as a function of the wavelength and
the nanowire diameter for a vertically oriented Si nanowire array [100].
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Figure 2.5: Absorption spectra of InP nanowire arrays with wire diameters of 80, 100, 140, 180,
and 200 nm. The pitch of the nanowires is 500 nm, and the length is 2 µm. InP has a absorption
edge of 917 nm at room temperature. The light absorption beyond 900 nm is an artiﬁcial eﬀect
from the calculation because the absorption coeﬃcient is set to gradually decrease around the
bandgap of InP.

Minimal light reﬂectance in a conical shaped nanowire array
Light reﬂectance is an important loss for the light absorption of a solar cell. In order to
decrease reﬂection, antireﬂection coatings are required in a conventional thin ﬁlm solar
cells. However, a single anti-reﬂection layer is only eﬀective for a limited wavelength
range. Although more advanced antireﬂection coatings are feasible to decrease the reﬂectance in a broader wavelength range, a continuously changing refractive index would
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be desirable. Tapered nanowires with a small diameter at the top and a large diameter
at the bottom provide a continuous increase of the refractive index, and they are hence
an ideal light absorber [101]. Figure 2.6 shows the light reﬂectance and light absorption
of nanowires with diﬀerent shapes. The conical nanowire array has a minimal reﬂectance
of light (Figure 2.6(c)), resulting in a strong enhancement of the light absorption up to
95%, as shown in the blue curve of ﬁgure 2.6(d).

Figure 2.6: (a) SEM image of an InP nanowire array, imaged from the top and from the side
(b), showing a based tapered shape of the nanowires. (c) Measured total reﬂectance (black
squares), nonspecular reﬂectance (red circles), and specular reﬂectance (blue triangles) of the
InP nanowires in (a) and (b) as a function of wavelength for an angle of incidence of 8°. The solid
curve shows the measured total reﬂectance of bulk InP. (d) Simulated absorbance of nanowire
arrays with the same geometry as in (a) and (b), but with a diﬀerent shape: cylinder (red),
base tapered (black) and conical (blue) [101].

In summary, nanowires are able to oﬀer a higher Voc for solar cell applications due to
an angular restriction of the photon emission and an intrinsic light concentration. It is
of the great interest for the nanowire ﬁeld to demonstrate these eﬀects experimentally.
In the following, the design criteria for fabricating an eﬃcient nanowire solar cell are
described, with emphasis on the light absorption, the IQE of the nanowire material, the
doping proﬁle, and the nanowire morphology.
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2.4 Design requirements for an eﬃcient nanowire solar cell
2.4.1

Optimal nanowire geometries for suﬃcient light absorption

Light absorption is one of the key factors that determine the eﬃciency of a solar cell.
It directly inﬂuences the short-circuit current. To obtain suﬃcient light absorption, the
nanowire array should have a geometry with an optimal diameter, pitch and length of
the nanowires [102, 103, 104, 105, 106, 107]. In terms of the ratio between the solar
cell eﬃciency and production cost, the nanowire array should neither be too sparse nor
too dense. A too sparse nanowire array reduces the light absorption, while a too dense
nanowire array increases the material volume and the cost of the cell.
Previous studies suggest a band-gap dependent optimum nanowire diameter, which is
most appropriate for PV applications [103]. Figure 2.7(a) shows the calculated ultimate
eﬃciency (η) of an InP nanowire array solar cell as a function of the nanowire diameter
(D) and the pitch (p) [103]. The ultimate eﬃciency in the S.Q. theory takes into account
only the Carnot loss, the bandgap, and the thermalization loss of electron-hole pairs
excited above the bandgap, i.e. the ﬁrst term in Eq. 2.4. The length of the nanowire
is kept constant to 2000 nm. It shows two bands of nanowire diameters that provide
maxima of η. The ﬁrst maximum is located at a nanowire diameter of ~184 nm (η1 ),
while the second maximum is located at a nanowire diameter of ~441 nm diameter (η2 ).
The presence of the two localized bands is due to the strongly enhanced light absorption
close to the bandgap of InP in a single standing nanowire, which is dominated by the
resonance leaky mode HE11 and HE12 , as described in Section 2.3.2. It can be seen that
a nanowire array with a pitch of 500 nm is able to reach a ~ 40% ultimate eﬃciency.
A smaller pitch can increase the ultimate eﬃciency η to a maximum of 43%. However,
a smaller pitch signiﬁcantly increases the material consumption. Therefore, a nanowire
array with a diameter of 184 nm and a pitch of 500 nm is an appropriate choice.
Light absorption of the nanowire array is increased in by increasing nanowire length. In
Figure 2.7(b), the η1 and η2 maxima are plotted as a function of nanowire length. It shows
that both η1 and η2 start getting saturated when the nanowire length reaches 4000 nm.
For the nanowires with a length between 2000-4000 nm, an ultimate eﬃciency of >40% is
still obtainable for both η1 and η2 . Below 1500 nm, η1 and η2 decrease substantially with
nanowire length. Therefore, a length between 1500 nm and 4000 nm is suitable for a solar
cell. However, long nanowires increase the series resistance of the solar cell device. We
have found that the resistance of the nanowires themselves could contribute about half
of the total series resistance of a nanowire solar cell with a wire length of ~2000 nm. It
is therefore desirable to use nanowires with relative short lengths, for instance, between
1500 and 2000 nm.
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Figure 2.7: (a) Ultimate eﬃciency η of the InP nanowire array as a function of the array period
p and the nanowire diameter D for the ﬁxed nanowire length L = 2000 nm. There is one local
maximum of η1 = 0.431 at D1 = 184 nm and p1 = 340 nm, and a second local maximum of
η2 = 0.410 at D2 = 441 nm and p2 = 680 nm. (b) Maximum ultimate eﬃciencies η1 (solid red
line) and η2 (dashed blue line) plotted against the nanowire length L [103].

In this project, other diameters and lengths of nanowires have also been used. These
nanowires are utilized to study the material quality and the eﬀect of nanowire surface
on solar cell performance. For example, in Chapter V, we have used nanowires with a
diameter of ~70 nm to study the eﬀect of growth temperature on the optical properties
of the nanowires. For such studies, the requirements for an optimum light absorption is
not concerned.

2.4.2

Internal quantum eﬃciency of nanowires

The internal quantum eﬃciency (IQE) of a material is determined by the amount of
nonradiative recombination, and it can be qualitatively characterized by optical measurements, such as power-dependent photoluminescence (PL) eﬃciency measurements
and PL lifetime measurements. There are two types of nonradiative recombination processes, which are Auger recombination and Shockley-Read-Hall recombination. Auger
recombination is important for indirect bandgap materials that have a long minority
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carrier lifetime and devices that work under a high optical or electrical injection level.
The minority carrier lifetime in most group III/V semiconductor nanowires is very short,
mostly shorter than 1 ns. In addition, the optical injection level from a standard AM
1.5G solar spectrum is relative low. The eﬀect of Auger recombination in a nanowire solar
cell is therefore negligible. In contrast, Shockley-Read-Hall recombination is detrimental
for the IQE of a nanowire. It can be induced by the unwanted impurities, stacking faults,
and surface state, which are separately described as follows.
Unwanted impurities: Unwanted impurities are foreign atoms which are neither intrinsic atoms nor dopant atoms. They can be incorporated into a material during growth,
because foreign atoms are usually present in the precursor and carrier gases during material growth. Unwanted impurities are the most important concern for VLS-grown
nanowires for two reasons. The ﬁrst is the presence of Au, which is used as a catalyst to decompose precursors as introduced in Chapter 1. In bulk InP, Au is known to be
a deep level trapping center in the forbidden gap of InP. In InP nanowires, it is still controversial whether Au has a negative eﬀect on the optical quality of the nanowires. So far,
no clear experimental evidence has been shown for the presence of Au in our nanowires.
The second reason is the relative low growth temperature during VLS growth. With a
low growth temperature, the precursor gases can be decomposed insuﬃciently, resulting
in residues of foreign atoms in the nanowire material. The most suspect foreign atom is
carbon for III/V nanowires. Indeed, the PL spectrum of an InP nanowire measured at
7 K shows a clear peak that is related to carbon incorporation [108]. As a result, the
carrier life time in intrinsic pure-ZB InP nanowires is very short (~ 0.2 ns) at room temperature [109]. At higher growth temperatures, carbon incorporation can be prevented,
thus increasing the carrier life time [110, 109]. However, a higher growth temperature
often results in a poor vertical yield for the nanowires [109]. We ﬁnd that in-situ etching
by HCl during growth can also reduce carbon incorporation into InP nanowires. It is
hence critical to optimize the nanowire growth recipe, such that an optimal combination
of minimized carbon-incorporation and good nanowire yield can be obtained. The work
related to this part will be described in Chapter 4.
Stacking faults: Stacking faults and twin planes are usually present in nanowires
grown in the <111> direction. In addition, such wires contain a mixed crystal phase
of ZB and WZ segments, as described in Chapter1. Because of the type II bandgap
alignment between ZB and WZ InP, the ZB segments conﬁne electrons while the WZ
segments conﬁne holes. Such a conﬁnement signiﬁcantly decreases the carrier mobility,
leading to a poor conductivity of the nanowires. Moreover, the stacking faults introduce
inclined nanowire sidewalls, where carbon-rich layers are likely to grow, which results in
a nanowire with poor optical quality.
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Surface states: Surface states of a semiconductor nanowire are an inherent source of
deep-level traps. Natural surface states are introduced by the dangling bonds at the
nanowire surface, or due to the adsorption of oxygen or carbon from the air. Artiﬁcial
surface states can also be introduced during nanowire synthesis, such as unwanted impurities, which accumulate at the surface, or damaged surfaces of top-down etched nanowires.
Due to the large surface-to-volume ratio of a nanowire, surface state are a very important concern for reaching a high IQE. The surface state density can be quantiﬁed by
the surface-recombination velocity. InP (intrinsic) has a very low surface-recombination
velocity, which is on the order of ~103 cm/s. It corresponds to a carrier life time of more
than 25 ns [111], which is signiﬁcantly larger than the most representative life time (<
1 ns) of an InP nanowire. Therefore, the current lifetime of InP nanowires is limited by
the artiﬁcial surface states and unwanted impurities located either within the core of the
nanowire or at the nanowire surface. It is thus of vital importance to remove nonradiative
surface states. The work related to the cleaning of the nanowire surface is described in
Chapter 5.
In summary, the IQE of a nanowire is limited by the presence of wanted impurities,
stacking faults, and artiﬁcial surface states. For our VLS grown nanowires, the minority
carrier life time is usually between 0.2 ns and 0.5 ns for both n and p type nanowires, which
correspond to a minority carrier diﬀusion length between 2.5 µm and 4 µm. Therefore, we
decided to use nanowires with a length of 2 µm for our nanowire solar cell devices, which
is a compromise between optimum light absorption, a not too large series resistance and
a minority carrier diﬀusion length that exceeds the nanowire length.

2.4.3

Optimal dopant proﬁle for nanowire solar cells

The design of the doping proﬁle plays an important role in the performance of nanowire
solar cells. A doping proﬁle is deﬁned by the doping type, level and the length of each
doped segment. In principle, axial junction nanowire solar cells have the same requirement for the doping proﬁle as a planar solar cell. However, the nanowire solar cell
performance is more susceptible to the doping proﬁle. This is because the carrier lifetime
in nanowires is very small, and it can be signiﬁcantly decreased by introducing doping.
Due to the diﬃculty of making ohmic contacts to p-InP, our solar cells are grown on
p-InP substrates to increase the contact area. Therefore, the n-type InP is on top of
the wire. For the n-type segment, a high doping level of more than 1018 /cm3 is required
to obtain a low contact resistance between the n-InP nanowires and the top electrode.
The length of the n-type segment therefore becomes critical because the top segment
has the strongest response to the incident photons. The absorption proﬁle of an InP
nanowire array is simulated by FDTD as a function of wavelength, as shown in Figure
2.8. It is clear that short wavelength light is mostly absorbed by the top segment of the
nanowires, whereas longer wavelength light is absorbed across the whole length of the
nanowire. Indeed, it has been found that a long highly doped n-type segment degrades
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the short-circuit current dramatically, degrading the power-conversion eﬃciency of the
solar cell [47].
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Figure 2.8: (a) Simulated distribution of both s- and p- polarized electric-ﬁeld intensity along
an InP nanowire at wavelengths of 400, 600 and 900 nm, where the dashed lines indicate
the nanowires and the ITO top contact. (b) Simulated relative light absorption at diﬀerent
wavelengths along a nanowire, where from left to right are the bottom (p-), middle (i-) and top
(n-) segments of the nanowire, respectively.

A single junction solar cell made from III-V thin ﬁlm has a p-n junction, such as in GaAs
or InP based thin ﬁlm solar cells. III-V thin ﬁlms have high carrier mobilities and have
a long minority carrier diﬀusion length (~10 µm for p-GaAs and ~50 µm for n-GaAs).
The carrier diﬀusion length is signiﬁcantly larger than the thickness of the planar solar
cell (~3.5 µm). However, in nanowires, minority carrier diﬀusion length is much shorter.
Therefore, a p-i-n structure is preferred for nanowire solar cell. It introduces a large
depletion region, which enhances the separation and collection of the photo-generated
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carriers. The minority carrier diﬀusion length can also be increased by using lowly doped
n-type and p-type segments. On the other hand, a larger series resistance is expected in
nanowire solar cells, because nanowires have a relatively small physical cross-section. The
series resistance argument favors a high doping concentration for increasing the majority
carrier conductivity. In terms of the power-conversion eﬃciency of a nanowire solar cell,
the doping level of the solar cell base, i.e. the bottom p-type segment of a nanowire,
has a little eﬀect. Figure 2.9 is the calculated Voc , Jsc , and eﬃciency of a GaAs axial
junction nanowire solar cell as a function of doping level in the base of the solar cell [71].
The Jsc decreases as the impurity concentration in the base increases, whereas the Voc
increases. The decrease in Jsc is caused by the decrease of the minority carrier lifetime
and the width of the depletion region. The total power conversion eﬃciency is however
not signiﬁcantly changed [112].

Figure 2.9: (a) Schematic diagram of axial junctions in nanowires. (b) Jsc , (c) Voc , and (d)
eﬃciency of nanowire solar cells versus doping concentration in the base. The calculation is
based on a GaAs nanowires [71].

A ﬁeld-eﬀect transistor (FET) device is mostly used to assess the doping level and type in
a nanowire [113, 39]. However, an accurate estimation of the doping level in a nanowire
is very diﬃcult due to the large contact resistance, the surface depletion which depletes
nanowires and reduce the eﬀective nanowire diameter, and surface trapped carriers which
block the electric ﬁeld from the gate electrode. There are other advanced technologies to
assess the dopant level, as such atom-probe tomography [114, 115]. However, a quantitative study of the dopant incorporation with atom-probe tomography is beyond the scope
of this work. For these reasons, we measure the external quantum eﬃciency of our solar
cells to qualitatively optimize the doping level.
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2.4.4

Vertical yield and length uniformity of nanowires

A nanowire array solar cell consists of millions of vertically standing nanowires. The
vertical yield and length uniformity of the nanowires are therefore very important to
prevent shunting paths. This is because the top n-type segments are short as discussed
in section 2.4.3, and the top ITO electrode should only contact the n-type segments.
Variations in nanowire lengths result in diﬀerent heights of the n-type segments. As a
result, the ITO could contact the p-type segments, resulting in shunting paths. For the
VLS method, the vertical yield and length uniformity of the nanowires are deﬁned by
the position and the volume of the Au catalysts. They are also inﬂuenced by the growth
parameters, for example, the growth temperature and molar fraction of the precursor
gases. Therefore, the growth recipe must be carefully optimized. For top-down nanowires,
the position and diameter of the nanowires is controlled by the position and the diameter
of the mask for dry etching, as will be discussed in Chapter 6.

