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ABSTRACT: In recent years, despite signiﬁcant progress in the synthesis,
characterization, and integration of various nanowire (NW) material systems,
crystal orientation controlled NW growth as well as real-time assessment of their
growth−structure−property relationships still presents one of the major
challenges in deploying NWs for practical large-scale applications. In this study,
we propose, design, and develop a multilayer NW printing scheme for the
determination of crystal orientation controlled photovoltaic properties of parallel
GaAs NW arrays. By tuning the catalyst thickness and nucleation and growth
temperatures in the two-step chemical vapor deposition, crystalline GaAs NWs
with uniform, pure ⟨110⟩ and ⟨111⟩ orientations and other mixture ratios can be
successfully prepared. Employing lift-oﬀ resists, three-layer NW parallel arrays can
be easily attained for X-ray diﬀraction in order to evaluate their growth
orientation along with the fabrication of NW parallel array based Schottky
photovoltaic devices for the subsequent performance assessment. Notably, the
open-circuit voltage of purely ⟨111⟩-oriented NW arrayed cells is far higher than that of ⟨110⟩-oriented NW arrayed
counterparts, which can be interpreted by the diﬀerent surface Fermi level pinning that exists on various NW crystal surface
planes due to the diﬀerent As dangling bond densities. All this indicates the profound eﬀect of NW crystal orientation on
physical and chemical properties of GaAs NWs, suggesting the careful NW design considerations for achieving optimal
photovoltaic performances. The approach presented here could also serve as a versatile and powerful platform for in situ
characterization of other NW materials.
KEYWORDS: GaAs nanowire, orientation, contact printing, X-ray diﬀraction, photovoltaic, Schottky contact
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with the core−shell p−i−n junction, have been recently
fabricated with an impressively high eﬃciency of up to
40%,4,8 illustrating their potency for solar cell utilizations.
These 1-D nanomaterials typically originate from the
anisotropic properties of semiconductor crystals, in which
they can be either constructed with chemically stable crystal
planes via the “top-down” etching schemes or grown along
thermodynamically preferable planes by the “bottom-up”
synthesis methods. It is noted that the top-down approaches

