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Abstract: Photovoltaics (PVs) based on nanostructured III/V semiconductors can potentially reduce
the material usage and increase the light-to-electricity conversion efficiency, which are anticipated to
make a significant impact on the next-generation solar cells. In particular, GaAs nanowire (NW) is
one of the most promising III/V nanomaterials for PVs due to its ideal bandgap and excellent light
absorption efficiency. In order to achieve large-scale practical PV applications, further controllability
in the NW growth and device fabrication is still needed for the efficiency improvement. This article
reviews the recent development in GaAs NW-based PVs with an emphasis on cost-effectively
synthesis of GaAs NWs, device design and corresponding performance measurement. We first discuss
the available manipulated growth methods of GaAs NWs, such as the catalytic vapor-liquid-solid
(VLS) and vapor-solid-solid (VSS) epitaxial growth, followed by the catalyst-controlled engineering
process, and typical crystal structure and orientation of resulted NWs. The structure-property
relationships are also discussed for achieving the optimal PV performance. At the same time,
important device issues are as well summarized, including the light absorption, tunnel junctions
and contact configuration. Towards the end, we survey the reported performance data and make
some remarks on the challenges for current nanostructured PVs. These results not only lay the
ground to considerably achieve the higher efficiencies in GaAs NW-based PVs but also open up great
opportunities for the future low-cost smart solar energy harvesting devices.
Keywords: GaAs nanowires; catalyst epitaxy; photovoltaics; optical absorption; Schottky barrier

1. Introduction
Energy crisis has always been a world-wide concern, as natural fossil fuel sources are becoming
increasingly less available and more expensive [1–4]. Besides, air pollution from consumption of fossil
fuels is severely threatening the living environment of human beings [5,6]. Thus, there is an urgent
demand for developing alternative renewable clean energy sources. Among various energy sources
including hydroelectricity, wind, and geothermal energy, sunlight is one of the most prospective
candidates for its abundance and zero-emissions [7–9]. It is estimated that the energy from sunlight
Crystals 2018, 8, 347; doi:10.3390/cryst8090347