2.5 Conclusions
We discuss the thermodynamic limitation for the Voc of a solar cell, which includes the
angular spread of emitted photons, the radiative recombination and the IQE of the material. A nanowire array solar cell is able to exceed the Voc of conventional planar solar
cells. This is because nanowires are intrinsically guiding the emitted light and also intrinsically feature light-concentration at the nano-scale. To achieve solar cells with high
eﬃciencies, the nanowires should have an optimal geometry to eﬃciently absorb the sun
light. The IQE of the nanowires is very important, especially for nanowires grown via
the VLS mechanism. The factors that limit the IQE of a nanowire include the undesired
impurities, which are mainly carbon for InP, the stacking faults, and the surface states.
In order to improve the IQE, the optical quality of the nanowires should be optimized.
The doping proﬁle is also very important for the electrical properties of the solar cell.
The length of the top n-type segment is very critical for the Jsc , while the doping level of
the base does not change the ﬁnal eﬃciency of nanowire solar cell. It is very diﬃcult to
accurately assess the doping level in a nanowire, a qualitative optimization of the doping
level is therefore the only option, i.e. the EQE of a solar cell. In the end, we note that the
nanowire array should have a high vertical yield and a uniform nanowire length, which
is critical to prevent shunting paths.
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The aim of this thesis is to develop high-eﬃciency solar cells based on vertical nanowire
arrays. To realize this objective, various technologies are employed to synthesize and
characterize the nanowires. In this chapter, we present the experimental techniques that
are used for the work in this thesis. At ﬁrst, the techniques employed for the synthesis
of nanowires are introduced, which include metal-organic vapor phase epitaxy (MOVPE)
for bottom-up growth of nanowires and a plasma dry etching technique for top-down
nanowires. Secondly, the processes that are related to device fabrication are presented.
Finally, standard techniques that are used for the characterization of nanowires and solar
cells are described.

3.1 Metal-organic vapor phase epitaxy
Various techniques have been developed to grow bottom-up nanowires. The techniques
used for material growth are classiﬁed by the way the source materials are brought into
the gas phase. Examples are thermal evaporation, laser ablation (LA) [116], molecular
beam epitaxy (MBE) [117], chemical beam epitaxy (CBE) [118] and metal-organic vapor
phase epitaxy (MOVPE) [32]. Thermal evaporation and LA have very limited control
of the partial pressures, leading to a poor uniformity across the grown sample. MBE
and MOVPE have a large window for parameter optimization, such that high material
quality is obtainable. MBE is able to grow materials with high purity because it is an
ultra-high vacuum technique. More importantly, no exterior elements are introduced into
the chamber during growth. However, the growth rate of MBE is relatively low, which is
typically less than 3 µm/hour [119] because material ﬂuxes are low. As a result, MBE is
mainly interesting for academic research. In contrast, MOVPE oﬀers a high deposition
rate and it also provides a large ﬂexibility to use diﬀerent precursor gases. Meanwhile,
the material quality can be as high as that of a MBE. MOVPE is therefore a suitable
choice for photovoltaic application. Moreover, MOVPE is also the most commonly used
technique in the semiconductor industry. Our results in this thesis thus can be easily
transferred to industry production.
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Figure 3.1: Picture of the growth chamber of the showerhead MOVPE. The sample is placed
at the center of the graphite susceptor, which is heated by resistive coil heaters. The gases are
introduced through the open channels on the quartz ceiling.
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In this project, an MOVPE system is utilized to grow the bottom-up nanowires. It
is equipped with a close-coupled showerhead reactor chamber, as shown in Figure 3.1.
The substrates are placed at the center of a graphite susceptor, which is heated to a
growth temperature (420 °C-560 °C) by 3 resistive coil heaters. Precursor gases (PH3 and
trimethylindium (TMIn) for InP) are injected into the growth chamber via the opening
channels in the showerhead. The showerhead design oﬀers several advantages for nanowire
growth. First of all, the opening channels are uniformly placed in the showerhead, which
allows distributing reactant gases with uniform concentration across the whole wafer.
Nanowire arrays with uniform optical and electrical properties are thus achievable. This
is very important for the performance of the ﬁnal solar cells because they are built on
millions of vertical nanowires, and a variation of the optical and electrical of nanowire
could be detrimental for devices. Secondly, the injected gases directly reach the substrate
surface in the showerhead conﬁguration, and they are not transported along the (heated)
susceptor surface as in a horizontal conﬁguration. As a result, the memory eﬀects caused
by gas transport along the susceptor surface are minimized. Finally, the showerhead
is very close to the heated wafer with a distance on the order of 1 cm, which allows
fast switching of diﬀerent reactant gases. Therefore, a sharp interface between diﬀerent
layers of materials can be obtained for hetero-junctions and p-n junctions. This is very
important for a solar cell without an intrinsic segment, because only one kind of dopant
atom is desired for either the n-doped or p-doped segment to avoid donor-acceptor (D-A)
recombination close to the junction. For the solar cells in this thesis, diethylzinc (DEZn)
and sulfur (H2 S) are used as doping sources for p- and n-InP, respectively.
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3.2 Inductively coupled-plasma dry etching

Figure 3.2: Working principle of a ICP-RIE machine [120].
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by means of plasma dry etching. The plasma dry etching process is carried out in a
inductively coupled plasma-reactive ion etching (ICP-RIE) system. The system consists of
a cylindrical vacuum chamber, where a quartz wafer platter is placed on the bottom of the
chamber, as shown in Figure 3.2. The wafer platter is electrically isolated from the rest of
the chamber. Chemically reactive gases are introduced into the chamber through the inlets
on top of the chamber. The required types and amount of reactive gases depend on the
materials that are going to be etched. For InP, we use CH4 and H2 at a temperature of 150 °
C. During dry etching, two radio frequency (RF) generators are used to independently
control the plasma sources. The first RF is placed on top of the ceiling, which is close to the
etchant gases inlets, such that an ultra-high power density plasma is generated. This plasma
allows etching deeply into the sample. The second RF generator is connected to the wafer

platter and it oscillates at a frequency of 13.56 MHz. Due to the light mass and high
mobility, electrons are very sensitive to the RF ﬁeld and thus accumulate on the surface of
the wafer platter, which produces a static electrical ﬁeld toward the sample and accelerate
the ions towards the wafer. The speed and directionality of the ultra-high density ions
generated by the top plasm are independently controlled by the static electrical ﬁeld that
is generated and controlled by the bottom RF source, which provides a larger tuning space
than a conventional RIE system, where only the ﬁrst RF is present. Therefore, the etching
proﬁle can be tuned in
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a relatively large parameter space by independently changing the power of the two RF
sources.

3.3

Nanoimprint lithography

It is vital to control the position and the diameter of nanowires. Nanowire arrays with
predeﬁned geometry allow us to experimentally and theoretically study light propagation.
Moreover, ordered nanowire arrays allow a uniform diameter and length of the nanowires,
which are critical to prevent shunting paths, as discussed in Chapter 2. For this purpose,
two types of lithographic techniques are mostly used, i.e. electron-beam lithography
(EBL) and nanoimprint lithography (NIL). EBL is capable of providing features with
sub 20 nm [121, 122]. However, it requires long writing time, leading to a high cost.
It is thus not feasible for making large area devices. Particularly, it is unsuitable for
solar cells, for which cost issues are very important. In contrast, NIL is a very simple
process; it has wafer scale capabilities and allows for low cost fabrication. Therefore, it
has been widely used to fabricate large-area devices for electrical, optical, and photonic
applications [123, 124].
In this thesis, we use a soft nanoimprint lithography called substrate conformal imprint
lithography (SCIL) to deﬁne the position and the diameter of the nanowires [124, 125].
In the SCIL process, a poly-di-methyl-siloxane (PDMS) stamp with a nanoscale pattern
is used, which is molded from a silica master pattern [123, 126, 127]. The PDMS stamp
used for this thesis has an array of protruding pillars with diameters of 90 nm and a pitch
of 513 nm.
Figure 3.3 shows schematically the steps in the SCIL process. Firstly, a thin layer of
poly-methyl methacrylate (PMMA) resist is applied on top of a substrate surface. The
surface of the organic resist is modiﬁed by an O2 plasma to obtain a better hydrophilic
property. A thin layer of silica based sol-gel resist is applied on the PMMA by spin
coating. Next the PDMS stamp is applied to the silica sol-gel. The features of the
stamp are gradually ﬁlled with the silica sol-gel by capillary forces. The air trapped
in the features and the solvents released from the sol-gel diﬀuse into the rubber. The
volume loss of the silica sol-gel due to removal of the solvents is compensated by material
ﬂow under the stamp. Simultaneously the silicon oxide precursors react with each other,
forming a silica based solid material. The reaction byproducts are water and alcohols,
which also diﬀuse into the rubber stamp. Then the stamp can be removed, which leaves
an opposite feature of the PDMS stamp in the solid silica (step (2), as shown in Figure
3.3(a)). A 20 nm thick layer of silica residues is left between the bottom of the features
and the PMMA layer, which is subsequently removed by reactive ion etching (RIE) using
CHF3 and O2 as etchants. The etching depth of this step determines the ﬁnal size of the
structure. We use 40 s RIE etching to get a diameter of ~136 nm. An over etching of the
silica residues will increase the feature size. The lift-oﬀ process in the following process
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step can fail if it is over etched. In order to transfer the pattern onto the substrate, the
PMMA resist is etched through by using RIE with pure O2 , followed by the deposition of
Au by evaporation. Then the wafer is put into an acetone solution for lift-oﬀ. The acetone
solution dissolves the PMMA layer and releases the silica and the Au layer suspended by
the PMMA, leaving only the Au nano-discs on the substrate with predeﬁned diameters
and position, as shown in Figure 3.3(b). Using this procedure, a large area of metal
nano-disk array can be made on a whole wafer up to 4 inch, simply by manually applying
a rubber stamp.

Figure 3.3: (a) Schematic of the SCIL processes. (b) A top view of Au nano-disc array prepared
by NIL and lift-oﬀ.

3.4 In-situ HCl-etching during VLS growth
Vapor Solid (VS) growth
The VLS growth is composed of three processes illustrated in Figure 3.4(a): a gas phase
collection and decomposition of precursors at the surface of the metal catalyst (step 1-2
in Figure 3.4(a)), elemental diﬀusion from the surface to the body of the catalyst (step 3
in Figure 3.4(a)), and the crystallization at the interface between the liquid-phase metal
catalyst and the solid-phase nanowire (step 4 in Figure 3.4(a)). These three processes are
carried out simultaneously, and they happen through only the metal catalyst, resulting
in growth in the axial direction.
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Figure 3.4: (a) Schematic of the processes related to the VLS and VS growth mechanism [128].
Steps 1-4 illustrate the VLS growth: the gas-phase precursors ﬁrstly reach the surface of the
metal seed and are decomposed there (1-2), then the elements, such as In and P, diﬀuse into the
body of the eutectic seed (2-3). After collecting enough materials, the eutectic seed becomes
supersaturated. In the end, crystallization happens at the interface between the liquid-phase
seed and the solid-phase nanowire (4); Steps (5-7) illustrate the VS growth: gas-phase precursors
ﬁrstly reach the surface of the substrate and the sidewalls of the nanowires. Then they diﬀuse
toward the metal seed (5, 6). The precursors are partially decomposed during the diﬀusion
process, leading to crystallization at both the substrate surface and the nanowire sidewalls.
(b)-(d): 45°-tilted view scanning electron microscopy images of in-situ etched InP nanowires.
The nanowires are grown at 450 °C using a MOVPE with increased amounts of in-situ HCl. The
molar fraction of in-situ HCl is 0, 1.7 × 10-5 , and 2.9 × 10-5 in (b), (c), and (d), respectively.
The scale bars represent 1µm. The insets are schematic illustrations of the tapering in a p-n
junction nanowire in the presence of radial VS growth [129].

In practice, the precursors can reach the substrate surface or the nanowire sidewalls, and
they subsequently diﬀuse along the nanowire sidewall towards the metal eutectic (step
6 in Figure 3.4(a)). During the diﬀusion, the precursors can be partially decomposed,
leading to nucleation on the substrate surface or on the nanowire sidewalls (step 5 and
7 in Figure 3.4(a)). This nucleation only involves the gas-phase precursors and the
solid-phase grown material. It is therefore called VS growth or radial (or shell) growth.
Unlike the VLS mode, VS radial growth increases the nanowire diameter. A pronounced
radial growth is very easy to recognize, because it introduces visibly tapered nanowire
sidewalls. The diameter of the nanowires increases gradually from the top part to the
bottom part, as shown in Figure 3.4(b). The reason is that the bottom is formed earlier
than the top, and it is exposed longer to the gas phase. The shell induced by the radial
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growth contains lots of carbon impurities because the precursors are not fully decomposed
at the growth temperature, which results in poor optical quality and low carrier mobility
of the nanowires. For solar cells, the radial growth introduces shunting paths at the
nanowire sidewalls, as illustrated by the inset of in Figure 3.4(b) and (c). This is because
the p-doped shell, which is grown by VS mode, is formed during the growth of the
p-doped NW bottom segment. During growth of the n-doped segment, n-doped material
grows radially due to the VS mode, which covers the entire NWs and results in a radial
p-n-junction around the NWs.

In-situ HCl-etching during VLS growth
The basic growth parameters can be tuned to suppress radial growth by the growth
temperature, the gas pressure, and the V/III ratio. However, they provide limited parameter space for optimizing the morphology and the quality of the nanowires. In 2010,
Borgström et al. reported a method that is using in-situ HCl etching during InP nanowire
growth to prevent/suppress radial VS growth [129]. Gas-phase HCl can be introduced in
the growth chamber with controllable molar fractioins, which allows tuning the radial
growth independent of the basic growth parameters. Figure 3.4(b)-(d) show the SEM
images of InP nanowires that are grown without in-situ HCl and with gradually increased
HCl molar fraction [129]. It shows that the tapered shells, which are grown by the VS
mechanism, are fully removed by HCl etching. These authors also observed an
improvement of the optical properties of intrinsic InP wires at low temperature; the
emission peak related to carbon impurities is reduced by applying in-situ HCl etching.
However, such a study has not yet been performed to doped nanowires, and the eﬀect of insitu HCl etching on the nanowire solar cell behavior is not yet known.

3.5

Solar cell fabrication

Top and bottom contact
Minimized contact resistance is desired for an eﬃcient solar cell because it directly degrades the ﬁll factor (FF) and short-circuit current of the solar cell. In order to obtain an
ohmic contact, a combination of suitable contact metallization with matched work function and a rapid-thermal annealing is mostly used. However, nanowires have large surfaces
and phosphorus has a low boiling point of 280 °C. The phosphorus of an InP nanowire
can be easily evaporated during the annealing process. Therefore a non-annealing or a
low-temperature annealing process is preferred for devices based on InP nanowires. Because it is diﬃcult to make ohmic contacts to p-InP, we decide to build our device based
on p-InP substrates to increase the contact area. The n-InP nanowires are then contacted
with a transparent electrode, transmitting the incident solar photons. For the contact
to the p-InP substrate, a 200 nm p+ -InGaAs (Zn doped 1.2 × 1019 cm-3 ) layer is grown
on the backside of the substrate by MOVPE prior to the synthesis of nanowires. Ti/Au
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multi-metal layers are used for the back electrode and a sputtered indium tin oxide (ITO)
thin ﬁlm is chosen for the top transparent contact.

Figure 3.5: Room temperature I-V characterization of the contacts (a):
InGaAs/InP; (b) ITO on n-InP.

Ti/Au on p-

In order to evaluate the contact resistances introduced by the back contact metals, the
same Ti/Au contact metallization is made on top of a p+ -InGaAs layer grown on a p-InP
(111) substrate, which is exactly the same as for the real devices. Ohmic behavior is
observed as shown in Figure 3.5(a). A contact resistance of 5.3 × 10-4 Ω cm2 is obtained
by using Transmission Line Measurements (TLM). The same experiment is performed
with ITO contacts on a n-InP substrate, for which a contact resistance of 2.5 × 10-3 Ω
cm2 is obtained. The top contact area for a single nanowire is estimated from a cylinder
with 75 nm in diameter and 250 nm in height, which gives a contact resistance of ~3 × 106
Ω per nanowire. For a solar cell which consists of 106 nanowires, the contact resistance
is 3 Ω, which is negligible compared to the total series resistance (30-60 Ω) of a nanowire
solar cell device.