n the past decade, because of their superior electrical and
optical properties, one-dimensional (1-D) semiconductor
nanostructured materials such as quantum nanowires
(NWs) have been vastly explored as fundamental building
blocks for electronic, power generation, conversion and storage
devices, etc. For example, GaAs NWs have been demonstrated
with one of the highest theoretical energy conversion
eﬃciencies of >30% for single-junction photovoltaics, which
are now extensively investigated for next-generation highperformance and low-cost solar cells owing to their intrinsically
direct band gap, optimal gap width (1.42 eV), and high electron
mobility (8500 cm2 V−1 s−1).1−8 Speciﬁcally, both horizontally
and vertically conﬁgured single GaAs NW photovoltaic devices,
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directions, independent of the underlying crystalline substrates
employed.26−28 Even if the metastable crystal structure or
growth orientation of NWs can be obtained by tailoring the
processing conditions,29−31 it is still diﬃcult to attain uniform
properties of NWs, as their properties (e.g., growth orientation)
can be easily aﬀected by the catalyst choice, diameters, etc. It is
well known that Si and ZnSe NWs with ultrasmall diameters
are predominately grown along the ⟨110⟩ directions, while their
thick counterparts preferably grow along the ⟨111⟩ orientations
due to the interchange between their surface and bulk
energies.32−34 In most cases, the obtained NW orientations
are not uniform, which deters their placement for the scale-up
practical exploitations.
In this work, we propose, design, and develop a multilayer
NW printing scheme for the determination of crystal
orientation controlled photovoltaic properties of parallel
GaAs NW arrays. By tuning the catalyst thickness and
nucleation and growth temperatures in the two-step chemical
vapor deposition (CVD) growth, GaAs NWs with uniform,
pure ⟨110⟩ and ⟨111⟩ orientations and other mixture ratios
have been successfully obtained. High-density parallel NW
arrays can then be conﬁgured by multilayer printing on
substrates to yield high-intensity XRD characteristic peaks for
crystal orientation assessment, followed by the device
fabrication, in order to evaluate their corresponding photovoltaic performances. When constructed into simple Schottky
NW solar devices, it is found that the ⟨111⟩-oriented GaAs
NWs result in a higher open-circuit voltage by ∼0.21 eV as
compared with that of ⟨110⟩ NWs, which can be interpreted by
the diﬀerent surface Fermi level pinning eﬀects of the varied
{110} and {111} NW sidewalls due to the altered surface As
dangling bond densities. All these ﬁndings would provide
essential information on the relationship between NW
orientations and their photovoltaic properties and, more
importantly, enable a valuable platform to understand the
growth−structure−property relationships of NW material
systems for practical utilizations.
Here, we design and establish a multilayer NW printing
technique to obtain highly dense NW parallel arrays for the
simultaneous and direct determination of the NW orientation
by XRD as well as the photovoltaic performance of the
subsequently fabricated Schottky NW solar devices. As
schematically illustrated in Figure 1, the GaAs NWs grown
on amorphous substrates, with unknown growth orientation,
are printed onto Si/SiO2 wafers (50 nm thick thermally grown
oxide) to obtain the ﬁrst NW parallel-arrayed layer via contact
printing at a velocity of 10 cm/min and a pressure of 50 g/cm2
(steps 1−3). The LOR 3A lift-oﬀ resist (250 nm thick) is next
spin-coated onto the fabricated NW arrayed layer at 4000 rpm
for 60 s (step 4), and the second and third NW printing steps
are performed repeatedly in order to achieve the three-layer
GaAs NW arrays (steps 5 and 6). It is noted that lift-oﬀ resists
are utilized here since they are not photosensitive, but still allow
eﬃcient patterning under UV lithography. This way, the
multilayer NW arrays can then undergo conventional XRD
measurements, followed by the typical device fabrication of
Schottky asymmetric Au−Al contacted NW solar cells (steps 7
and 8). The cross-sectional SEM image can conﬁrm the
eﬀective stacking of multiple NW parallel-arrayed layers (step
9), demonstrating the advantages of this simple process to
construct thick and high-density NW parallel arrays, which
facilitate the stimulation of suﬃcient XRD signals. Eventually,
the corresponding photovoltaic performance can be measured