www.mdpi.com/journal/crystals

Crystals 2018, 8, 347

2 of 21

striking the earth in one hour can meet our annual global energy consumption. However, the solar
PVs converting sunlight into electricity only constitutes a small fraction (<1%) of the global energy
supply [10,11]. The main factors limiting the widespread adoption of PV are its low power conversion
efficiency (PCE) and high cost. These challenges are hard to overcome but the potential benefits are
worth the efforts.
In the past decades, significant researches have focused on increasing the PCE of PV while
simultaneously reducing the production cost [12–16]. Generally, the cost of commercial and domestic
PVs to consumers is related to the system energy cost (in $/kWh), which includes the module cost
(depends on the PCE) and the balance of system cost (equals the module cost) [12]. As shown in
Figure 1, higher module cost can be tolerated if the module PCE increases. For the first generation
technology (majority of today’s PV market), PV devices are defined as p-n junctions formed in
single crystal or multi-crystalline Si substrates (cost ~0.3 $/kWh) [17,18]. Second generation PV
reduces the material usage by depositing various thin films on inexpensive metal foil or glass
substrates, such as amorphous Si film [19,20], copper indium gallium diselenide (CIGS) [21,22],
and III/V semiconductor film [23,24]. Although recorded overall cost (~0.1 $/kWh) is achieved by
current-day PV technology, the limitation of low material quality and poor PCE make it difficult
to compete with that of conventional energy sources. Therefore, third-generation device concepts
mainly aim to overcome the Shockley-Queisser efficiency limit for a single p-n junction (~33%, 1 Sun),
while reducing production cost [25–32]. As one strategy, multijunction solar cells based on thin films
of III/V compound semiconductor materials commonly employ a stack of p-n junctions and their
PCE can infinitely approach the theoretical 68% at 1-sun intensity (thermodynamic limit) [13,33–35].
For example, a measured 1-sun PCE of 34.1% has been achieved in a triple-junction solar cell.
Under concentrated sunlight (302 sun), the record PCE for any PV cell is 44.4% [36]. However,
the very expensive materials, fabrication, and focusing optics for III/V multijunction cells limit their
large-scale fabrication. Currently, a second strategy to promote PCE of PVs is to develop cost-effective
candidates with high PV performance, such as polymer solar cells (PSCs) and perovskite solar cells
(PVSCs). In particular, perovskite solar cells have the combination of some key attributes including
large absorption coefficients (105 cm−1 ), high charge carrier mobilities (101 cm2 V−1 s−1 ), the tunability
of optical properties and various deposition protocols, which enables perovskite solar cells to reach
a certified efficiency of 22.7% [37,38]. However, many challenges remain to be solved before polymer
and perovskite solar cells can be considered for real-life applications, including incorporating novel
light harvesting materials, optimizing device architectures, developing conductive materials for
the transparent electrodes, and especially improving the long-term stability of PVs. The other
emerged strategy of circumventing assumptions of the Shockley-Queisser is PV designs utilizing
nanostructured materials, such as nanocrystals (based on multiple exciton generation (MEG) with
limiting efficiency of ~44%) [39–42], nanotubes [43–45], nanopillars [46–48], and NWs [49–58]. With the
advantages of significant reduction in material usage, strong light absorption and efficient charge
separation, nanostructured solar cells hold great promise for reaching the demand of 0.03–0.05 $/kWh
by third-generation technologies.
Among all the nanostructured solar cells, one-dimensional (1D) NW-based cells have been widely
adopted due to their versatility, stability, the reduced minority-carrier lifetime, and optical reflectivity,
in addition to their compatibility with current Si-based microelectronics [31,59–70]. With high PCE
and extraordinary radiation hardness, GaAs NW is one of the most important nanostructures and has
been long concerned. For direct-bandgap GaAs NWs, optical interference and guiding effects promote
the light absorption by two–10 times [71–74]. For example, Krogstrup et al. reported a measured
solar conversion efficiency of 40% utilizing the light-concentrating property of a single standing GaAs
NW [74]. Furthermore, heterostructured junctions and passivation have been intensely investigated for
efficiently carrier separation and collection [75–78]. Nowadays, design of transparent or wearable NW
device also paves the way of PV applications by making it more intelligent [79–81]. The synthesis of
1D GaAs NW by self-catalyzed or self-assisted method has recently been provided in [82–85], with the
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2.1. The VLS and VSS Growth Methods
2.1. The VLS and VSS Growth Methods
Figure 2 depicts the typical schematic illustration of the CVD growth setup of a two-zone tube
Figure 2 depicts the typical schematic illustration of the CVD growth setup of a two-zone tube
furnace [98]. The solid source is evaporated at the center of the upstream zone and transported by a
furnace [98]. The solid source is evaporated at the center of the upstream zone and transported by
carrier gas of hydrogen to the downstream zone. The growth substrate with pre-coated NP catalysts
a carrier gas of hydrogen to the downstream zone. The growth substrate with pre-coated NP catalysts
is placed in the middle of the downstream zone with a distance of 20 cm away from the source. Then
is placed in the middle of the downstream zone with a distance of 20 cm away from the source.
the source and substrate are subject to different temperatures, evaporating the precursors for growth
Then the source and substrate are subject to different temperatures, evaporating the precursors for
of NWs. If the substrate is firstly annealed at higher temperature and then cooled down to the growth
growth of NWs. If the substrate is firstly annealed at higher temperature and then cooled down to the
temperature of NWs, it is called two-step growth method, which is adopted for tuning of the catalyst
growth temperature of NWs, it is called two-step growth method, which is adopted for tuning of the
composition and the subsequent epitaxial growth of NWs.
catalyst composition and the subsequent epitaxial growth of NWs.
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The differences in the growth behavior of GaAs NWs are largely determined by the interaction
The differences in the growth behavior of GaAs NWs are largely determined by the interaction