Nanowire isolation and planarization
To isolate the top and back contacts, cyclotene (BCB) is used to ﬁll in the space between
the nanowires. BCB is chosen because it has a good electrical isolation and mechanical
properties with a leakage current of only 10-12 A/cm2 [130]. BCB thus has been widely
used for electrical isolation and planarization. In addition, it is thermally stable and
is a relatively stable chemical material, which are important properties for an extended
lifetime of our solar cell devices. After growth, the nanowires are ﬁrstly cleaned by an
O2 plasma treatment or by chemical etching. In the case of chemical etching, we use a
solution called piranha, which is a mixture of H2 SO4 : H2 O2 : H2 O at a ratio of 3:1:1. The
piranha solution allows removing the carbon rich shells and the defects on the nanowire
sidewalls, as will be shown in Chapter 4. Piranha etching shows a well controllable
etching rate of InP, which is ~0.3 nm/s for n-type InP and ~0.5 nm/s for p type InP at
room temperature. Figure 3.6 shows the diﬀerent process steps for nanowire solar cell
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fabrication. After the piranha cleaning, a 70 nm SiO2 layer is immediately deposited on
the nanowires by plasma-enhanced chemical vapor deposition (PECVD) at 300 °C. The
SiO2 serves as an adhesion promoter for InP, and it partially passivates the nanowire
surface. The step coverage of the SiO2 layer is 0.6, which is deﬁned as the oxide thickness
on the nanowire sidewall divided by the thickness on the substrate, dsidewall /dsubstrate , such
that a 40 nm thick of SiO2 shell is left on the sidewalls of the nanowires. Another adhesion
promoter (AP3000) is spun on top of the nanowire surface to further improve the contact
between the BCB and the SiO2 shell. Then the BCB (3022-46 from Dow Chemical) is
applied via spin-coating with a ﬁnal thickness larger than the nanowire length. The ﬁnal
thickness of the BCB ﬁlm is between 2.5 µm and 3 µm, depending on the density and the
length of the nanowires. The BCB is subsequently cured in a vacuum oven at 250 °C for
30 min. A ramping temperature is of 5 °C/min is chosen to avoid the formation of air
bubbles in the BCB. The sample is taken out of the vacuum oven when it naturally cools
down to room temperature. Then the sample is placed in the RIE etching chamber to
remove the excess BCB above the tips of the nanowires. A mixed gas of O2 and CHF3 is
used as etchants, and a high pressure (50 mbar) is set for the etching chamber to obtain
a ﬂat surface. The etching rate of BCB is ~180 nm/min, which slightly depends on the
sample size. After each RIE etching, a SEM measurement is carried out to check if the
tips of the nanowires are opened. The ideal length of the exposed nanowire tips is ~
200-300 nm, which can be ﬁnely controlled by the RIE etching time. Then the sample
is dipped in a buﬀered HF solution (12.5% HF) for 7 s to remove the SiO2 shell and
native oxide on the sidewall of exposed nanowire tips. For the VLS-grown nanowires, the
Au seeds are subsequently removed by a wet etching in a KI/I2 solution to avoid light
reﬂectance by the Au seeds. Both the piranha and KI/I2 solution attack the InGaAs
layer. Therefore, the sample is placed on top of the solution surface by ﬂoating during
the two wet-etching steps, instead of immersing the sample in the solution. In the end,
the metal electrode is made by e-beam evaporation and ITO is sputtered on the top
surface of the sample.
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Figure 3.6: Schematic of the processes for solar cell fabrication (1) Nanowire growth. (2) SiO2
deposition via PECVD. (2) BCB spinning and baking. (4) BCB etching back. (5) Au removal
by wet etching. (6) ITO sputtering and metal evaporation. (7) Optical lithography for ITO
patterning.

ITO patterning
Optical lithography is used to deﬁne the active area of the ITO thin ﬁlm, which are
squares of 500 µm × 500 µm. A positive resist (HPR504) is spun onto the sample surface
at 2000 rpm/min for 30 s. The samples is softly baked at 110 °C for 2.5 min. Then it
is exposed to UV light for 8 s for exposure followed by a bake at 115 °C for 2.5 min.
After development, a hard bake is carried out at 120 °C for 2.5 min. Then the samples
are etched by a diluted HCl solution (HCl : H2 O = 1 : 1) at room temperature. Optical
microscope is used to control the etching time. An optical microscopy image of the ﬁnal
solar cells is shown in Figure 3.7.
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Figure 3.7: Optical microscopy image of actual solar cells after ITO patterning.

3.6 Characterization techniques
Scanning electron microscopy
Scanning electron microscopy (SEM) is a technique that is used to investigate surface
properties of a specimen. In a SEM, a focused beam of electrons interacts with the
specimen surface. It produces signals due to the emission of secondary electrons (SE),
which provide information about the surface property of the specimen.
The rate of the secondary electrons to be collected depends on the ‘ionization energy’,
which is the energy diﬀerence between the densely-coupled valence electrons in the specimen and a barrier. The barrier can be either the local vacuum level or the potential level
of electrons far away from the specimen, depending on which one is higher [131]. In a
specimen with an embedded p-n junction, the potential level of electrons far away from
the specimen is mostly higher than the local vacuum level in the n-type region, while it is
lower than the local vacuum level in the p-type region due to the presence of the built-in
potential across the p-n junction [131]. Therefore, the ionization energy is lower for the
electrons in the p-region than the electrons in the n–region. As a result, more electrons
are collected from the p-region than the n-region, leading to a brighter image of the p
doped region. This allows a direct observation of a p-n junction by using the contrast
in a SEM measurement. Figure 3.8 shows an example of an InP nanowire array with
embedded p-n junctions. The dark segments represent n-InP, while the bright segments
are p-InP. The p-n junctions are visible in the middle of the wires.
In this thesis, SEM is used to investigate the nanowire morphology and processes for
device fabrication with an electron accelerating voltage from 2-5 kV. Because nanowires
have a small diameter and large surface-to-volume ratio, the nanowires that are exposed
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to the electron beam can be easily damaged or even burned by the high-energy electron
beam.

n-InP
p-InP

Figure 3.8: SEM image of an InP nanowire array with embedded p-n junctions in the wires.
The dark segments represent n-InP, while the bright segments are p-InP. The p-n junctions are
located in the middle of the wires.

Transmission electron microscopy
Transmission electron microscopy (TEM) is a powerful tool for material characterization.
It employs very high electron accelerating voltages, from 200 kV to 300 kV. The electron
wavelength under such high accelerating voltages is very small, which allows imaging the
material with an atomic resolution. TEM is an important method to analyze the crystal
properties of the nanowires, such as the morphology, the side facets, the crystal phase,
the dislocations, and the heterostructure interface etc. Figure 3.9 is a TEM image of an
InP nanowire with an axial p-n junction, which is taken in a low magniﬁcation mode.
It shows diﬀerent features of n- and p-type InP with diﬀerent contrast. Figure 3.9(b) is
a high-resolution TEM (HRTEM) image of a p-InP nanowire, revealing twinning-planes
within the ZB crystal phase in a p-InP nanowire. The TEM image also reveals surface
defects on the nanowire sidewall. A combination of TEM and photoluminescence (PL)
measurements on a single nanowire allows a direct correlation between the crystal structure and the optical properties of the nanowires [108, 132, 133]. Also, in-situ TEM has
been developed to visualize the VLS growth mechanism during the actual growth of a
nanowire, which is of great help to understand the growth mechanism that is related to
the formation of diﬀerent crystal phase in the nanowire [134, 135]. In this thesis, both
TEM and HRTEM are used to investigate the crystal structure of the nanowires, such as
crystal phases, defects, and the surface properties.
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(a)

(b)

p-InP

Surface defect

Figure 3.9: (a) A bright-ﬁeld TEM image of an InP nanowire with an axial p-n junction, which
shows diﬀerent features for n- and p-type InP. (b) A high-resolution TEM image of a p-InP
nanowire, revealing twinnig-planes in the ZB crystal phase as well as defects on the nanowire
sidewall.

Micro-photoluminescence
Micro-photoluminescence (µ-PL) and PL lifetime measurements are carried out to study
the optical properties of the nanowires, which provide us insights into the material quality
of the nanowires and the internal quantum eﬃciency of the nanowires. PL measurements
are carried out on either nanowire arrays or on a single nanowire. For nanowire arrays,
as-synthesized vertically-oriented nanowires are used, whereas for a single nanowire, the
nanowires are transferred onto a Si substrate. Nanowires are mounted on a cold ﬁnger
of an optical ﬂow cryostat, which allows us to vary the temperature from 4 K to 300 K.
The PL emission is excited and collected through a 100× long working distance objective
with numerical aperture of NA = 0.7. A continuous-wave diode laser (532 nm) and a
pulsed diode laser ( 532 nm) are used to optically excite the wires. The time-integrated
PL is detected by an electrically-cooled CCD camera. The PL lifetime is measured by a
single photon avalanche photodiode that is connected to a time-correlated single photon
counting module. The ﬁnal timing resolution of the system is 100 ps.
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Figure 3.10: Schematic of the micro-photoluminescence (µ-PL) and the time-resolved PL
(TRPL) setup [109]. Samples are mounted in the optical cryostat. The live video recorded
by a camera allows us to ﬁnd and focus the laser spot on a single nanowire. The PL signal is
excited and collected by the same microscope objective. The time-integrated PL spectra are
measured by a CCD or an InGaAs array detector. The TRPL is measured by a single photon
detector (SPC) that is connected to a time-correlated single photon counting module (TCSPC).

Voltage-current characteristics & external quantum eﬃciency
The current-voltage measurements are performed in the dark or under illumination. A
xenon lamp is used to simulate the 1.5 AM solar spectrum. The spectrum is calibrated
using a photo diode and the total incident light intensity is corrected with a calibrated
GaAs reference solar cell from ReRa Solutions. To obtain the external quantum eﬃciency
(EQE) of the cells, the short-circuit currents of both the tested cells and the GaAs
reference cell are measured with a monochromatic beam in wavelength from 350-1100
nm. The EQE of the tested cells is derived from the ratio between the generated current
in the nanowire solar cells and the generated current in the GaAs reference cell.
The doping profile is very important for the electric properties of the solar cell.
However, it is very difficult to accurately assess the doping level in a nanowire, as
introduced in Chapter 2. For this project, we use the EQE measurement to
qualitatively optimize the doping level in both n- and p-InP nanowires. The doped
nanowires are obtained by introduing doping gases during grwoth, i.e. H2S and DEZn
for n-type and p-type InP, respectively. Figure 3.11 shows the EQE of the nanowire
solar cells with various n-type and p-type doping levels. The solar cells have an axial
p-i-n junction. The growth times of the p-, i-, and n-segment are 5 min, 9 min, and 4
min respectively with a total nanowire length around 1.2 µm. The dopant levels of the
p- and n-type InP are changed independently by changing the H2S and DEZn fluxes.
The doping level of a cell that is marked with ‘1×’ is used as a reference. For the case
of increasing the n-doping level, a significant decrease of the spectral response is
observed for the wavelength range from 450-650 nm, which is much larger than the
decrease in the range of 700-900 nm, as shown in Figure 3.11(a). This is because most
of the short-wavelength
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light is absorbed by the top segments of the nanowires, i.e. the n-InP, as shown in
Chapter 2. While for the case of increasing p-doping level, the decrease of EQE is covers
a long wavelength range with a maximum reduction at 750 nm. Although this is not
an accurate method to optimize the doping proﬁle of a solar cell, it allows us to quickly
analyze the eﬀect of the doping level on the solar cell performance.
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Figure 3.11: Measured EQE of nanowire solar cells with diﬀerent (a) n-type doping levels and
(b) p-type doping levels.
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Chapter 4
Basic growth optimization of InP
nanowires
This chapter is dedicated to improve the internal quantum eﬃciency of the VLS-grown
InP nanowires. Two critical parameters, which determine the internal quantum eﬃciency, are investigated, including the growth temperature and the ﬂux of in-situ HCl.
The eﬀect of the growth temperature on the crystal structure and the optical properties
of InP nanowires are discussed. Subsequently, the inﬂuence of the growth temperature on
the morphology of the nanowires is investigated. Then the eﬀect of the in-situ HCl etching
on the formation of kinked wires is discussed. More importantly, HCl etching is proven to
be critical for solar cell performance in terms of eliminating carbon incorporation. The
inﬂuence of the HCl ﬂux on the solar cell performance is discussed at the end of this
chapter.

4.1

Introduction

In this thesis, InP nanowires are chosen to be the building blocks for our nanowire solar
cells. InP has an energy bandgap of 1.35 eV at room temperature, which is promising
to achieve the maximum theoretical eﬃciency of a single-junction solar cell. Compared
to most other III/V materials, e.g. GaAs, InP has a low surface recombination rate
(~103 cm/s) [111], which is critical for making eﬃcient devices that have a large surfaceto-volume ratio even without surface passivation. We start with the bottom-up growth
of InP nanowires via the VLS mechanism. These InP nanowires feature high interface
quality hetero-junctions, and can be synthesized on a cheap substrate, as discussed in
Chapter 1. InP nanowires are mostly grown in the <111> direction with the presence
of a polytypic crystal phase. We choose <111>-oriented InP nanowires grown by Aucatalyzed VLS to be the starting point for solar cell development, since they are relatively
easy to grow. In addition, a rich knowledge has already been developed to control the
growth of <111>-oriented wires.
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In Chapter 2, we discussed the important design parameters for high eﬃciency nanowire
solar cells, including the light absorption in the nanowire arrays, the IQE of the nanowires,
the doping proﬁles, and the morphology of the nanowires. The light absorption in the
nanowire arrays can be tuned by changing the diameter, the pitch, and the length of the
nanowires. The doping proﬁles can be qualitatively investigated by EQE measurements
of the cells, and they can be changed by varying the ﬂux of the doping gases. As a result,
the main concerns related to the growth of the nanowires are the IQE and the morphology
of the nanowires. The IQE of the nanowires is mainly inﬂuenced by the incorporation of
unwanted impurities, such as carbon and the mixed crystal phase. The morphology of
the nanowires, i.e. the uniformity of the nanowire diameter and nanowire length, is vital
for the electrical properties and the reproducibility of the cells. Therefore, the growth
recipe of the nanowires should be optimized for both the IQE and the morphology of the
nanowires.
This chapter focuses on the basic growth optimization of the <111>-oriented InP
nanowires in terms of the growth temperature and the in-situ HCl ﬂux. We ﬁrstly present
the eﬀect of growth temperature on the optical properties of the nanowires. Subsequently,
the eﬀect of growth temperature on the morphology of the nanowires is shortly described.
Secondly, we focus on the in-situ HCl ﬂux, which inﬂuences both the morphology of the
nanowires and the performance of the solar cells. The eﬀect of the surface quality of the
nanowires will be discussed in the next chapter.

4.2 Experiments
InP nanowires are grown on (111)-B substrates via the VLS growth mechanism in a
showerhead MOVPE reactor. Nanoimprint lithography is employed to make ordered
arrays of Au particles that serve as growth catalysts. The substrates are cleaned with
a piranha solution (H2 O2 : H2 O : H2 SO4 =5 : 1 : 1) and then loaded into the MOVPE
reaction chamber. The growth parameters, such as the growth temperature and HCl
molar fraction are systematically varied. The morphology of the nanowires is examined
by using SEM. The crystal structure of single nanowires is investigated by TEM. The
optical properties of the nanowires are characterized by PL or PL lifetime measurement
at room temperature.