often damage the NW surface and restrict the manipulation of
NW orientations, which limit their practical deployments. On
the other hand, the preferred NW growth directions achieved
with bottom-up techniques are usually varied with the NW
diameters and their corresponding surface-to-volume ratios, as
there are always diﬀerent interplays between their surface and
bulk crystal free energies; therefore, these various NW crystal
orientations would induce dramatically diﬀerent device
performances for technological applications. For instance,
when designing anodes for Li-ion batteries, Si NWs with
(110) surface planes are highly preferred for ion insertion since
they are more susceptible to accommodate the larger degree of
volume expansion in order to prolong their electrode
reliability.9,10 In heterogeneous catalysis, Co3O4 NWs with
(110) surface planes are found to exhibit one of the highest CO
catalytic properties, which is attributed to the eﬃcient
alignment of active Co3+ ions on the NW surface during the
chemical reaction.11 However, apart from these studies of
structural and chemical properties of NWs, there are very few
reports investigating the relationship between NW orientations
and their optoelectronic properties, especially since diﬀerent
crystal surfaces are recognized to possess varied recombination
centers for the deterioration of the photocurrent extraction.12,13
As a result, a crystal orientation dependent photovoltaic study is
essential for material design, synthesis, and integration of largescale and highly eﬃcient NW-based photovoltaic systems.
Generally, there are at least two major challenges in assessing
and controlling the crystal orientation dependent optoelectronic properties of NWs. One well-known issue is to identity
the property changes with the orientation of grown NWs.
Although there are several techniques commonly employed to
evaluate the NW growth orientation such as high-resolution
transmission electron microscopy (HRTEM) or selected area
electron diﬀraction (SAED), it is merely impracticable to
subsequently fabricate postcharacterized NWs into devices for
detailed electrical and optical measurements and vice versa. At
the same time, conventional X-ray diﬀraction is constantly
utilized for crystal structure determination, but the dominant
growth direction can only be assessed stringently for the
vertical NW arrays.14,15 When individual NWs are lain down
horizontally on substrates, the NWs do not contribute suﬃcient
thickness for enough scattering events for the diﬀraction
phenomenon. On the other hand, recently, signiﬁcant progress
has been made in in situ microscopic characterization to assess
simple nanostructured properties along with the material
synthesis and their interaction with others,16−18 such that in
situ TEM can now enable direct observation of the NW
growth,19,20 NW deformation under strain,21,22 Si nanoparticle
interactions with Li-ions,23 etc. However, to date, all these in
situ measurements still cannot reveal complex material or
device characteristics, including crystallographic anisotropy,
photovoltaic output, and carrier mobility, all of which are
important parameters for the development of high-eﬃciency
solar cells. Even though electron beam induced current (EBIC)
and spatial photocurrent microscopic measurements can be
employed to directly extract the minority diﬀusion length, a key
factor determining the eﬀective accumulation of the photocurrent,24,25 no corresponding NW orientation information can
be obtained here. Another key challenge comes in the
controllable synthesis of “bottom-up” NWs with manipulable
and uniform properties in the large scale. In the epitaxial NW
growth, most NWs would prefer to grow along the closepacked planes with the lowest crystal energy in the ⟨111⟩
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as Ihkl = KMhkl, where K is a constant related to the instrument,
angle of diﬀraction, etc., and Mhkl is the plane multiplicity (see
Supporting Information for more details). In general, the {111}
family has eight equivalent planes (i.e., M111 = 8), while the
{220} family has 12 equivalent ones (i.e., M220 = 12) for powder
samples in XRD measurements. However, the multiplicity
would change accordingly in the case of parallel NW arrays
because there are only fractions of these equivalent planes
taking part in the XRD characterization due to their horizontal
geometries. As depicted in Figure 2a, when considering the

Figure 1. Schematics of the successive NW printing to obtain thick
and high-density GaAs multilayer NW arrays for the simultaneous
assessment of both NW orientation and their corresponding
photovoltaic outputs. It is noted that the unique properties of LOR
resists can enable the formation of multilayer NW parallel arrays,
ensure the chemical and thermal stability during the ambient and
X-ray exposure, and allow the subsequent patterning in the device
fabrication. As a result, the same LOR resists can be carried out
along the entire fabrication process.

Figure 2. Illustrative example of the NW orientation determined by
XRD. (a) Schematics of the plane multiplicity calculation from
electron diﬀraction patterns of ⟨110⟩ and ⟨111⟩ zones. Using the
[110]-oriented NW as an example, only (111)̅ , (11̅ 1̅ ), (111̅ ), and
(1̅11̅) planes can participate in the diﬀraction, while the other
(111), (11̅ 1̅ )̅ , (11̅ 1), and (111̅ )̅ planes give insigniﬁcant signals (see
details in Supporting Information Figure S1); therefore, the
multiplicity of {111} planes is determined as 4 for ⟨110⟩-oriented
NWs. Similarly, the multiplicity of {110} planes is determined as 6
for ⟨111⟩-oriented NWs. (b) Typical XRD pattern collected for the
assembled three-layer NW arrays. From the peak intensity analysis,
the mixing ratio of ⟨111⟩- and ⟨110⟩-oriented NWs would be equal
to 3.9:1.