between the source material and the catalytic NP. The key feature of the VLS growth mechanism is
between the source material and the catalytic NP. The key feature of the VLS growth mechanism is the
the liquid state of the metal alloy tip during the NW growth, which occurs by the formation of a
liquid state of the metal alloy tip during the NW growth, which occurs by the formation of a eutectic
eutectic melt. Once the alloy tip forms a eutectic, the excess material that is adsorbed from the vapor
melt. Once the alloy tip forms a eutectic, the excess material that is adsorbed from the vapor precipitates
precipitates out in the form of a nanowire. Typically, Au catalyzed growth of GaAs NW has been
out in the form of a nanowire. Typically, Au catalyzed growth of GaAs NW has been confirmed as
confirmed as a standard VLS mode. As an example, Zhang et al. reported the non-linear relationship
a standard VLS mode. As an example, Zhang et al. reported the non-linear relationship between the
between the Au NP size and the final GaAs NW diameter and attributed it to the different Ga
Au NP size and the final GaAs NW diameter and attributed it to the different Ga solubilities in varied
solubilities in varied sizes of Au particles [99]. Unlike the VLS mechanism, in VSS, the metal alloys
sizes of Au particles [99]. Unlike the VLS mechanism, in VSS, the metal alloys exit as solid particles.
For example, Han et al. found that thin GaAs NWs could be grown epitaxially in the VSS mode from
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2.3. Evaluations of the Catalyst Epitaxy
There are several benefits for the catalyst expitaxy growth of III–V NWs. Firstly, the crystal defects
are minimized. GaAs materials have the zinc blende (ZB) crystal structure in bulk form, because the
wurtzite (WZ) crystal phase is not thermodynamically stable under ambient conditions [111].
Furthermore, GaAs NWs don’t normally have threading dislocations, because they are not stable in
GaAs NWs [112,113]. Whereas, the as-grown NWs exhibit ZB, WZ or a mixed crystal phase with
stacking defaults or kinking along the growth direction of NW. Sanchez et al. also described stable
topologically protected line defects in GaAsP NWs in their latest work, which have not been previously
discovered [114]. These defects act as the nonradiative recombination centers, which have great
influence on the NW performances. Crystal phase-dependent nanophotonic and electronic properties
have been reported by numerous groups [111,115,116]. Hoang et al. found that the WZ structure had
a larger bandgap (~29 meV) compared to ZB, which explained the blue-shift of the corresponding
light absorption for WZ NWs [115]. Jancu et al. observed the formation of type II heterostructures in
WZ GaAs NW with a mixed ZB phase [116]. All these results emphasized the importance of crystal
phase-engineering during the NW growth. By introducing beryllium (Be) doping during the NW
core growth, pure-ZB GaAs/GaAsP core-shell NWs with high regular morphology were synthesized
directly n p-type Si(111) substrates [117]. In our previous study, the catalyst epitaxial grown GaAs NWs
are single crystalline with minimized crystal defect as revealed by photoluminescence and Raman
spectroscopy, which have a high PCE of ~16% [81]. In the meanwhile, the catalyst epitaxial grown
GaSb NWs have a high hole mobility of 300–400 cm2 /Vs, due to the diminished crystal defects by the
Au and Pd catalyst epitaxial growth method [118].
Secondly, the NW orientation can be controlled by the selective growth on certain crystal planes
of the catalyst with minimal lattice mismatch with the NW body. In the literature, the growth direction
of GaAs NWs in MBE is highly dependent on a wide variety of growth conditions, the substrate,
the catalytic supersaturation, the droplet wetting and the pre-nucleation conditions [74,90,119].
GaAs(111)B substrates result in <111> NWs that are orthogonal to the substrate surface [120]. While for
GaAs(111)A substrates, controllable switching between <111>B and <111>A growth directions
is achieved using a simple combination of nucleation and surface energy engineering of the Au
seeds [109]. More than 70% of the NWs grown on Si(111) substrates have equivalent <111> directions,
but the Si(100) substrates usually result in titled NWs [120]. The case turns more complicated for the
catalyst epitaxial on amorphous substrates, such as on glass and SiO2 , in which the NW nucleation is
more or less scattered and randomized. In our previous work, various growth orientations such as
<111>, <110>, <331>, and <311>GaAs NWs were observed due to the lack of crystalline template to
direct the NW growth. With the engineered high Ga supersaturation with smaller Au NPs, NWs can
be manipulated to grow unidirectionally along <111> with a higher growth rate and less defect
concentration under similar growth condition [94]. A two-temperature method can also be used to
optimize the pre-nucleation of catalyst alloy in order to control the crystal quality and orientation for
the uniform NW growth [121]. In Pd catalyzed GaSb NWs growth, pure <111> NWs are grown by the
Pd5 Ga4 catalyst epitaxy, which have high hole mobility of 300–400 cm2 /Vs [118].
Third, there would be sharp Schottky barrier between the catalyst and the NW body. There are
abundant surface states such as dangle bonds on the surface of GaAs NWs, due to the large
surface-to-volume ratio. These surface states would pin the surface Fermi level near the intrinsic
position, which makes far lower Schottky barrier of metal-semiconductor Schottky contact than the
theoretical one as shown in Figure 4 [58]. For example, thermally deposited Au electrode has only
small Schottky barrier of ~0.1 eV as shown in Figure 4d, far lower than the work function difference
of Au (5.1 eV) and GaAs (4.6 eV). In contrast, the atomically attached Au catalyst has sharp Schottky
barrier of ~0.6 eV as shown in Figure 4b, which would be due to the unpinned surface Fermi level
of GaAs by diminishing the surface states in the Au/GaAs interfaces. Similar results are also found
for the Ga/GaAs interface, where a sharp Schottky barrier of ~1.0 eV is estimated between the axially
heterostructured Ga/GaAs NWs as shown in Figure 4e,f [58]. Therefore, the sharp Schottky barrier
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been considerable effort in developing catalyst-free growth techniques, like self-catalyzed synthetic
modes. However, it is still difficult to control the morphology, crystal phase and defects of NWs during
the catalyst-free growth. The problem becomes more serious for the growth on amorphous substrates.