4.3 Growth temperature
4.3.1

The crystal structure and the optical property of InP
nanowires

We proceed by investigating the eﬀect of growth temperature on the crystal structure
and the optical properties of InP nanowires. The growth temperature is one of the key
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parameters that determine the crystal phase of the nanowires [136, 137, 63, 138]. A single
crystal phase can be obtained in InP nanowires by changing the growth temperature.
This is vital because stacking faults introduce artiﬁcial surface states to the nanowires,
as discussed in Chapter 2. More importantly, a high growth is able to improve the optical
quality of materials as has been found in thin ﬁlm growth.
The crystal structure of a bulk III-V semiconductor is determined by its ionic characteristics [63]. A higher ionicity induces larger attracting Coulomb forces, which results in a
shorter bond length, i.e., a WZ structure. Therefore, the WZ crystal structure is favored
for the materials, which have high ionicity, such as III-Nitrides, while ZB is favoured for
the III-V materials, which have low (or moderate) ionicity, e.g., InP, InAs, GaP, and
GaAs. However, a polytypic crystal phase is usually present in III-V nanowires grown
by the VLS mechanism. The reason for the transition between ZB and WZ crystal phase
in nanowires is quite complex. In general, the probability of forming a WZ InP segment
is determined by the amount of supersaturation in the Au droplet. A higher level of
super-saturation tends to form WZ InP [138]. Consequently, the crystal phase in InP
nanowire is not only related to the growth temperature, but also to the V/III ratio, the
nanowire diameter, the substrate orientation and the dopants incorporation, which can all
aﬀect supersaturation level in the Au droplets. Since detailed studies of these issue are out
of the focus of this thesis on solar cell application, we therefore mainly study the eﬀect of
growth temperature on the optical properties of the wires.
Figure 4.1(a) and (b) show the TEM images of two intrinsic InP nanowires that are grown
at diﬀerent temperatures of 500 °C and 540 °C, respectively. Both nanowires are grown
by using Au catalysts with the same diameter and by using the same V/III ratio of 400.
The nanowires grown at 500 °C mainly show the WZ crystal structure. However, they
contain a considerable amount of ZB stacking faults with a density of ~30 per micron.
As the temperature increases, the density of the ZB stacking faults decreases. Finally, an
almost pure WZ crystal structure is obtained at a growth temperature of 540 °C, with
only a few stacking faults, as illustrated in Figure 4.1(b).
The optical properties of InP nanowires grown at diﬀerent growth temperatures are studied by PL measurement at low temperature (4 K), as shown in 4.1(c). The PL measurements are performed on the as-grown ensemble of nanowires. As the growth temperature
increases, the PL peak position shifts towards higher energy, which eventually converge
at 1.494 eV, the bandgap energy of pure WZ InP. As introduced in Chapter 1, ZB and
WZ InP have a type II bandgap alignment, where ZB segments serve as quantum wells
for electrons and WZ segments serve as quantum wells for holes. This leads to a type II
transition between the electrons in ZB InP and the holes in WZ InP. Therefore, the blue
shift of the PL peak position in Figure 4.1(c) is attributed a reduction of the ZB stacking
faults, which reduces the amount of type II transition and increase of the amount of photoluminescence from pure WZ InP. Moreover, we observe a decrease in the linewidth of
the PL spectrum, as shown in the inset of Figure 4.1(c). When the growth temperature
increases from 480 °C to 540 °C, the PL linewidth decreases from 55 meV down to 10
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meV, suggesting an improvement in the optical quality of the wire. The decrease in the
linewidth of the PL spectrum is attributed to the reduction of the number of ZB stacking
fault and a reduction of unwanted impurities, i.e. carbon.
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Figure 4.1: TEM images of InP nanowires grown by 20 nm Au seeds at (a) 500 °C and (b) 540
°C. nanowires grown at 540 °C are almost stacking-fault-free while the nanowires grown at 500
°C still contain a relatively high density of stacking faults. (c) Typical PL spectra of nanowires
grown at 480, 500, 520 and 540 °C measured at 4K and 105 W/cm2 excitation density. The
inset of (c) shows the corresponding PL linewidths.

Indeed, it has been found that the optical quality of InP nanowires can be improved
signiﬁcantly by increasing the growth temperature, which has been recently demonstrated
in pure WZ InP nanowires that are grown via selective-area epitaxy [110]. The InP
nanowires grown at 750 °C feature a very high IQE that is comparable to epitaxially grown
InP thin ﬁlms [110]. In summary, a high growth temperature is desired to improve the
IQE of the VLS-grown InP nanowires in terms of reducing stacking faults and eliminating
unwanted impurities.
Although a high growth temperature promotes the formation of single crystal phase
nanowires, the crystal structure of the nanowires can be changed when the nanowire
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diameter is increased or dopants are introduced into the nanowires. It is therefore inevitable to obtain a mixed crystal phase for the nanowires used for solar cells. In this
case, artiﬁcial surface states can be introduced by carbon impurities that accumulate on
the unﬂat surfaces of the wire. Figure 4.2(a) shows TEM images of a <111>-oriented
ZB twinning superlattice (ZB-TSL) InP nanowire grown by using 80 nm gold seeds at
540 °C. The molar fraction of TMIn and PH3 are 5 × 10-5 and 2 × 10-2 , respectively,
which gives a V/III ratio of 400. To avoid radial growth, in-situ HCl was introduced
with a molar fraction of 5 × 10-5 . A ZB-TSL InP nanowire should possess a saw-tooth
faceted sidewall, i.e. {111}-oriented side facets, which consist of alternating {111}A and
{111}B facets, as explained by former studies [62]. However, the InP wire has a ﬂat
surface with {110} facets veriﬁed by the TEM study that is performed along the <110>
zone axis. The {110} facets of the wire indicate that there is an overgrowth around the
original {111} side facets. The overgrowth happens at the corners between the original
{111} side facets, as illustrated by the colorized green in the high-resolution TEM image
in Figure 4.2(b), which leads to ﬂat {110} sidewalls. The materials from an overgrowth
contain lots of carbon due to incompletely cracked precursors. We have performed PL
measurements on single nanowire of this sample at a low excitation power of 10 W/cm2
at 4 K to investigate the impurity emissions. The PL spectrum (red curve in Figure
4.2(c)) exhibits a main peak at 1.414 eV i.e. a free-exciton recombination peak. However, a broad emission is observed at 1.38 eV, which is attributed to donor-acceptor pair
recombination (D-A). The D-A emission is likely to originate from carbon impurities
incorporated during the vapor-solid growth on the sidewall.
The ZB TSL nanowires is subsequently etched by a piranha solution for 5 s. The etching
rate of InP is approximately 0.5 nm/s. The PL spectrum of the post-growth etched
nanowires is presented (blue curve) in 4.2(c). This spectrum is measured at exactly
the same measurement conditions as the spectrum of the nanowire before etching. It is
clearly seen that the carbon related D-A emission is almost completely removed. A clean
PL spectrum with only bandgap-related emission is obtained. This shows a high optical
quality of the nanowire core that is grown via the Au catalyst. This means that the
VS growth on the sidewall contains a large amount of impurities that can be removed
by post-growth etching. In Chapter 5, we will show that this treatment also allows a
signiﬁcant enhancement of the eﬃciency of nanowire solar cells.

61

Chapter 4. Basic growth optimization of InP nanowires

Figure 4.2: Removal of the excessive impurity incorporation as introduced during vapor-solid
(VS) growth on the sidewall of zincblende (ZB) InP nanowires [109]. (a) TEM images of a ZB
twinning super-lattice (ZB-TSL) InP nanowire showing a ﬂat side wall instead of the sawtooth
morphology (typical morphology of ZB-TSL nanowires) due to VS growth. (b) Illustration
of the sidewall of the nanowire before the piranha etching and after the piranha etching. A
high-resolution TEM image of the nanowire is shown as well, where the green parts indicate
the regions with a high density of accumulated carbon atoms. The contaminated sidewall can
be completely removed by piranha etching, resulting in a clean PL spectrum as illustrated in
(c).

4.3.2

The morphology of the nanowires

We now proceed by introducing the eﬀect of the growth temperature on the morphology
of the nanowires. When all the other growth parameters are ﬁxed, a higher growth
temperature results in tapered nanowires. Figure 4.3(a) shows the SEM image of an
InP nanowire array that is grown at 400 °C without in-situ HCl. The nanowires have
a gradually increased diameter towards the bottom of the wires, which indicates the
presence of radial growth, as explained in Chapter 1. As the growth temperature increases
to 450 °C, the tapering of the wires is enhanced signiﬁcantly, while the length of the
wires is decreased. This can be explained by precursor decomposition, where TMIn
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decomposition takes place between 300 and 400 °C [139], while PH3 decomposition occurs
between 400 °C and 550 °C [140]. So the TMIn decomposition is already suﬃcient
between 400 °C - 450 °C, and will not change with increasing temperature. In contrast,
the decomposition rate of PH3 increases signiﬁcantly from 400 °C-450 °C. Additional P
atoms are therefore supplied to the nanowires, which suppress the diﬀusion length of
the In atoms. The In atoms are more likely to stick to the surfaces of the wires and
cannot reach the Au catalysts, resulting in enhanced radial growth and limited axial
growth. The radial growth is detrimental for solar cell devices because it introduces
shunting paths on the nanowire sidewall, which can be prevented by introducing in-situ
HCl etching. Moreover, we have found that the yield of the wires starts to degrade at
a growth temperature above 520 °C, as shown in Figure 4.4. Unlike the wires in Figure
4.2, these wires are grown without in-situ HCl such that the wires have a tapered shape.
Nevertheless, the yield of the wires does not change a lot with HCl. Therefore, the growth
temperature of the wires should not be higher than 520 °C for solar cell devices.

(b)

(a)

Figure 4.3: SEM images of InP nanowires grown at diﬀerent temperatures. (a) 400 °C, (b)
450 °C. The other growth parameters, such as V/III and growth time, are the same for both
samples. The nanowires are grown without in-situ HCl. The scale bars are 1µm.
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Figure 4.4: SEM images of InP nanowires grown at diﬀerent temperatures. (a) 500 °C, (b) 520
°C, and (c) 540 °C. The other growth parameters, such as V/III and growth time, are the same
for both samples. The nanowires are grown without in-situ HCl. The scale bars are 1 µm.
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In summary, a high growth temperature is preferred for VLS-grown nanowires in terms of
promoting single crystal phase nanowires and eliminating carbon incorporation. However,
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a high growth temperature also enhances radial growth. Although in-situ HCl is able to
prevent the radial growth, a growth temperature above 520 °C degrades the yield of wires,
which is not suitable for solar cell devices.

4.4 in-situ HCl
Previous studies show that in-situ HCl is able to suppress radial growth and improve the
optical quality of intrinsic InP nanowires [129]. However, such a study has not yet been
performed to doped nanowires, and the eﬀect of in-situ HCl etching on nanowire solar
cell behavior is not yet known. In this section, we will focus on in-situ HCl etching in
terms of its eﬀect on the morphology of the InP nanowires with embedded p-n junction
and the performance of the nanowires solar cells.

4.4.1

Eﬀect of the in-situ HCl ﬂux on the morphology of InP
nanowires

Figure 4.5 shows the SEM pictures of the InP nanowires that are grown with diﬀerent
HCl ﬂows, which correspond to a molar fraction from 9.76 × 10-7 to 1.59 × 10-6 . No
visible tapering has been observed for these nanowires, even not for the one with the
lowest HCl ﬂow, as shown in the inset of Figure 4.5(a). This means that the lowest HCl
ﬂow is already suﬃcient to completely suppress radial growth. However, the morphology
of the nanowire array is aﬀected by the HCl ﬂow to a certain level. For the arrays with
the lowest HCl molar fraction of 9.76 × 10-7 and 1.09 × 10-6 , the best morphology with
uniform nanowire length and diameter has been obtained without any kinked, extra-long
or extra-thick wires. As we increase the HCl ﬂux up to 1.34 × 10-6 , slight shifts of
the nanowire positions are observed from the predeﬁned nanoimprint pattern, indicating
enhanced instabilities of the Au catalyst droplets. At a further increase of the ﬂow, we
observe the formation of kinked wires that grow in a random direction away from the
<111> direction.
At a given temperature, nanowire kinking happens frequently at a low V/III ratio. This
is because the Au droplets are not stable at a high In concentration. Therefore, the
nanowires can be grown in random directions. However, nanowire kinking can also happen when the V/III ratio is extremely high. This has been observed in both InAs and
GaAs nanowires grown in the <111> direction [141, 137]. The reason is that at a high
V/III ratio with a ﬁxed ﬂow of group III precursors, the In atoms are more likely to
stick on the nanowire surface due to their limited diﬀusion length, as explained in the
previous section. As a result, the In supply to the Au catalyst metal particle is limited,
or even prevented, resulting in a depletion of the In concentration in the In-Au droplet.
Moreover, the In-Au droplet could partially or fully solidify, and change the surface energy of the catalyst signiﬁcantly and promote the irregular growth away from the <111>
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direction [141]. The formation of kinked wires is thus related to a too high V/III ratio
in the Au droplet. Such a decrease of the group III concentration in the Au droplet also
happens when too much HCl is used.
Before explaining that HCl is capable to deplete the In content of the In-Au droplet, it
is necessary to explain the growth mechanism that determines the nanowire growth rate.
The supersaturation state of the Au droplet is the driving force for nanowire growth. The
level of supersaturation needed for nanowire growth is related to the growth temperature,
the V/III ratio or absolute ﬂows, the Au droplet and the nanowire diameter. After the Au
droplet reaches super-saturation, a monolayer of InP is formed at the interface between
the Au droplet and the nanowire. This process decreases the excess In and P in the Au
droplet, which also drives the Au droplet away from super-saturation. As the Au droplet
keeps collecting elements from the precursors, the Au droplet will be super-saturated
again, and a new InP monolayer is grown again, cycle by cycle. Therefore, the nanowire
growth rate is deﬁned by the time needed for the Au droplet to reach super-saturation.
For III/V materials, the growth rate is determined by the supply of group III elements
which is the growth rate limiting element. Thus, if the In concentration within the Au
droplet is low because of insuﬃcient supply, longer time is needed for the Au droplet to
collect enough In to reach super-saturation.
Figure 4.6 shows the growth rate of both p-and n-type InP as a function of the HCl molar
fraction. Both growth rates linearly decrease with the increasing HCl ﬂow. The reduced
growth rate indicates that the In concentration has decreased by introducing HCl, thus
a longer time is needed to reach super-saturation. In other words, the eﬀective V/III
ratio within the Au droplet has increased by addition of HCl, which has a similar eﬀect
as increasing the normal V/III ratio by changing the ﬂuxes of the precursors, leading to
the formation of wires in other directions.
The reason that HCl depletes the In concentration in the Au droplet is complex because
the reaction between HCl and In is complicated due to the diﬀerent competing mechanisms involved. The decreased In concentration within the Au droplet due to HCl is,
most probably, caused by a desorption (etching) process [129]. Desorption is the opposite
process to adsorption (growth), which happens simultaneously and releases atoms from
any surface exposed to the gases. For the case of radial growth, HCl desorbs (etches) the
In from the VS-grown shell. As a result, radial growth is eliminated. The decreased In
concentration in the Au droplet can also be explained by a reaction of HCl with In on
the droplet surface, or even before they reach the droplet surface, thus decreasing the In
concentration in the Au droplet.
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(a)

(b)

(c)

(d)
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(f)

Figure 4.5: SEM pictures of the as-grown nanowires as a function of the in-situ HCl molar
fraction: (a)-(f) is 9.76 × 10-7 , 1.09 × 10-6 , 1.21 × 10-6 , 1.33 × 10-6 , 1.45 × 10-6 , 1.59 × 10-6 ,
respectively.
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Figure 4.6: Growth rate of n- and p- InP as a function of HCl molar fraction.