and correlated to the obtained information on NW orientation
beforehand.
It is well known that the growth orientation of vertical NW
arrays can be easily resolved by XRD with their characteristic
peaks. For instance, among many explorations, most vertical
ZnO NW arrays are identiﬁed to grow along the most
thermodynamically stable directions of ⟨0001⟩.14,15 At this
point, we employ a quantitative method to evaluate the growth
orientation of parallel NW arrays based on the characteristic
peaks of their sidewalls. Speciﬁcally for GaAs NWs, the cubic
zinc-blende (ZB) crystal structure is the lowest energy stable
phase when the diameter is larger than 10−20 nm,30,35,36 with
two dominant intense peaks of (111) and (220) in the XRD
pattern with a typical intensity ratio of 100:60 to 100:50, as
shown in Table 1 (PDF 3-65-234 and 32-0389). In powder
XRD, the intensity of each (hkl) plane can be simply expressed

⟨110⟩-oriented NWs, there are only four (111) and two (220)
equivalent planes participating in the diﬀraction, and thus the
multiplicity values of M111 and M220 turn into 4 and 2,
respectively. Likewise, the multiplicity values of M111 and M220
become 0 and 6, consequently, for the ⟨111⟩-oriented NWs.
These varied multiplicity values would induce diﬀerent peak
intensities in their corresponding XRD patterns such that the
pure horizontal ⟨111⟩-oriented NW arrays will only have the
(220) peak, while ⟨110⟩-oriented NW arrays will have both
(111) and (220) peaks with intensities of I111:I220 being 100/
2:60/6 (i.e., 100:20), as derived from the powder XRD. In this
case, information about the NW orientation can be extracted by
decoupling the characteristic peak intensities of (111) and
(220) planes in the GaAs NW arrays in order to determine the
mixing ratio of ⟨111⟩ and ⟨110⟩ directions.

Table 1. Crystal Plane Multiplicity (M) and Relative XRD
Peak Intensity (I) of the GaAs Powders (PDF 3-65-234 and
32-0389) and NWs along the ⟨111⟩ and ⟨110⟩ Orientations
a

powder
⟨111⟩ NWa
⟨110⟩ NWa
⟨111⟩:⟨110⟩ = 1:0b
0:1b
3.9(4.8):1b
1.9(2.4):1b

M111

M220

8
0
4

12
6
2

growth condition

I111:I220

6 nm Au, 650/610 °C
12 nm Au, 670/630 °C
12 nm Au, 650/600 °C
12 nm Au, 660/620 °C

100:60(50)c
0:100
100:20(17)
0:100
100:18
39:100
74:100

RESULTS AND DISCUSSION
As a proof-of-concept, in order to demonstrate the NW
orientation determination by the above-mentioned characteristic XRD peak intensity analysis, we collect the XRD pattern of
three-layer GaAs NW arrays synthesized in our previously
reported two-step growth condition of “650/600” as given in
Figure 2b (see the Methods section for the growth details).37
These temperature values indicate the NW nucleation and
growth temperatures employed, respectively. From the peak
intensity analysis, the relative intensity of I111:I220 is 39:100,

a

These rows give the theoretical values. bThese rows display the
measured values and extracted mixing ratio of ⟨111⟩- and ⟨110⟩oriented NW orientations. cValues in parentheses refer to the
calculation based on I111:I220 being 100:50.
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Figure 3. SEM images and diameter statistics of the GaAs NWs grown by the two-step CVD method: (a) 12 nm thick Au catalyst ﬁlm with
growth temperatures of 670/630 °C, (b) 12 nm thick Au catalyst ﬁlm with growth temperatures of 660/620 °C, (c) 6 nm thick Au catalyst ﬁlm
with growth temperatures of 650/610 °C, and (d) diameter histogram of the grown NWs.