Crystals 2018, 8, 347

Crystals 2018, 8, x FOR PEER REVIEW

8 of 21

8 of 20

Hence, the catalyst-free growth methods do not as yet provide a full alternative to the gold-assisted
amorphous substrates. Hence, the catalyst-free growth methods do not as yet provide a full
growth of III/V NWs.
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Figure 5. Supersaturation-controlled growth of GaAs NWs. (a) Growth direction statistics of grown
Figure 5. Supersaturation-controlled growth of GaAs NWs. (a) Growth direction statistics of grown GaAs
GaAs NWs. (b) Simulation of the Ga supersaturation in Au nanoparticles with various diameters
NWs. (b) Simulation of the Ga supersaturation in Au nanoparticles with various diameters (black line)
(black line) and the experimental results of catalytic Ga concentration with different NW diameters
and the experimental results of catalytic Ga concentration with different NW diameters (red line). (c) The
(red line). (c) The schematic illustration of GaAs NW growth rate, density, orientation, and crystal
schematic illustration of GaAs NW growth rate, density, orientation, and crystal phase change with Ga
phase change with Ga supersaturation in Au catalyst with different diameters. Adapted with
supersaturation in Au catalyst with different diameters. Adapted with permission from [94].
permission from [94].
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kinetics of III/V NWs at identical growth conditions. Pin et al. synthesized Au nanocubes with welldefined Au(100) crystalline planes by incorporating a surfactant of hexadecyl trimethyl ammonium
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Figure 6. Comparison of the single-step and two-step growth method. (a,b) SEM images of the singleFigure 6. Comparison of the single-step and two-step growth method. (a,b) SEM images of the
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3. The Structure-Property Relationships
3. The Structure-Property Relationships
Applications of NWs in electronics, photonics, optoelectronics, and PV are strongly influenced
Applications of NWs in electronics, photonics, optoelectronics, and PV are strongly influenced by
by structural parameters including morphology, phase purity, orientation, or lattice strain. In this
structural parameters including morphology, phase purity, orientation, or lattice strain. In this regard,
regard, investigating correlation of structure-property is necessary but challenging. One major
investigating correlation of structure-property is necessary but challenging. One major problem is that it is
problem is that it is merely impracticable to fabricate the same NW into a device for detailed electrical
merely impracticable to fabricate the same NW into a device for detailed electrical and optical measurements
and optical measurements after the structure evaluation by high-resolution transmission electron
microscopy (HRTEM). At the same time, the structural composition of individual wires may be not
homogeneous, which adds the difficulty of deciding the structure-property relationships. Recently,