4.4.2

Eﬀect of the HCl ﬂow on the solar cell performance

To investigate the eﬀect of in-situ HCl etching on the solar cell performance, nanowires
are grown with various HCl ﬂuxes with a molar fraction from 4.87 × 10-7 to 1.58 ×
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10-6 . The nanowires are grown by using 130 nm thickness Au discs that are patterned
by the nanoimprint lithography to obtain a nanowire diameter of ~210 nm. The growth
temperature is 490 °C, and the ﬂuxes of TMIn and PH3 are constant. Because the growth
rate of both n- and p-type InP decreases with increasing HCl ﬂux, the growth time is
adjusted to obtain a nanowire length of ~ 1.3-1.5 µm. Before the fabrication of solar cell
devices, the nanowires are etched by a piranha solution for 50 s to reduce the nanowire
diameter to ~170 nm, which allows us to completely remove the VS-grown shell that
contains shunting paths and surface defects. The resulting nanowire array is able to
absorb more than 80% of the solar spectrum with photon energy larger than the InP
bandgap, as shown in Chapter 2. For all the nanowires grown with various HCl ﬂuxes,
no obvious radial growth has been observed.
Figure 4.7(a) shows the typical current-voltage (J-V) characteristics of the nanowire solar cells with various in-situ HCl ﬂuxes. The performance of the nanowire solar cells is
signiﬁcantly enhanced by adding more HCl. The Voc increases almost linearly from 0.12
V to 0.64 V that is for the highest HCl ﬂux. Current-voltage measurements in the dark
show that the reverse current decreases by 3 order of magnitude, as shown in Figure
4.8. The reverse dark current is an indication of the amount of defect centers such as
unwanted impurities that degrade the material quality of the nanowires. This is because
the depletion region increases with increasing reverse-bias. Under these conditions, defect centers in the depletion region can be ionized generating free carriers, resulting in
an increase of the reverse current. Unlike the Voc , the enhancement of the ﬁll factor is
accompanied by more variation, especially when the HCl molar fraction is larger than
1.2 × 10-6 . This can be attributed to an increasing number of kinked wires, as shown in
Figure 4.5. A small number of kinked wires will signiﬁcantly decrease the probability to
contact all nanowires eﬀectively with a thin ITO layer, thus introducing leakage currents.
The poorly contacted nanowires could explain the observed variation in the short-circuit
current density. With optimum HCl ﬂux, a solar cell with a Voc of 0.64 V, a Jsc of 19.64
mA/cm2 and a ﬁll factor of 0.57 has been obtained, which corresponds to a power conversion eﬃciency of 7.1%. A further increase of the HCl ﬂux is possible, but a higher HCl
ﬂux also lowers the nanowire growth rate dramatically. A very high HCl ﬂux is thus not
suitable for solar cell applications. In addition, a too high HCl ﬂux introduces irregular
defects with inclined twins that could negatively aﬀect the solar cell performance.
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Figure 4.7: Performance of nanowire solar cells, grown with various in-situ HCl ﬂuxes. (a) J-V
curves under 1 sun illumination. The HCl molar fraction is 4.87 × 10-7 , 7.31 × 10-7 , 9.75 ×
10-7 , 1.21 × 10-6 and 1.58 × 10-6 for the black purple, blue, green and red curve, respectively.
(b) Variation of the solar cell parameters Voc , FF, and Jsc of cells as a function of the HCl
molar fraction.
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Figure 4.8: Dark current-voltage curves for solar cells with diﬀerent HCl molar fractions.

The enhancement of the open circuit voltage and the ﬁll factor observed in Fig 4.7 is most
probably caused by the elimination of carbon impurities, which act as non-radiative
recombination centers. To study the eﬀect of the HCl ﬂux in more details, we grow
nanowires with a constant HCl ﬂux, but with increasing TMIn ﬂux. In this way, also the
ﬂux concentration of carbon in the chamber is increased. After growth, the nanowires are
etched for 50 s by the piranha solution to completely remove the shunting paths on the
nanowire sidewalls. For these wires, no obvious radial growth has been observed during
inspection by SEM. Figure 4.9 shows the solar cell parameters, Voc , Jsc , and FF as a
function of the TMIn molar fraction. Clearly, all solar cell parameters are dramatically
degraded by increasing TMIn pressure, which suggests that the amount of TMIn, or
the ratio between TMIn and HCl, is actually critical for solar cell performance. Before
it is believed that that impurities from organic precursors, such as carbon, are mostly
embedded in the nanowire shell via radial VS growth, as shown in Section 4.3.1. It is
assumed that the VLS-grown nanowires cores contain less carbon because carbon has a
low solubility in Au. However, our results from nanowire solar cells suggest that there
is probably a substantial amount of carbon in the Au droplet, which can be ﬁltered out
by HCl. This can be understood due to a reaction between TMIn and HCl before these
gases reach the catalyst surface, or alternatively, within the catalyst droplet.
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4.5 Conclusion
In this chapter, we have investigated two growth parameters, i.e., the growth temperature
and the ﬂux of in-situ HCl, to improve the optical quality of the VLS-grown InP nanowires
and the performance of the solar cells. At high growth temperatures, the optical quality
of the nanowires is improved by promoting a pure WZ crystal structure and preventing
carbon incorporation. In addition, we ﬁnd that carbon atoms are likely to accumulate
on the sidewalls of the <111>-oriented InP nanowires due to VS radial growth. A
too high growth temperature introduces tapering due to VS growth and degrades the
yield of the nanowires. Therefore, a suitable growth temperature should be chosen to
obtain nanowires with both good optical quality and yield. For the nanowire solar cell
performance, addition of HCl during is found to be critical. A high HCl ﬂux is able
to eliminate the In atoms in the Au droplet, promoting the formation of kinked wires.
However, it signiﬁcantly enhances the Voc of the solar cells. A possible explanation for
the enhancement is that HCl can ﬁlter out the carbon in the Au droplet, which is proven
by keeping the HCl ﬂux constant and increasing the TMIn ﬂux. Therefore, the ratio
between HCl and TMIn is a key factor that determines the eﬃciency of a nanowire solar
cell.
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Eﬃciency enhancement of InP
nanowire solar cells by surface
cleaning
This chapter focuses on the surface quality of InP nanowires and its eﬀect on the solar cell
performance. We demonstrate an eﬃciency enhancement of an InP nanowire axial p-n
junction solar cell by cleaning the nanowire surface. We ﬁnd that the post growth piranha
etching is critical for obtaining a good solar cell performance. With this procedure, a
high diode rectiﬁcation factor of 107 is obtained at ±1V. The resulting nanowire solar cell
exhibits an open circuit voltage of 0.73 V, a short circuit current density of 21 mA/cm2
and a ﬁll factor of 72.5% at 1 sun. This yields a power conversion eﬃciency of up to
11.1% at 1 sun and 10.3% at 12 suns.

5.1

Introduction

Semiconductor nanowire solar cells are very promising for photovoltaic applications. A
nanowire array solar cell is able to exceed the Voc of conventional planar solar cells, as
discussed in Chapter 2. This is because nanowires intrinsically feature wave-guiding and
light-concentration. However, the merits of nanowires can be challenged by the presence
of a large surface area, which contains lots of surface states that could degrade the IQE
of the nanowires. The surface of the crystal is an abrupt change in the periodic pattern
of chemical bonds, and it introduces some unsaturated chemical bonds which are called
dangling bonds, which could change the electronic states at the surface of the nanowires,
and result in the formation of localized surface states which trap free carriers. In some
materials, the surface states are detrimental for optoelectronic devices, such as in GaAs
nanowire solar cells, for which the eﬃciencies are mostly less than 8% when no surface
passivation is applied. However, it is not a limiting factor for InP nanowire solar cells to
reach an eﬃciency of around 14% [47]. In contrast, surface defects that are decorated
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with impurity incorporation are more critical for both the optical and electrical properties
of a nanowire solar cell, as we have seen in Chapter 4. In this Chapter, we developed a
method to improve the nanowire surface quality by using piranha etching to clean the
nanowire surface after the growth, which is critical for obtaining a good photovoltaic
performance.

5.2 Experiment
For device fabrication, ﬁrst a 200 nm p+ -InGaAs layer (Zn-doped 1.2 × 1019 cm-3 ) is
grown on the backside of a Zn-doped (111)B InP substrate to ensure a p-type ohmic back
contact at low annealing temperature (T < 250 °C). Subsequently, an array of 136 nm
diameter Au particles with 513 nm spacing is prepared using nanoimprint lithography
[124] on the front side of the substrate. Nanoimprint lithography enables to fabricate
uniform nanowire arrays at wafer scale with low cost and is important to ensure the
uniformity and reproducibility of the nanowire growth. The nanowires are subsequently
grown in an Aixtron CCS MOVPE system using trimethylindium (TMIn) and phosphine
(PH3 ) at 450 °C via the vapor-liquid-solid growth mechanism. HCl is introduced at a
2.83 × 10-5 molar fraction to reduce radial growth. Diethylzinc (DEZn) and H2 S are used
as p-type and n-type dopants. The total growth time is 19 min, resulting in a nanowire
length of 2.3 µm with the p-n junction located at the middle part of the nanowires.
Figure 5.1(a) and (b) show the uniformity in both diameter and length of the as-grown
InP nanowires. Except for the bottom part of the nanowires, no apparent lateral growth
is observed due to the in-situ etching with HCl.
After growth, the nanowires are etched with a piranha solution to clean the nanowires
sidewalls. Samples have been prepared with diﬀerent piranha etching times (0-30 seconds
in steps of 5 seconds). After etching, the nanowires are immediately capped with a 40
nm SiO2 shell to improve the adhesion between the nanowires and the benzocyclobutene
(BCB, Dow chemical) isolation and planarization layer. At the same time SiO2 is expected
to additionally passivate the nanowire surface [142]. The SiO2 on the nanowire tips is
etched away by buﬀered HF for making the top contact, as shown in Figure 5.1(c).
Ti/Pt/Au is used to form a back contact to the substrate and 300 nm indium-tin-oxide
(ITO) is deposited as the front contact. Finally, the samples are patterned into 500 µm
× 500 µm area solar cell devices. A cross section of the ﬁnal device is shown in Figure
5.1(d), where some wires are missing due to the imperfect cleaving.
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Figure 5.1: (a) SEM image of the as grown InP nanowires tilted by 30° and (b) is the zoom-in
image of a single InP nanowire with a p-n junction. (c) SEM image after BCB planarization
and SiO2 wet etching to expose the tips of the nanowires. (d) SEM image after sputtering of
the ITO front contact. The scale bar is 1 µm for (a), (c), (d) and 100 nm for (b).

5.3 Solar cell performance
The photovoltaic properties of the cells are obtained by measuring the current densityvoltage (J-V) characteristics both in the dark and under 1 sun illumination (AM 1.5)
with a calibrated set up. Figure 5.2(a) shows the J-V characteristics of our best solar
cell with 25 s piranha etching. Under 1 sun illumination, the solar cell exhibits an open
circuit voltage (Voc ) of 0.73 V, a short circuit current density (Jsc ) of 21 mA/cm2 and
a ﬁll factor (FF) of 72.5%, resulting in an overall power conversion eﬃciency of 11.1%.
The high eﬃciency of the solar cell is attributed to the low surface recombination velocity
of InP [87, 88] and to the nanowire sidewall cleaning by both in-situ etching and post
growth etching. As compared to the recently reported 13.8% eﬃciency InP nanowire
axial solar cell with 177 nm diameter nanowires [47], our devices are built from much
thinner nanowires, which have a 75 nm diameter after sidewall etching. We emphasize
that the light absorption in our thin nanowires cell could thus be further optimized, e.g.
by increasing the nanowire diameter and using tapered nanowires [101]. We assessed the
eﬀect of piranha etching on the device performance in more detail, as shown in Figure
5.2(b). The reverse bias leakage current in the dark is decreased by 3 orders of magnitude
by the piranha etching to an extremely low value of 7.5 × 10-4 mA/cm2 at -1 V bias
voltage, corresponding to ~1 pA per nanowire. The rectiﬁcation ratio at ±1V simultaneously increases from 102 to 107 , and the ideality factor (n) improves from 3.17 to 2.12.
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The ideality factor n 2 indicates that recombination in the space charge region or at
the mid bandgap states dominates our solar cell system. Since nanowires have a large
aspect ratio and are grown at a relatively low temperature (450 °C), surface states and
carbon atoms are the most probable reasons for this value of the ideality factor. In total,
we have measured 26 solar cell devices from two diﬀerent samples, which were fabricated
separately and piranha etched for 25 and 30 s, respectively. Figure 5.2(c) shows the
measured power conversion eﬃciencies, which vary between 9.2% and 11.1%, except for 1
cell with < 8% due to local damage to the sample before device fabrication. This shows
that, by using nanoimprint lithography, the nanowire geometry and quality is uniform
and reproducible throughout the samples.
To evaluate the surface cleaning eﬀect, we characterized the solar cells properties with
diﬀerent piranha etching times. Figure 5.3(a) shows that both Voc and Jsc are very low
without piranha etching, which is attributed to the shunting paths along the nanowire
sidewall introduced by unintentional sidewall growth. As we increase the piranha etching
time to 20 s, both Voc and FF increase dramatically. Further increasing the etching
time decreases Voc and Jsc slightly because the nanowire diameter is further decreased
which also decreases the light absorption in the nanowire array. In our case the optimum
piranha etching time for obtaining the highest power eﬃciency is 25 s.
In order to investigate the sidewall morphology before and after piranha etching, a transmission electron microscopy (TEM) study was performed on transferred, randomly distributed nanowires on a carbon ﬁlm. The TEM images show that the n-doped region of
unetched nanowires is wurtzite with only a few stacking faults and vertical side-facets.
The p-doped region has the zincblende crystal structure with twin boundaries perpendicular to the growth direction The side facets are inclined to the growth direction, and are
irregular in shape. The contrast reversal in the outer part of the nanowire in the bright
ﬁeld TEM image (see the red circles in Figure 5.3(b)) reﬂects the presence of stacking
faults that are inclined to the growth direction (see the HRTEM inset in Figure 5.3(b)).
These twin planes are the result of imperfect radial growth. According to Wallentin et
al., this is related to the presence of HCl during InP growth and can be tuned with DEZn
dopant concentration [143]. Figure 5.3(c) shows that piranha etching is capable to remove
the defective outer part of the nanowires, resulting in defect-free, rounded-oﬀ {111} and
{100} side-facets. In addition, our previous photoluminescence (PL) study shows that
piranha etching removes the carbon contamination in the unintentionally grown sidewall,
which serves as a non-radiative recombination center which deteriorates Voc [108].
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Figure 5.2: (a) J-V curve of the best nanowire solar cell in the dark and under 1 sun illumination.
The nanowire sidewall was piranha etched for 25 s for this cell. (b) Log J-V characteristics of
the best solar cell in the dark (black) and at 1 sun (red). For comparison we also show the
J-V curve without piranha etching in the dark (blue) and at 1 sun illumination (pink). (c)
Eﬃciency distribution of the measured 26 solar cells: the green (slashed) and red columns are
from the same sample etched for 25 s and 30 s, respectively.
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Figure 5.3: (a) Measured Voc , Jsc and FF for the nanowire solar cell versus the piranha etching
time. (b) and (c) are bright ﬁeld TEM images of the p-n junction region and high resolution
TEM images of the p type region InP before and after 25 s piranha etching, respectively. The
scale bar is 50 nm for (b), (c) and 5 nm for the insets of (b) and (c). The arrows indicate the
positions of the junctions.

To investigate the eﬀect of piranha etching and the passivation with a SiO2 shell on
the optical properties, room temperature photoluminescence (PL) lifetime measurements
were performed on as-grown nanowires, piranha etched nanowires and piranha etched
nanowires capped with SiO2 . In this study, pure p-InP and n-InP nanowires were grown
using the same growth parameters and etching procedures as for the nanowire solar cell.
Before piranha etching and without a SiO2 shell, the PL lifetime of individual p-InP
nanowires is below the instrumental resolution of ~0.1 ns. The lifetime is improved to
0.18 ns with only piranha etching, and further improved to 0.3 ns with piranha etching
and additional SiO2 capping. Similarly the PL lifetime of the n-InP nanowires increases
from 0.18 ns to 0.46 ns, after piranha etching and SiO2 capping, as shown in Figure
5.4. This is attributed to the elimination of the peculiar irregularities on the sidewalls
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of the p-InP nanowires, the elimination of the carbon impurities in the unintentional
grown nanowire sidewalls, and also to the SiO2 passivation, which improves and keeps
the PL lifetime. Presently, the PL lifetimes, in both p-doped and n-doped InP nanowires,
are not long enough to allow for a ~1 µm minority carrier diﬀusion length. However a
terahertz conductivity study recently demonstrated that even with a low PL lifetime
of 30 ps, a relatively long photoconductivity life time of >1 ns is still possible due to
charge separation at ZB/WZ crystal phase junctions [40], which could partly explain the
relatively good solar cell performance of our nanowire solar cell.