with the (111) peak attributable to ⟨110⟩-oriented NWs and
the (220) peak to both ⟨111⟩- and ⟨110⟩-oriented NWs along
with the corresponding contribution of (100 − 39/5) = 92.2
and 39/5 = 7.8, respectively. Combined with the multiplicity of
the (220) planes, it is determined that the mixing ratio of
⟨111⟩- and ⟨110⟩-oriented NWs would equal 92.2/6:7.8/2, that
is 3.9:1. This estimated ratio is perfectly consistent with our
formerly compiled NW statistics of actually measuring the
individual NW orientation by SAED with the ratio of
⟨111⟩:⟨110⟩ being 10:3.37 Moreover, since the X-ray beam
size is relatively large, being on the order of millimeters in
diameters, a large amount of NWs can then be sampled in this
study for the representative assessment of their corresponding
orientation. Also, the peak intensity predominantly comes from
⟨111⟩- and ⟨110⟩-oriented NWs, as there are not any ⟨211⟩and ⟨311⟩-oriented NWs obtained in this two-step growth;
therefore, only (111) and (220) peaks are observed in the XRD
performed in this work. It should be as well noted that there
may be a complication in determining the peak intensity, which
is highly dependent on the NW placement, especially its tilting
angle with respect to the vertical direction after the NW
printing. As depicted in Supporting Information Figure S1, the
⟨110⟩- and ⟨111⟩-oriented NWs would have to tilt with the
angles of 54.7° and 19.5°, respectively, in order to make their
(111) planes not participate in the XRD process and to
contribute errors to the peak intensity analysis. In other words,
for NWs with a length of 10 μm, they have to rest on the steps
with heights of 8.2 and 3.3 μm, accordingly; however, this is not
realistic in our current NW printing setup since the LOR 3A
layer is only 250 nm thick and the total thickness of the threelayer NW arrays is less than 1 μm. In addition, although the
multiplicity value is also aﬀected by the random location of the
NWs, there is a signiﬁcant amount of NWs in this parallel array
conﬁguration, contributing to the suﬃcient XRD signal and