Crystals 2018, 8, 347

10 of 21

after the structure evaluation by high-resolution transmission electron microscopy (HRTEM). At the same
time, the structural composition of individual wires may be not homogeneous, which adds the difficulty
of deciding the structure-property relationships. Recently, significant progress has been made through
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4. Optical Absorption
For the bulk-like PV devices, the absorption of light is generally proportional to the linear
absorption coefficient and the material thickness predicted from the Lambert-Beer law [10]. However,
it turns to Crystals
be a complex
phenomenon for NW-based solar cells, in which the material11 size
is limited
2018, 8, x FOR PEER REVIEW
of 20
to wavelength-scale dimensions. On one hand, strong optical resonance effects have been observed
4. Optical
Absorption
in the elastic
scattering,
light emission, and Raman measurements on metallic NPs and dielectric
For
the
bulk-like
PV of
devices,
the absorption
of light It
is is
generally
to theact
linear
foundproportional
that the NWs
as dielectric
NWs near natural frequencies
oscillation
[15,74,133].
absorption
coefficient
and
the
material
thickness
predicted
from
the
Lambert-Beer
law
[10].
However,
cavities strongly confining light by leaky-mode resonances (LMRs) effects. Light trapping has been
it turns to be a complex phenomenon for NW-based solar cells, in which the material size is limited
observed to
and
measured in Si NW and InP NW solar cells, which attributes to an enhanced PCE
wavelength-scale dimensions. On one hand, strong optical resonance effects have been observed
exceedinginthe
limit scattering,
of simple
ray
opticsand
[57,69].
Thus, the light
absorption
is enhanced
and
the elastic
light
emission,
Raman measurements
on metallic
NPs and area
dielectric
NWs
near natural
frequencies
of oscillation
[15,74,133].
It is foundarea.
that the
NWs
act as dielectric
cavities is highly
usually larger
than the
physical
cross-sectional
projected
The
resonance
absorption
light (length
by leaky-mode
resonances (LMRs)
effects. Light
trapping
has been observed
dependentstrongly
on theconfining
geometry
and diameter)
and crystal
structure
(orientation
and phase) of
and measured in Si NW and InP NW solar cells, which attributes to an enhanced PCE exceeding the
NWs [133].
For
example,
Anttu
optimized
both
the
NW
length
and
diameter
in
his
analysis by
limit of simple ray optics [57,69]. Thus, the light absorption area is enhanced and usually larger than
combing the
absorption
and
emission
modeling
[31].
Heiss
and
Morral
simulated
the
light
the physical cross-sectional projected area. The resonance absorption is highly dependent on theabsorption
geometry (length
and diameter)
crystal structure
(orientation
and phase)
of NWs
[133]. For as shown
and fundamental
efficiency
limits ofand
a horizontal
GaAs
NW lying
flat on
a substrate,
example,
Anttu
optimized
both
the
NW
length
and
diameter
in
his
analysis
by
combing
refers to the
in Figure 8a–c [73]. In general, the external quantum efficiency (EQE) of a solar cell the
absorption and emission modeling [31]. Heiss and Morral simulated the light absorption and
efficiency fundamental
of light-electricity
conversion
calculated
by
the
incident
light,
while
the
internal
quantum
efficiency limits of a horizontal GaAs NW lying flat on a substrate, as shown in Figure
efficiency 8a–c
(IQE)
corresponds
the one
withefficiency
respect (EQE)
to theofabsorbed
light.toFor
GaAs NW
[73].
In general, theto
external
quantum
a solar cell refers
the efficiency
of with the
light-electricity
calculated
by the incident
light, while
the internal
quantum
ideally reflecting
metalconversion
substrate,
the calculations
in Figure
8c show
that the
ratioefficiency
EQE/IQE can be
to implying
the one with
the absorbed
GaAs NW with
the ideally
~1.1 due to(IQE)
Miecorresponds
resonances,
therespect
light to
absorption
in light.
NWsFor
is comparable
with
that in thin film
reflecting metal substrate, the calculations in Figure 8c show that the ratio EQE/IQE can be ~1.1 due
counterparts
[73].
Kempa
et
al.
reported
apparent
EQE
values
(corresponding
projected
area) up to
to Mie resonances, implying the light absorption in NWs is comparable with that in thin film
2 for lyingcounterparts
coaxial multishell
NWs
indicated
in
Figure
8e
[72].
The
overall
built-in
light
concentration
[73]. Kempa et al. reported apparent EQE values (corresponding projected area) up to 2
for lying
coaxial multishell
in Figure
[72]. TheGaAs
overallNW,
built-in
concentration
is significantly
enhanced
(~12) inNWs
solarindicated
cell based
on a 8e
standing
as light
shown
in Figure 8d,e [74].
is significantly enhanced (~12) in solar cell based on a standing GaAs NW, as shown in Figure 8d,e
Interestingly, an efficient multiterminal NW solar cell design with a theoretical conversion efficiency of
[74]. Interestingly, an efficient multiterminal NW solar cell design with a theoretical conversion
48.3% wasefficiency
achievedof utilizing
an efficient lateral spectrum splitting between three different III/V NWs
48.3% was achieved utilizing an efficient lateral spectrum splitting between three
(Al0.54 Ga0.46
As, GaAs,
In0.37
the
radii
of 51
nm (12
73μm),
nm (6.6 µm),
different
III/V NWs
(AlGa
0.54Ga
0.46As
As, NW
GaAs,with
In0.37Ga
0.63As
NW (length)
with the radii
(length)
of 51µm),
nm (12
0.63
73 (3.3
nm (6.6
μm),
and 114
grown
on a flat silicon
and 114 nm
µm)
grown
onnma (3.3
flatμm)
silicon
substrate
[134].substrate [134].