Figure 5.4: (a) PL lifetime measurement of p-InP nanowires: the untreated p-InP nanowire
shows a lifetime below our instrumental limit 0.1 ns (red); the lifetime is improved to 0.18 ns
with only piranha etching (green) and is further improved to 0.3 ns by both piranha etching
and SiO2 capping (black).

The contact between the ITO and the n-InP nanowires shows ohmic behavior even using a
low annealing temperature (T<250 °C). We performed Transmission Line Measurements
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(TLM), which show a 2.5 × 10-3 Ωcm2 contact resistance between the ITO contacts and
a n-InP substrate and a 5.3 × 10-4 Ωcm2 contact resistance to the p-InP substrate (see
the supporting information). These TLM measurements suggest that the series resistance
introduced by the contacts is only ~3 Ω per solar cell device (500 µm × 500 µm). The slope
of the J-V curve close to Voc in Figure 5.2(a) however indicates that the series resistance
is still a limiting factor. By using a linear ﬁt to the log J-V curve, the estimated series
resistance (Rs ) is 62 Ω and 84 Ω for a device with and without piranha etching. Moreover,
the series resistance decreases to 32 Ω for devices with a 500 nm shorter p-doped section,
implying that Rs mainly originates from twins in the zincblende p-type doped section of
the nanowire solar cells.
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Figure 5.5: Performance of our highest eﬃciency nanowire solar cell under concentrated illumination, showing an almost constant eﬃciency up to 12 suns.

In order to investigate the solar cell performance under concentrated light, we carried
out J-V characterization up to an equivalent of 12 suns illumination. As shown in Figure
5.5, the Voc increases logarithmically to 0.845 V when the illumination is increased up
to 12 suns, which is expected since Voc = kT ln (Jsc / (Jo + 1)). Even at 12 suns, only a
small decrease in eﬃciency is observed, from 11.1% to 10.3%. The ﬁll factor only drops
3% because of the series resistance, which is mainly from the p-InP segment, as discussed
above. Finally, the cells have been stored in ambient air for more than 3 months and no
eﬃciency degeneration has been observed.
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5.4 Conclusion
In conclusion, a high eﬃciency axial InP nanowire array solar cell is demonstrated by
improving the surface quality of the nanowire by post growth sidewall etching. By the
sidewall etching, we removed: (i) short circuit current paths along the nanowire sidewall,
(ii) the radially grown part of the nanowires containing sets of stacking faults, particularly
on the {111} side facets and (iii) carbon that was unintentionally incorporated in the
radially grown nanowire volume. Our nanowire solar cells show extremely low dark
leakage current (~1 pA/nanowire) and high rectifying behavior (107 at ± 1V). We ﬁnally
obtain a high Voc of 0.73 V, a high ﬁll factor of 72.5%, resulting in a solar cell eﬃciency
of 11.1% at 1 sun. Finally, our solar cell shows an almost constant eﬃciency up to 12
suns.
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Chapter 6
InP nanowires synthesized by
top-down etching
This chapter presents a method to synthesize nanowires by using top-down dry etching,
which allows us to make highly ordered nanowire arrays at a wafer scale using simple and
cheap processing. The top-down etched wires allow us to directly evaluate the potential
of nanowire for high eﬃciency nanowires as compared to planar solar cells. We ﬁrst
show the procedures of fabrication top-down nanowires, including epitaxial layer growth,
creating a SiNx hard mask, and dry-etching of nanowires. Then the methods to improve
the surface quality of the wires and their eﬀect on the PL properties of the wires are
presented. The solar cell performance based on the top-down wires will be discussed in
the next chapter.

6.1 Introduction
From the very early stage of nanowire research, the bottom-up growth by the VLS mechanism has been playing a very important role and has been very successful for nanowire
synthesis. The advantages of the VLS growth mechanism rely on the presence of the
Au catalyst, which allows for a lower growth temperature and a higher growth rate as
compared to conventional thin ﬁlm growth. Moreover, the small nanowire dimensions
of bottom-up wires release the lattice-matching requirements for the formation of heterojunctions, which allows integrating diﬀerent bandgap semiconductors into a single
nanowire with high interface quality, or even allows to grow nanowires on a foreign and
cheap substrate. These two advantages make bottom-up grown nanowires particularly
attractive for photovoltaic applications, since the solar cell production cost can be signiﬁcantly reduced by using nanowires.
The VLS mechanism will continue to play an important role for nanowire synthesis.
However, solar cell eﬃciencies of VLS-grown nanowire solar cells are signiﬁcantly lower
than their planar counterparts. For example, the world-record solar cell eﬃciency for a
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VLS-grown InP nanowire solar cell is 13.8% [47], while the world record for its planar
counterpart is 22.1% [144]. Even the world record nanowire solar cell suﬀers from both a
decreased Voc and a decreased Jsc as compared to its planar counterpart. The decreased
Jsc has been attributed to insuﬃcient light absorption, which can be further improved
by optimizing the nanowire geometry. The reduced Voc is due to recombination losses in
the nanowire, which origin has not been fully clariﬁed. GaAs nanowire array solar cells
are another example, where the eﬃciencies are currently still lower than 10%, and the
Voc is usually even smaller than 0.7 V [86, 87, 71, 85]. Theoretically, ideal nanowire solar
cells are expected to yield a higher Voc than a planar cell due to the intrinsic angular
restriction of photon emission and light-concentration eﬀect. So the naturally generated
question is what is presently limiting the nanowire solar cell eﬃciency? Is a nanowire
solar cell able to compete with a planar solar cell?
In order to answer this question, a nanowire solar cell should be designed with identical
material properties as a planar solar cell, which means that the nanowires should have the
same doping proﬁle, crystal structure and even the same internal quantum eﬃciency as
its planar counterpart. Unfortunately, this cannot be achieved with VLS-grown <111>
nanowires due to the following reasons. Firstly, it is diﬃcult to control the crystal phase.
Secondly, the Au catalyst might introduce Au atoms within the nanowire, which will
act as nonradiative recombination centers, although it is commonly believed that the
number of Au atoms within a nanowire is usually zero. Finally, the mechanism for carbon
impurity incorporation is still unclear, considering that the VLS growth is performed
at a relatively low growth temperature. Most importantly, it is diﬃcult to accurately
assess and optimize the doping proﬁles within these nanowires for reasons described in
Chapter 2. In order to assess the potential of a nanowire array for reaching a high
eﬃciency solar cell, we developed a top-down etching method to synthesize nanowire via
dry etching. These nanowires have the same layer design and material quality as their
thin ﬁlm counterpart. Therefore, a direct comparison can be made between a nanowire
solar cell and a planar solar cell, without having to deal with eﬀects due to an unknown
crystal structure, unknown doping levels and unknown impurity incorporation.
The top-down method involves a lithography patterning step followed by a dry or wet
etching step. Ordered nanowire arrays can be formed by etching pillars from a wafer.
During the etching process, the unetched parts remain; they preserve the wafer’s original
optical and electrical properties that have been formally incorporated before the top-down
etching process.
For the top-down etched nanowires, conventional patterning technologies have been used
to fabricate ordered nanowire arrays, which include optical lithography and e-beam lithography. However, optical lithography is not suitable for achieving the required < 100
nm resolution, while e-beam lithography is expensive and time consuming for achieving
wafer scale nanowire arrays, as presented in Chapter 3. Recently, colloid and nanosphere lithography have appeared as a cheap method for large area patterning, where
nano-particles are dispersed onto a substrate [145, 146, 147, 42], which subsequently act
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as a mask for etching. With this method, it is possible to obtain a monolayer of particles, spatially separated by a proper spacing. Although it is possible to vary the size
and density of the nano-particles by post deposition treatments, the degree of freedom is
limited thus it is diﬃcult to precisely control the uniformity of the nanowire diameter. In
addition, such patterns mostly lack a high long-range order, making them less interesting
for the study of light management in solar cell devices. Therefore, it is highly desired to
control the diameter and position of the nanowires.
Apart from achieving suﬃcient control on the nanowire array geometry, the other main
concern for top-down etched nanowires is to limit the amount of surface damage. Surface
damage is formed by the bombardment of the surface by the etchant ions during the
etching process, which can cause detrimental damage to the device’s electrical and optical
properties. Therefore, it is highly desired to be able to control the diameter and position
of the nanowires.
In this chapter, we will describe a top-down etching method used for fabricating highly
ordered arrays of nanowires with well-controlled diameter and spacing. The nanowire
arrays are formed at a scale of a 2 inch wafer. The etched nanowires automatically
obtain a base tapered shape, which is highly desirable for realizing a suﬃciently large
light absorption. The damaged surfaces of the etched nanowires are ﬁrst removed by a
digital etching procedure. The surface quality of the etched nanowires is further improved
by thermal annealing within a PH3 atmosphere. The annealed nanowires exhibit strongly
enhanced PL emission, which is expected to enhance the Voc of the solar cells built from
these nanowires.

6.2 Nanowire solar cell fabrication
Growth of the semiconductor layer stack
The fabrication of our top-down etched nanowire solar cell starts with the growth of the
active layers of the solar cell. The active layers are grown in an MOVPE reactor on a
Zn doped InP (100) substrate at a temperature of 650 °C. A 200 nm thickness p+ -InP
layer was ﬁrstly grown on the top surface of the substrate. This p+ -InP layer serves as a
back-surface ﬁeld to facilitate hole transfer into the p-InP substrate, while simultaneously
blocking electron transfer into the substrate. Then a lightly p-doped (1017 /cm3 ) InP base
layer is grown as a light-absorbing layer. In order to obtain a high electrical conductivity,
the doping level of this layer is made slightly higher than that for a GaAs thin ﬁlm solar
cell, since nanowire arrays have a larger resistance than a planar ﬁlm. Subsequently, an
n+ -InP emitter layers and an n++ -InP contact layer are grown, which will also serve as a
front surface ﬁeld for blocking hole transfer to the ITO layer. Two diﬀerent samples were
grown, which have a diﬀerent n-InP emitter thickness of 170 nm and 370 nm, as shown
in Figure 6.1(a). This allows us to investigate the eﬀect of the emitter thickness on the
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solar cell performance, as the emitter thickness has been reported to be very critical [47].
More importantly, a larger emitter thickness also provides more freedom for controlling
the vertical position, to which the BCB layer has to be etched back for making a proper
contact between the nanowire and the ITO front contact layer. It is important that
the top of the etched-back BCB layer is aligned within the n-InP emitter segment, since
otherwise the Voc , will be severely degraded, as we have frequently observed for solar
cells when the ITO layer touches the p-InP nanowire segment, or a too thick BCB layer
where the ITO layer does not make contact to the nanowire at all.

(a)

n-InP: 1.0×1019 cm-3
n-InP: 1.0×1018 cm-3

30 nm
170/370 nm

p-InP: 1.0×1017 cm-3
1600/1400 nm

p-InP: 1.0×1018 cm-33

200 nm

p-InP substrate <100>: 1.2×1018 cm-3
300 um

p-InGaAs: 1.2×1019 cm-3

(b)

(d)

(c)

200 nm

(e)

SiNx

Figure 6.1: Schematic of fabrication steps for top-down etched nanowires. (a) Active layer
growth by a MOVPE. (b) Nanoimprint lithography for Cr lifting-oﬀ. (c) Dry etching of the
SiNx hard mask. (d) ICP dry-etching to form the InP nanowire array. (e) Removal of the SiNx
hard mask, digital sidewall etching, and thermal annealing.

Nanoimprint lithography for creating the SiNx hard mask
In order to etch ordered arrays of nanowires, nanoimprint lithography (NIL) is adapted
for the process of top-down etching. With the same NIL stamp that has been used for
VLS nanowire growth, the array pattern on the PDMS stamp is ﬁrst transferred into an
array of chromium nano-discs via lift-oﬀ. The Cr nano-discs have exactly the same 200
nm diameter and 513 nm pitch as the Au nano-discs which are used for VLS nanowire
growth. Prior to the process of NIL, a 600 nm SiNx layer is deposited by PECVD on
the top surface of the substrate. Subsequently, the Cr nano-disc pattern is transferred
into the SiNx layer via RIE etching, as shown in Figure 6.1(c). This etching step forms
an array of SiNx nano-cylinders with a diameter of ~200 nm. Then the Cr nano-discs
are removed by using an O2 plasma, leaving only the array of SiNx nano-cylinders on the
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surface of the substrate. These SiNx nano-cylinders will serve as a hard-mask for etching
the InP nanowires in the next step.
A practical issue is that while the array of Cr nano-disc is important for etching nanowires
with a small amount of surface damage, the lift-oﬀ of the Cr layer is diﬃcult and it
easily goes wrong. As described in the Chapter 3, during the NIL process, a layer of
PMMA is used to lift oﬀ Au. Au is a very soft metal and does not compress the PMMA
during Au evaporation. Thus, a PMMA layer with small thickness (150-300 nm) and
low molecular weight (soft) can be used. This PMMA is easily dissolved in an acetone
solution. However, Cr is a very hard metal and it tightly compresses the PMMA during
the Cr evaporation, making the lift-oﬀ step almost impossible. In order to lift-oﬀ Cr,
we have to use a PMMA resist with a large molecular weight and viscosity, producing
a thickness of 1-2 µm. Such a PMMA layer cannot be fully dissolved by acetone. In
addition, PMMA residues stick to the Cr-discs due to its large viscosity and strong
adhesion to the thin Cr2 O3 layer covering the Cr nano-disc. A typical SEM picture
is shown Figure 6.2(a), where the dots are the Cr nano-discs, which are covered by
PMMA polymer residues. The polymer residues have to be removed, because they create
irregular SiNx structures. Normally, polymer residues can be removed through an O2
plasma treatment. However, the O2 plasma also etches the Cr nano-discs, making it
unsuitable for this process. Luckily, we have rich experience in piranha etching which
was found to be eﬃcient for polymer removal. Figure 6.2(b) shows the SEM picture of
the Cr nano-disc array after cleaning by a piranha solution for 12 minutes. It is obvious
that most of the polymer residues have been removed.

(a)

(b)

Figure 6.2: (a) SEM image of the Cr nano-discs covered with polymer residues. (b) SEM image
of the Cr nano-discs cleaned by a piranha solution for 12 min. The samples are tilted by 30°.
The scale bar is 1 µm.

Dry etching of the InP nanowires
For the formation of the top-down etched InP nanowire arrays, the InP solar cell wafer
is brought into a inductive coupled plasma (ICP) etching chamber. The ICP dry etching
of the InP solar cell is carried out at 150 °C with etchant gases of CH4 and H2 . A high
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etching-rate ratio (70-80) between InP and SiNx has been obtained with the optimum
etching recipe. The high etching-rate ratio is a vital to obtain nanowires with a smooth
surface, because the etched SiNx particles attack the InP surface, resulting in a rough
InP nanowire surface. The InP solar cell wafer was etched for 40 min, resulting in an
etching depth of 1.6 µm.
The morphology of the etched nanowires is characterized by scanning electron microscopy
(SEM). Figure 6.3 shows a SEM picture of a typical etched nanowire array solar cell. A
highly ordered and uniform nanowire array has been successfully obtained on a wafer
scale (2 inch InP wafer), as shown in the inset of Figure 6.3. The nanowire array exhibits
a black-purple color, which indicates strong light absorption across the visible spectrum.
The SEM study shows that the etched nanowires exhibit a tapered shape with a gradually
increasing diameter towards the substrate. The nanowire diameter is 200 ± 10 nm at
the top and 350 ± 20 nm at the bottom, with a 513 nm nanowire pitch. Compared to a
planar solar cell, the surface ﬁlling fraction of the nanowire array is less than 20%. The
tapered shape signiﬁcantly enhances the light absorption, as we discussed in the Chapter
2. According to simulations, this nanowire geometry absorbs more than 95% of the solar
spectrum with a photon energy above the InP bandgap, as shown in the second chapter,
which will be further discussed in the next chapter.

Figure 6.3: SEM image of a typical nanowire array formed by the top-down ICP etching. The
sample is tilted by 30°. The inset is the picture of a nanowire array on the full 2 inch InP wafer.

It is worth to note that the shape of the top-down etched nanowire can be tuned by the
dry etching parameters, such as the etchant ﬂux, the ratio between the CH4 and H2 ﬂuxes,
the substrate temperature and the RF power. Therefore, by using top-down etching, it
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is possible to fabricate nanowire arrays with an optimum shape which provides optimum
light absorption with minimum material usage. Although based tapered nanowires can
also be fabricated by bottom-up growth, the tapered part of a VLS grown nanowire is
formed by VS growth, which contains a lot of carbon and shunting paths. These VLS
growth issues make it presently impossible to grow tapered nanowire arrays absorbing >
90% with the required high materials quality.

6.3 Surface quality improvement
Nanowire surface smoothing by digital sidewall etching
The dry etching process will of course introduce surface damage due to the bombardment
of the nanowire surface with high-energy ions and reactive ion species. The eﬀect of
the surface damage includes an increased surface roughness, surface contamination by
the byproducts of the etching process and the intermixing of diﬀerent layers. Surface
damage can signiﬁcantly aﬀect the electrical and optical properties of the nanowires by
increasing the non-radiative recombination probability at the nanowire surface as well as
by increased scattering at the nanowire surface.
After the ICP dry etching, we use a digital sidewall etching procedure to further smoothen
the nanowire surfaces. The digital etching process consists of a series of etching cycles
with two diﬀerent steps in each cycle. The ﬁrst step is the surface oxidation, which
creates an oxide layer with a few nm thickness on the nanowire surface. The second step
is a chemical etching step to selectively remove the oxide layer, without etching the InP
nanowire. Therefore, the total etched shell thickness is not deﬁned by the etching time,
but by the number of etching cycles. The digital sidewall etching process avoids the
over-etching of InP nanowires around defects, which is frequently observed when using a
conventional chemical etching process. Figure 6.4(a) and (b) show the SEM pictures of
the etched InP nanowires before and after 10 cycles of digital sidewall etching. Without
the digital etching procedure, a damaged sidewall is observed just below the SiNx masks,
indicating a very rough surface. After digital etching, this damaged sidewall has been
completely removed, leaving a clean and smooth nanowire surface.
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(b)

(a)
SiNx

Figure 6.4: SEM imagines of top-down etched InP nanowires before, (a), and after digital
sidewall etching (b), respectively. The samples are tilted by 30°. The scale bar is 500 nm.

In order to further evaluate the surface roughness of our etched nanowires, TEM studies
were performed on the digitally cleaned nanowires. Figure 6.5(a) shows a TEM image of
a typical nanowire. The nanowire shows a defect-free and pure ZB crystal phase, which is
expected for epitaxially grown <100> InP layers. The digitally etched nanowires exhibit
a very smooth surface with a roughness down to the atomic scale, indicating the success
of digital sidewall etching.
The optical properties of the top-down nanowires are investigated by a microphotoluminescence spectroscopy (µ-PL) measurement at room temperature. The PL
measurements were carried out on vertical nanowire array samples with an embedded
p-n junction, with and without performing the ﬁnal digital etching procedure. Figure
6.5(b) shows the PL spectrum. It is obvious that the PL intensity is ~2.5 times enhanced due to the digital etching, which suggests that non-radiative recombination on
the damaged nanowire surfaces have been signiﬁcantly suppressed by our digital etching
procedure. We also measured the PL intensity of planar InP sample with the same layer
stack including the p-n junction. We observe that the PL intensity of the planar sample
is 30 times lower than the nanowire sample, as shown in Figure 6.5(b). The low PL intensity of the planar sample is attributed to the poor light out-coupling of the high refractive
index planar InP layer as compared to a nanowire array with an eﬀective refractive index close to unity. On the other hand, the high room temperature PL emission from the
nanowire array indicates that nonradiative recombination at the etched nanowire surfaces
is not a major limiting factor.
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Figure 6.5: (a) TEM image of a nanowire after digital sidewall etching, which shows a ﬂat and
smooth surface down to an atomic scale. (b) Typical room-temperature µ-PL spectrum of a
planar InP thin ﬁlm with an embedded p-n junction and ICP-etched nanowires from the same
sample with and without performing the digital etching step.

Nanowire surface repaired by thermal annealing
After the digital sidewall etching, a thermal anneal step within a PH3 atmosphere is
carried out to further improve the surface quality of the dry etched nanowires. By
thermal annealing the atoms on the NW surface are reorganized, producing more stable
surface facets. The nanowire side facets can be investigated by top-view SEM imaging.
Figure 6.6 shows the typical SEM image before and after thermal annealing. Before
annealing, the nanowires exhibit a circular cross sectional shape, without showing any
particular facet orientation. After annealing, 8 facets have been formed on the nanowire
sidewall, as indicated by the red octahedral. These facets have also been observed in
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VLS grown <100> nanowires, and are recognized as 4 {100} side facets and 4 {110} side
facets, suggesting that a stable surface has formed by annealing.

(b)

(a)

{110}

Figure 6.6: Top-view SEM images of the etched nanowires before, (a), and after thermal annealing (b). (c) Room-temperature PL peak intensities of thermally annealed nanowires versus
the annealing temperature.

The eﬀect of the thermal annealing is then studied by µ-PL measurements performed
on vertical nanowires arrays that are annealed at various temperatures. Unlike the comparison between planar ﬁlms and nanowires, these nanowire arrays all have the same
geometry for light out-coupling. The measured PL peak intensity can thus be mutually
compared and be used to roughly estimate the open circuit voltage Voc of the ﬁnal solar
cell devices that are fabricated from these nanowire arrays. This is feasible because the
integrated intensity of a PL is correlated to the quasi Fermi-level splitting in a material,
as will be shown in next chapter. Figure 6.6(c) shows the PL peak intensity as a function of annealing temperature. Compared to the nanowires without annealing, a clear
enhancement of the PL peak intensity is observed for annealing temperature between 400
°C and 530 °C. The highest PL peak intensity is observed at an annealing temperature
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of 470 °C, showing an almost 10 times enhancement of the observed PL intensity. Higher
anneal temperatures above 560 °C again decrease the PL eﬃciency. SEM measurements
show that the cross sections of the p-InP nanowire segments have become deformed at
560 °C, probably due to out-diﬀusion and evaporation of P atoms.

6.4 Conclusions
In conclusion, we demonstrate a simple and cheap method to fabricate a highly ordered
wafer scale nanowire array, by combining top-down dry etching and nanoimprint lithography. The etched nanowires show a tapered shape, which is highly desired for maximizing
light absorption within the nanowire. The damaged surfaces of the etched nanowires
are subsequently removed by a digital sidewall etching procedure. Finally, the surface
quality of the etched nanowires is further improved by a thermal annealing step within a
PH3 atmosphere. The annealed nanowire arrays exhibit strongly enhanced PL emission,
which could potentially enhance the Voc of solar cell built from these nanowire.
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Solar cells based on nanowires made
from a top-down approach
7.1 Introduction
It is of great interest and importance to overcome the limitations of planar solar cells, with
the objective to closely reach or even break the Shockley-Queisser limit for the powerconversion eﬃciency of a single junction solar cell. Nanowire solar cells have the potential
to achieve this goal due to their intrinsic capabilities for light concentration and restriction of the étendue of emitted photons. These eﬀects promise a higher Voc in a nanowire
solar cell as compared to their planar counterparts, as discussed in Chapter 2. However,
so far, the eﬃciencies of nanowire solar cells are signiﬁcantly lower than in their planar
counterparts. Moreover, an increased Voc due to intrinsic light concentration has not yet
been experimentally observed in a nanowire array solar cell. A direct assessment of the
advantages of a nanowire solar cell as compared to a thin ﬁlm cell is hindered because
(bottom-up) nanowires mostly possess diﬀerent crystal structure such that the material
properties of nanowires and planar ﬁlms are not comparable. As a result, it is still not
possible for the photovoltaic community to assess the competitiveness of nanowires for
high eﬃciency solar cells. Moreover, the theoretical advantages of a nanowire solar cell
can be seriously counteracted by nonradiative surface recombination due to large surfaceto-volume ratio of a nanowire. Our data however show that the improvement of the Voc
by light concentration and étendue restriction clearly outperform the disadvantages due
to an increased nonradiative surface recombination. We experimentally demonstrate that
a nanowire array intrinsically features a higher Voc than a planar ﬁlm.
In this chapter, the InP nanowires are prepared through a top-down etching approach,
which guaranties identical material properties as for planar solar cells. Due to the intrinsic
light-concentration eﬀect, the nanowires exhibit a larger quasi Fermi-level splitting than
the reference planar InP, even with a large surface-to-volume ratio. This suggests that
an enhanced Voc is obtainable in nanowire solar cells. Moreover, by using the top-down
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etched nanowires, we achieved a solar cell with a power conversion eﬃciency of 19.2%,
which is the highest eﬃciency reported for III/V nanowire solar cells so far. This eﬃciency
is also comparable to the highest eﬃciency of InP planar solar cell (22.1%). While the
material volume of the active part of our nanowire solar cells is 5 times less than in a
planar solar cell. The results presented here oﬀer solid evidence that nanowire solar cells
are able to exceed the eﬃciency limit of planar solar cells.

7.2 Light absorption by conical nanowire arrays
The top-down etched nanowires possess a conical shape with gradually increased diameter toward the bottom of the nanowires, which is able to enhance light absorption, as
presented in Chapter 2. The amount of light absorption in the nanowire arrays is calculated by 2-dimensional Finite-Diﬀerence Time-Domain (FDTD) simulations, as shown in
Figure 7.1(a). The conical nanowire array exhibits a strongly enhanced light absorption
in a very broad wavelength range, from 300 nm to 900 nm, with a minimum light absorption above 80% at around 700 nm. As a result, the nanowire array absorbs 91.3% photons
of the AM 1.5G spectrum with photon energy higher than the InP bandgap, which corresponds to a photo current density of 31.5 mA/cm2 , as shown in Figure 7.1(b). The
broadband light absorption in the conical nanowire array is explained by the enhanced
HE12 and HE11 hybrid leaky modes in vertical nanowire arrays. As explained in Chapter
2, these two modes are the dominant mechanisms that determine the light absorption in
vertical nanowire arrays and can be tuned across a large wavelength range by changing
the nanowire diameter. The presence of multiple nanowire diameters in a conical shaped
nanowire array eﬀectively broadens the resonances of both modes, resulting in a strong
light absorption in the full range of the solar spectrum. In addition, the conical shape
of the nanowires provides a gradually increased eﬀective refractive index of the nanowire
array, which also enhances the light absorption by reducing light reﬂectance. The light
reﬂectance is measured on both a vertical conical-shaped nanowire array and an InP
epitaxial grown thin ﬁlm, as shown in Figure 7.1(c). The nanowire array reﬂects about
6.2% of the photons in the wavelength range from 400-900 nm, while the InP thin ﬁlm
reﬂects about 29.2%. Note that a low reﬂectance is observed at wavelengths beyond 917
nm (band-edge of InP at room temperature), since photons with energies smaller than
the bandgap are transmitted through the substrate.
We have made solar cells based on these conically shaped nanowires as well as on epitaxially grown InP thin ﬁlms. The nanowire solar cells are fabricated according to the
procedures described in Chapter 3, while the planar solar cells are fabricated by depositing an ITO thin ﬁlm front contact and using a lithographic procedure to deﬁne the solar
cell area. No textured structures or anti-reﬂection coatings are applied to the planar solar
cell for reducing the light reﬂection. Figure 7.1(d) shows the typical external quantum
eﬃciency (EQE) of the nanowire solar cell in comparison with the planar solar cell. The
nanowire solar cell exhibits a signiﬁcantly stronger response to the solar spectrum than
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the planar solar cell, resulting in a signiﬁcantly larger short-circuit current density than
the planar solar cell. The relatively low short-circuit current density of the planar solar
cell is attributed to light reﬂectance by the thin ﬁlm. However, even if we suppose that
the InP planar solar cells have light reﬂectance of zero, our nanowire solar cells still possess larger short-circuit current densities than the planar ones, as will be later shown in
this chapter. So, the reﬂectivity does not explain the whole story.
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Figure 7.1: (a) Simulated light absorption for a conical nanowire array as function of wavelength. The nanowire top, bottom diameter and length are set as 150 nm, 350 nm and 1.6 um,
respectively. These dimensions are estimated by SEM measurements on our etched nanowires.
The pitch between the wires is 513 nm, as deﬁned by the nanoimprint lithography. (b) Simulated absorption of AM 1.5 spectrum by the conical nanowire array in (a). (c) Measured
reﬂectance of an InP nanowire array and an InP thin ﬁlm. (b) Measured EQE of a nanowire
array solar cell and an InP planar solar cell.
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In order to assess the intrinsic light-concentration eﬀect, we utilize excitation powerdependent PL eﬃciency measurements to measure internal quasi Fermi-level splitting
in both nanowire arrays and in epitaxially grown InP thin ﬁlms. The internal quasiFermi-level splitting can be regarded as the maximum Voc that can be achieved in a
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particular material. In addition, it has been shown that a well-calibrated PL eﬃciency
measurement accurately predicts the Voc measured by conventional I-V measurements
[148, 149, 150, 58]. This is possible because the intensity of the emitted photoluminescence is directly related to the quasi-Fermi-level splitting in a solar cell, which in turn
also deﬁnes the Voc . For spontaneous band-to-band emission, the emitted photon ﬂux
density per unit volume is given by [148]:





EF n − EF p
~ω
Ωn2 (~ω)2
exp
d(~ω)
A(~ω) exp −
drsp (~ω) =
4π 2 ~3 c2
kT
kT

(7.1)

Where rsp (~ω) is the spontaneous emission rate per unit volume for a given photon
energy ~ω. Ω is the solid angle of the emission, n is the refractive index, and A(~ω) is
the light absorptance of the material, c is the light velocity in vacuum, k is the Boltzmann
constant, and T is the temperature. Here EF n and EF p represent the quasi-Fermi level
of the electrons in the conduction band and the holes in the valence band, respectively,
which gives the maximum Voc = EF n − EF p achievable with the material.
In order to accurately extract the absolute Fermi-level splitting using PL measurement,
three terms need to be carefully assessed: A(~ω), the absolute PL intensity rsp (~ω), and
Ωn2 . For A(~ω), we use measured data, i.e. 0.94 and 0.71 for the nanowire array and
the InP thin ﬁlm, respectively, see Figure 7.1(c). For the absolute PL intensity rsp (~ω),
the measured PL intensity is corrected with the quantum eﬃciency of the PL set up. A
gold mirror that can be regarded as an ideal reﬂector is used to calibrate the quantum
eﬃciency of the PL set up. The illumination power, i.e. the number of incident photons
on the mirror, is measured with a photodetector. The light reﬂected by the Au mirror is
subsequently measured by the CCD camera of the spectrometer. The quantum eﬃciency
of the PL set up is thus the ratio between number of photons collected by the CCD and
the number of the incident photons. The last term Ωn2 corresponds the light out-coupling
of the solar cells, which is diﬀerent for nanowire arrays and planar. The light out-coupling
eﬃciency is calculated by using FDTD with a dipole positioned at various heights along
the axis of the nanowire and below the surface of the planar layer. For all the positions,
the relative light out-coupling eﬃciency is about 6% for an InP thin ﬁlm, 23%, for an
etched nanowire array, and 16% for a completed nanowire array solar cell, respectively.
Since we are more interested in the diﬀerence between nanowire solar cells and planar
solar cells, we thus replace the term of Ωn2 by the calculated relative light out-coupling
eﬃciency to extract the relative Fermi-level splitting.
To measure the internal Fermi-level splitting, power-dependent PL measurements are
performed at room temperature on both intrinsic and doped samples, including nanowires
and thin ﬁlms, as well as completed devices that contains nanowire solar cells and planar
solar cells. Integrated PL intensities are corrected with the quantum eﬃciency of the PL
set up, and they are used as the rsp (~ω) in Eq. (7.1). Ωn2 is replaced by the calculated
light out-coupling eﬃciency, i.e. 6%, 23%, and 16% for bare InP thin ﬁlms and planar
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solar cells, bare nanowires, and nanowire solar cell devices, respectively. A(~ω) is replaced
by the measured absorptance, i.e 0.94 for bare nanowires and nanowire solar cells; 0.71
for bare thin ﬁlms and planar solar cells. The Fermi-level splitting is extract according
to Eq. 7.1.
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(black) surface treatment of digital etching, as a function of the laser excitation power. The
plotted PL intensity is a value obtained by integrating the PL from 400 nm to 950 nm. (b)
Fitted relative quasi Fermi-level splitting for nanowire arrays using the data from (a). (c)
Comparison between the power-dependent Fermi-level splitting measured by the PL and the
electrically measured power-dependent Voc of nanowire solar cell devices. The black dots and
blue squares are the Fermi-level splitting and Voc of the nanowire solar cell with digital etching,
while the red dots and the green squares are the Fermi-level splitting and Voc of the nanowire
solar cell without digital etching.