Figure 8. Simulated and experimental light absorption of a horizontal and vertical GaAs NW. (a,b)

Figure 8. Simulated and experimental light absorption of a horizontal and vertical GaAs NW. (a,b) Sketch
Sketch of the simulated GaAs NW lying on a planar substrate and the 2D-simulation geometry. (c)
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GaAsquantum
NW lying
on a planar
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and the
2D-simulation
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projected area) for both horizontal and vertical GaAs NW solar cell. Adapted with permission from [72–74].
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On the other hand, NWs exhibit distinguished anti-reflection effect, which is important in
maximizing the absorption of incident sunlight. This helps a lot in the reduction of production cost,
as NW PVs do not require additional expensive anti-reflection layer. For example, different types of
1D Si nanostructures have been designed and developed by Johnny and his group, such as nanopillars,
nanorods, nanopencils, nanocones, and others by wet chemical etching method, in order to integrate
active PV structures with anti-reflection functionality [135]. Mariani et al. obtained the maximization
of the optical absorption by simulating four different tiling patterns of GaAs nanopillar arrays [77].
Almost perfect absorption of light (higher than 97%) occurred in arrays of base-tapered InP NWs,
which emphasized the influence of the NW geometry on the light absorption [135]. All these results
demonstrate the advantage of light trapping in NW-based PV devices.
5. PV Device Fabrication and Performances
Generally, a photovoltaic device needs a p-n junction or a Schottky barrier to separate the photo
induced electron/holes. For example, PV devices based on p-type/intrinsic/n-type (p-i-n) doped
InP NWs were specially designed to reduce junction current leakage [69]. Axial p-i-n type single
crystal Si NWs were also synthesized, which highlight unique opportunities for planar NW PV
device [136]. GaP/GaAsP/GaP core-multishell segmented NWs were grown by the Au-catalyzed VLS
process, which were expected to provide devices, monolithically integrated with Si microelectronics,
with enhanced performance and functionality [137]. However, doping axial or radial p-n junction
needs complex and sophisticated growth condition control, which would also necessitate complex
device fabrication by well contacting the p and n region by the electrodes [74,77,138]. On the contrary,
Schottky type PVs devices are much easier by a direct growth of intrinsic NWs and asymmetric
electrodes for the Schottky barrier. It should be noted that though ideal Schottky contact can be formed
between the Au catalyst and the GaAs NW body, and Schottky type PV can also be fabricated on single
NWs as shown in Figure 4, the device fabrication would be too complex by just contact nanometer size
Au catalysts [122]. Therefore, thermally depositing asymmetric electrodes would be more portable for
a Schottky PV. As shown in Figure 9, though there is sever Fermi level pinning effect, the Schottky
barrier is still dependent on the work function difference of the two electrodes, with the maximum
barrier of 0.3–0.4 V available for the Au–Al pairs (~1/3 of the work function difference between Au
and Al, i.e., 5.1 − 4.2 = 0.9 eV) [81]. The relatively alleviated Fermi level pinning is due to the relatively
lower surface state density on the surface of <111> NWs, as compared with those of <110> ones.
Then, by this asymmetric Schottky PV device design using the single crystalline GaAs NWs grown by
catalyst engineering, the single NW based Schottky PV has a high PCE of 16%. To enhance the output,
the GaAs NWs can be contact printed into an array on Si, plastic, and glass substrates, with several
cells connecting in tandem and in parallel as shown in Figure 9c–f.
The recent development of GaAs NW based PV is summarized in Table 1. It is clear that the
single crystal GaAs NW synthesized by the catalyst epitaxy growth method can minimize the crystal
defect, which is essential for the long minority lifetime for effective separation of the photo generated
electron/holes. Generally, the electron lifetime (τ) of GaAs lies in the range of 10–100 ps, and electron
mobility (µ) in the order of 4000 cm2 /Vs [139]. Therefore, the diffusion length can be estimated to be
about 1 µm by the equation (µτkT/e)1/2 , where kT/e is the constant. This relatively long diffusion
pathway make sure that most of the photo generated electron/holes can be effectively separated by
the Schottky barrier, leading to high short circuit current and high conversion efficiency.
Many challenges still exist in making NW based PV devices. First, cost-effective and simple
methods are still required to grow high quality NWs with regular crystal structure (growth directions,
crystal phase, and polarity) and minimal defects. Second, controlled doping for p-n or p-i-n junctions
as well as surface passivation techniques are needed to improve the separation and collection of
carriers. Third, it is still lack of effective technique to removal of catalyst droplet to avoid reflection
loss and the contamination of foreign-metals, particularly Au. This limits the integration of NW PV
devices with current silicon electronic platforms. Fourth, low resistance contacts are necessary for
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Table 1. Summary of GaAs and other NW-based PVs performance reported in recent literatures.
Type

Substrate

Method

Junction

Structure

PCE *

Ref.

GaAs NW
GaAs NW
GaAs NW
GaAs NW
GaAs NW array
GaAs NW array
GaAs NW array
GaAs NW array
GaAs NW array
GaAsP NW
InP NW array
Si NW
GaAs sheets

noncrystalline
GaAs(111)
GaAs(111)
Si(111)
p-GaAs(111)B
p+ Si(111)
p-GaAs(111)B
GaAs(111)
GaAs(100)
Si(111)
p-InP
p-Si(111)
GaAs(100)

catalyst epitaxy, CVD
self-assisted MBE
MOCVD
MBE
SA-MOVPE
SA-MOVPE
MOVPE, Au
MOCVD
etched
MBE
MOCVD
CVD
MOCVD

Schottky contact
radial p-i-n
GaAs NW/graphene
radial p-i-n
radial p-n
axial n-i-p on Si
axial p-i-n
radial p-n, InGaP cap
GaAs/PEDOT:PSS
radial p-n
axial p-i-n
axial p-i-n
planar p-n

horizontal
horizontal
horizontal
vertical
vertical
vertical
vertical
vertical
vertical
horizontal
vertical
vertical
vertical

16% a
4.5% a
8.8% a
40% a
2.54%
11.4%
15.3%
6.63%
9.2%
10.2%
13.8%
9%
14.5%

[81]
[78]
[68]
[74]
[75]
[70]
[140]
[77]
[141]
[76]
[69]
[142]
[56]

Abbreviations: PCE—power conversion efficiency; MBE—molecular beam epitaxy; MOCVD—metal organic chemical
vapor deposition; MOVPE—metal organic vapor phase epitaxy; SA—selective area; Ga—gallium catalyzed; Au—gold
catalyzed. * Performance parameters were measured at 1 Sun, AM1.5G illumination. a Apparent efficiency normalized to
the projection area of the single NW, i.e., PCE = [(VOC × ISC × FF)/(100 mW/cm2 × diameter × active length)] × 100%.

6. Conclusions and Remarks
In contrast with the selective epitaxy growth of III/V NWs on single crystalline substrate in
traditional molecular beam epitaixy, the catalyst epitaxy growth route adopts the metal nanoparticle
alloy as the growth model to lead to NW growth. In this growth method, NW stacking planes are well
registered to the catalyst, with minimized lattice mismatch between catalyst/NW interfaces. In this
way, NW morphology, growth orientations, crystal defects, etc. can be well tuned by the catalyst
engineering such as catalyst metal, binary alloy composition, temperature profile, etc. The minimized
crystal defects ensure long minority lifetime and the optimized orientation favors Schottky barrier
fabrication with asymmetric metal electrodes. All these enhance the photo to electricity conversion
efficiency to 16% of horizontal single GaAs NW PVs, promising for high efficiency and low cost
solar cells.
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