In order to validate this method of assessing the Voc of a solar cell, we applied it to two
types of nanowire solar cell devices, i.e. with and without a surface treatment by digital
etching. Both devices have nanowires with an identical geometry, thus allowing the same
light out-coupling eﬃciency. Figure 7.2(a) shows the integrated PL intensity as a function
of laser intensity. The nanowire solar cell with surface treatment shows a signiﬁcant
higher (more than 10 times) PL intensity than the one without surface treatment. Such
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an improvement is expected since the defects caused by ICP dry etching have been
removed. Accordingly, the ﬁtted Fermi-level splitting of the surface-treated nanowire
solar cell is about 75 meV higher than that of the nanowires without surface treatment,
as shown in Figure 7.2(b). We also compared the Fermi-level splitting measured by PL
and the Voc measured by a current-voltage scan as a function of incident power, as shown
in Figure 7.2(c). A perfect match is found between the two types of measurements for
illumination powers between ~0.2 sun and 2 suns, with a maximum error of 28 meV in
the absolute value of the Voc . This validates the eﬀectiveness of the PL technique used
to assess the Voc of a solar cell.
We then proceed with the Fermi-level splitting in nanowires and InP thin ﬁlms, fabricated from the same MOVPE-grown wafer. The power-dependent PL measurements are
performed on both intrinsic samples (nanowires and epitaxially grown thin ﬁlms) and
doped samples (nanowires and epitaxial thin ﬁlms). The doped samples have the same
doping proﬁle as a completed solar cell device. Figure 7.3 shows the characteristics of
Fermi-level splitting as function of the illumination power density. Interestingly, the intrinsic nanowires exhibit a larger Fermi-level splitting than the intrinsic InP thin ﬁlms
over the full range of incident power. The Fermi-level splitting in the intrinsic nanowires
is about 37 meV larger than in the planar layer at 1 sun illumination intensity, even with
a large surface-to-volume ratio. The explanation for the enhanced Fermi-level splitting in
the nanowires is exactly the intrinsic light-concentration eﬀect and the étendue restriction, as discussed in Chapter 2. Without considering the eﬀect of étendue restriction, the
geometric light concentration oﬀers about 40 meV enhancement in Voc for our nanowire
solar cells, which is highly consistent with the measured Fermi-level splitting.
The slope of the curves corresponds to 1/n, where n represents the ideality factor that
depends on the dominant recombination mechanism. For pure radiative recombination,
n~1, whereas for Auger recombination, n~1.5. The slope of the two curves in Figure
7.3(a) is almost the same, showing that both radiative recombination and Auger recombination take place. This also means that the large surface of nanowires, unexpectedly,
does not inﬂuence the PL eﬃciency signiﬁcantly, which is attributed to the low surface recombination of InP. Figure 7.3(b) shows the measured Fermi-level splitting in nanowires
and thin ﬁlms with incorporated p-n junctions. The measured Fermi-level splitting is
degraded in both the nanowires and the thin ﬁlms by the eﬀect of introducing doping.
Nevertheless, the nanowires still exhibit a larger Fermi-level splitting than the thin ﬁlms.
Moreover, unlike the intrinsic wires, the curve for doped nanowires clearly show a smaller
slope (higher PL eﬃciency at higher excitation power) than for the doped thin ﬁlms.
The diﬀerence is that the absorption depth is smaller for the planar sample than for the
nanowire-array. As a result, more electron-hole pairs are created in the n+ region of the
planar sample, leading to increased nonradiative recombination in the n+ region of the
planar sample as compared to the nanowire sample, and thus a lower PL eﬃciency.
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7.4 Performance of nanowire solar cell devices
The photovoltaic properties of the solar cells are obtained by measuring the current
density-voltage (J-V) characteristics both in the dark and under 1 sun illumination (AM
1.5). Figure 7.4 shows the J-V curves of our highest-eﬃciency top-down nanowire solar
cell (solar cell A), the highest-eﬃciency reference InP planar solar cell (solar cell B) and a
representative solar cell made from top-down etched nanowires without surface treatment
by digital etching (solar cell C).
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The nanowire solar cell A exhibits a high Voc of 0.795 eV, which is however 45 meV lower
than that of the planar solar cell C, i.e. 0.840 V. The reasons for the relatively low Voc of
nanowire solar cells will be explained later in this section. While the nanowire solar cell
A shows an extremely high short-circuit current density (Jsc ), i.e. 29.44 mA/cm2 . To
the best of our knowledge, this is the highest Jsc that has been reported in group III/V
nanowire array solar cells, which is very close to the Jsc of the most eﬃcient InP thin ﬁlm
solar cell, i.e. 29.5 mA/cm2 . It is important to note that our current density is calculated
according to the total cell area, i.e. 500 µm × 500 µm. With a ﬁll factor of 0.82, the
nanowire solar cell A features a power conversion eﬃciency of 19.2%. In contrast, the
planar solar cell B has a Jsc of 18.4 mA/cm2 and a ﬁll factor of 0.84, which corresponds
to a power-conversion eﬃciency of 13.1%. The relative low Jsc of planar solar cell B is
due to a lack of an antireﬂection layer.
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Apart from solar cell A, we observed several cells with Jsc larger than 30.0 mA/cm2 , as
FF :
shown in Figure 7.6(a), where the largest Jsc is as large as 30.8 mA/cm2 (measured
at
ECN, the Energy Research Centre of the Netherlands). This Jsc is the highest that has
even been demonstrated in a III-V single junction solar cell and is believed to be a beneﬁt
of the conical nanowire shape. Assuming that 100% light absorption can be reached in
the planar solar cell by addition of an anti-reﬂection coating, a maximum Jsc of ~24.5
mA/cm2 is extrapolated, which is still signiﬁcantly lower than that of the nanowire solar
cell A. The reason might be the same as the reason for the slopes in Figure7.3(a), i.e.
the highly-doped n-type region on top absorbs more photons in a planar solar cell than
in a nanowire solar cell, leading to relatively larger losses of photon-generated carriers in
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planar solar cells. Note that the measured reﬂectance of the nanowire-array allows for a
maximum Jsc of 32.83 mA/cm2 , which means that 6%-11% of the impinging light is lost
by the absorption in the 300 nm ITO top contact layer. Therefore, we believe that the
Jsc of the nanowire solar cells can be further improved by optimizing the top transparent
contact.
The Voc of the top-down etched nanowire solar cell is supposed to exceed the planar one
due to the intrinsic light concentration eﬀect, as we described in Chapter 2. Since we
use ~5 times less material in the nanowire solar cells, a 41 meV enhancement of the Voc
is expected in the nanowire solar cell, without considering the contribution of étendue
restriction for the photon emission. To obtain a better understanding of the limiting
factor for the Voc of the nanowire solar cells, we have studied the eﬀect of the n-type
segment length on the solar cell performance. Two types of samples have been fabricated,
a ﬁrst sample with an n-type segment length of 400 nm, and a second sample with an
n-type segment length of 200 nm.
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Figure 7.5: Distribution of Voc , Jsc , and FF of our nanowire solar cells with diﬀerent top n-InP
thickness. The black dots and circles are nanowire solar cells with a 400 nm thick top n-InP
segment, while the red triangles are nanowire solar cells with a 200 nm thick top n-InP segment.

For both types of samples, a 30 nm-length n++ (~1019 /cm3 ) segment is included at the
top, which serves both as a contact layer and a front surface ﬁeld, as shown in Figure
6.1. Figure 7.5 summarizes the photovoltaic properties of the two types of nanowire solar
cells. It clearly shows that the length of the n-type segment has a signiﬁcant eﬀect on
both the Jsc and the ﬁll factor, but not on the Voc . The average Jsc of the cells increase
from ~28.0 mA/cm2 to more than 29.0 mA/cm2 , when the length of the n-type segment
decreases. Meanwhile, the average value of the ﬁll factor of the cells is improved from
~0.74, which is representative for most InP nanowire solar cells [47, 72], to average value
of 0.82 and a best value of 0.84, that is close to the ﬁll factor observed in a planar solar
cell. This indicates a good control of the series resistance (Rs ) and shunting resistance
(Rsh ) in our the nanowire solar cells. However, the enhancement of the Voc for a thinner
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n-type segment is not very impressive. The Voc increases less than 10 meV, from ~ 0.790
V to ~0.795 V on average.
In Chapter 6, we show that a PH3 annealing helps to repair the damaged surfaces of the
top-down nanowires after ICP dry etching, where an optimum annealing temperature
of 470 °C is used. In order to study the inﬂuence of surface properties on the Voc , we
have fabricated nanowire solar cells with various annealing temperature to investigate the
inﬂuence of surface quality on the solar cell performance. The annealing temperature is
increased from 425 °C to 500 °C, which is signiﬁcantly lower than the growth temperature
(650 °C) of the epitaxial layers. The doping proﬁles can therefore be regarded identical
for all devices, including the nanowire cells and the planar cells. Figure 7.6 shows the
photovoltaic properties of the cells with various post-ICP annealing temperatures. Unlike
the PL peak intensity, no clear relationship is observed between the Voc and the annealing
temperature, which means the Voc of the nanowire solar cell is not limited by the surface
quality of the wires, but by the device fabrication process. The same result was obtained
in Figure 7.3, where intrinsic nanowires show a larger Fermi-level splitting than thin ﬁlms,
but a nanowire solar cell shows a smaller Fermi-level splitting. A possible reason is an
imperfect top transparent contact, which could degrade Voc , as explained in Chapter 2.
Alternatively, additional strain might have been introduced during the processing of the
device, for example, by the SiO2 layer or by the ﬁlling of the space between the nanowires
by BCB. Additional experimental studies are needed to better understand the eﬀect of
fabrication steps on the Voc of the nanowire solar cells.
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7.5 Conclusions
In conclusion, the quasi Fermi-level splitting in the top-down etched nanowires and their
planar counterparts has been measured by photoluminescence eﬃciency measurements.
The nanowires exhibit a larger quasi Fermi-level splitting than the planar reference, suggesting that an enhanced Voc is obtainable in nanowire solar cells. This result is quite
surprising since it show that the large surface-to-volume ratio in a nanowire does not
degrade the Voc . This for the ﬁrst time experimentally proves that nanowires are a
better building block for a high eﬃciency solar cell than a planar ﬁlm. The advantage
of a nanowire array can be explained by the intrinsic light concentration eﬀect in the
nanowires. In addition, we demonstrate a nanowire solar cell based on the top-down
etched nanowires with a power conversion eﬃciency of 19.2%, which is the highest eﬃciency ever reported for a nanowire solar cell, and which approaches the highest eﬃciency
InP planar solar cell.
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Summary
It is the core interest for photovoltaic research to improve power-conversion eﬃciency
and to reduce production cost of solar cells. Various materials and structures have been
explored and studied for photovoltaic applications. Nanowires, especially the III/V compound semiconductor nanowires with a direct bandgap, are one of the most promising
candidates for solar cells, since they feature several distinct advantages compared to their
planar counterparts. First, a nanowire array with optimized geometry absorbs more light
with much less material consumption than a planar ﬁlm. Besides, a nanowire relaxes
the lattice-matching requirement of hetero-junction growth, which enables to combine
diﬀerent bandgap semiconductors into a single nanowire tandem solar cell. Moreover,
the relaxed lattice matching also allows using a cheap substrate, such as Si. The most
important advantage of nanowire solar cells is the inherent light-concentration eﬀect of
vertically standing nanowires, which provides a higher Voc than their planar counterparts, such that partly overcome the limitations of planar solar cells to closely approach
the S.Q. limit.
In this thesis, we develop high-eﬃciency solar cells based on vertical InP nanowire arrays. A nanowire array can be prepared by either bottom-up growth or top-down etching. The ﬁrst part of the thesis focuses on nanowires that are grown by a Au-catalyzed
Vapor-Liquid-Solid mechanism, which, unlike top-down wires, allows exploring new crystal structures and integrating hetero-junctions with high-interface quality. In this approach, an inevitable issue is that the radial growth due to vapor-solid growth happens
simultaneously with VLS growth. We introduce in-situ HCl etching during the growth to
eliminate the VS growth. We found that two growth parameters are critical to improve
the material quality of the wires, which are the growth temperature and the in-situ HCl
ﬂux. A high growth temperature is able to improve the optical quality of the nanowires
by promoting a pure WZ crystal structure and preventing carbon incorporation, while
in-situ HCl etching is able to suppress radial growth and eliminates carbon incorporation,
leading to a signiﬁcant enhancement of the nanowire solar cell performance.
The nanowire surface is an interesting topic and a vital aspect that determines the
nanowire solar cell eﬃciency. In this thesis, we develop a method to improve the nanowire
surface quality by using piranha etching to clean the nanowire surface after the growth.
An eﬃciency enhancement of an InP nanowire axial p-n junction solar cell is observed
after cleaning the nanowire surfaces. We ﬁnd that the post-growth piranha etching is
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critical for obtaining a good photovoltaic performance. With this procedure, we achieved
a nanowire solar cell with a power conversion eﬃciency of 11.1%, which is among the
best nanowire solar cells in the world.
The eﬃciency of VLS-grown nanowire solar cells has been improved signiﬁcantly over
the last several years, from <5% to >10%. However, so far, the eﬃciencies of nanowire
solar cells are signiﬁcantly lower than that of planar solar cells, and the intrinsic light
concentration eﬀect has not yet been experimentally observed in nanowire arrays. This
is due to the fact that (bottom-up) nanowires mostly possess a diﬀerent crystal structure
and optical properties with respect to planar solar cells, making it impossible to directly
compare a nanowire array with a planar ﬁlm of identical material quality. In the second
part of this thesis, we develop a top-down method to synthesize nanowires by dry etching,
which provide us nanowires with identical material properties as InP thin ﬁlm. Due to
the intrinsic light-concentration eﬀect, the nanowires exhibit a larger quasi Fermi-level
splitting than the reference InP thin ﬁlm, even with a large surface-to-volume ratio. This
suggests that an enhanced Voc can be obtained in nanowire solar cells. Moreover, by using
the top-down etched nanowies, we achieved a solar cell with a power-conversion eﬃciency
of 19.2%, which is the highest that has been reported for nanowire solar cells made from
group III/V materials. This eﬃciency is also comparable to the highest eﬃciency of InP
planar solar cells (22.1%), while the material volume in the active area of our nanowire
solar cells is 5 time less than that of a planar solar cell. The results presented in this part
experimentally prove that nanowires are a superior building block for solar cells, with
eﬃciencies beyond their planar counterparts.
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