precise multiplicity values (see Supporting Information for
more details). These complementary theoretical analyses as
well as experimental data have illustrated the practicability and
accurateness of this NW orientation identiﬁcation via the XRD
peak intensity analysis.
After the peak intensity analysis method has been validated in
assessing the NW orientation, the growth conditions can then
be tailored in order to synthesize GaAs NWs with various
orientations in diﬀerent controllable ratios. As reported in the
past, during the two-step NW growth, the initial hightemperature nucleation step plays an important role in
controlling the obtained NW diameter distribution, length,
orientation, and crystal defect density. All this can be attributed
to the Gibbs−Thomson eﬀect governed by the equation ln(Cd/
C0) = 4γVm/(dRT), where Cd is the concentration of Ga in Au
nanoparticles with the diameter of d, C0 is the equilibrium
concentration in ﬂat surface (d → ∞) materials, γ is the surface
energy, Vm is the molar volume of Au, R is a constant (8.314 J
mol−1 K−1), and T is the temperature. After compensation of
the positive contribution of larger γ and Vm at higher
temperature and negative contribution of T with diﬀerent Au
catalyst diameters, diﬀerent Ga solubilities can be obtained.37,38
Speciﬁcally, a higher solubility would lead to the faster Ga
precursor diﬀusion into the growth front (i.e., the catalyst/NW
interface), inducing a higher NW growth rate, and hence results
in the varied growth orientations in accordance with the
precursor concentration eﬀects as described in the literature.39,40 In this work, we adjust the temperature proﬁle
systemically with the aim to tailor diﬀerent Au−Ga ratios in the
catalyst seeds of diﬀerent diameter groups and then to guide
the subsequent NW growth along controllable orientations via
the manipulation of catalytic composition. In general, the NWs
grown by lower temperatures (i.e., less than 650/610 °C)
would have a morphology similar to that reported in our
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Ga diﬀusive velocity for the NW growth along the close-packed
(111) planes, while the slower Ga diﬀusion in the largediameter catalysts and catalysts with a lower Ga content would
lead to growth along the (220) planes.38 However, due to the
signiﬁcant NW diameter distribution, one cannot distinguish a
clear threshold to estimate the orientation proﬁles simply based
on their diameter distribution. On the other hand, after the
NWs are contact-printed into the three-layer parallel arrays as
described above, XRD measurements and the peak intensity
analysis can be performed easily in order to identify the NW
orientation, even with a mixed ratio of ⟨111⟩:⟨110⟩ directions
being 0:1, 3.9:1, 1.9:1, and 1:0, respectively, for the NWs grown
by 12 nm Au at 670/630 °C, 660/620 °C, and 650/600 °C and
6 nm Au at 650/610 °C, as compiled in Table 1. It is obvious
that by manipulating the process conditions such as the Au ﬁlm
thickness and growth temperatures, the NW diameter and
growth orientation can be precisely controlled to yield uniform
NWs of ⟨111⟩, ⟨110⟩, or mixed orientations.
Once the NW orientation is perfectly controlled, characterized, and conﬁrmed, it is important to evaluate the
orientation eﬀect on the photovoltaic properties of GaAs
NWs. In this case, simple Schottky structured solar cells
employing the three-layer NW parallel arrays can be fabricated
with asymmetric Au−Al contacts. Figure 5a gives the device
schematic and the corresponding electronic band diagram
illustrating its operating principle with Schottky contacts.41 As
depicted in Figure 5b, it is evident that the obtained NW arrays
have a high density of more than 5 NWs/μm due to the three
layers of NW printing, which can be clearly observed and
veriﬁed in the cross-sectional SEM image (Supporting
Information Figure S2). More importantly, nine individual
single cells can be readily connected in the tandem or series
conﬁguration by conventional photolithography, in which the
photovoltaic output can be reinforced, while the cell-to-cell
variation can be minimized. Figure 5c demonstrates the
corresponding photovoltaic performance. It shows clearly that
the higher open-circuit voltages (Voc) are attained for the
devices with greater fractions of NWs oriented in the ⟨111⟩
directions. Speciﬁcally, the purely ⟨111⟩-oriented GaAs NW
arrays are found to have a Voc of 3.0/9 = 0.33 V for the
individual cell, whereas the ⟨110⟩-oriented ones have a much
smaller Voc of only 1.1/9 = 0.12 V, indicating the signiﬁcant
NW orientation eﬀect on their photovoltaic output. These Voc
values are slightly lower than those of the bulk and p−i−n
structured cells,4,12,13 as it is well known that the III−V
nanomaterials, especially the NWs, possess a high surface-tovolume ratio with abundant surface states, which would result
in severe surface recombination and surface Fermi level
pinning. Although there is a large work function diﬀerence of
around 1.0 eV between the two contact electrodes (i.e., Au ≈
5.3 eV and Al ≈ 4.3 eV),42 the Fermi level pinning still exists
but is relaxed, accounting for the much smaller Voc of 0.12 to
0.33 eV observed here. Furthermore, more than 20 single NW
solar devices with controlled growth orientations and the same
cell structure are also fabricated and characterized, in which
similar results are perceived, further conﬁrming the eﬀect of
Fermi level pinning on NWs observed in this work.
To further shed light on the originality of diﬀerent Voc’s
observed in diﬀerent NW orientations, the contact properties of
grown NWs are then investigated in detail. Since diﬀerent
crystal surface planes consist of varied atomic arrangements,
and hence contribute to diﬀerent types of surface states, this
might result in a key factor inﬂuencing the Schottky barrier

previous studies. When the temperature is increased to 660/
620 °C and 670/630 °C, the NWs would become thicker in
their diameters and larger in their diameter distributions, as
depicted in the SEM images in Figure 3a and b. At the same
time, once the thinner catalyst ﬁlm (e.g., 6 nm Au) is employed
in the NW growth conditions of 650/610 °C, a thinner
diameter and narrower diameter distribution are obtained, as
shown in Figure 3c. All the NW diameter distributions are
estimated based on the statistics of more than 100 individual
NWs, with the histograms illustrated in Figure 3d. The
signiﬁcant diameter distribution would lead to a potential
NW orientation inhomogeneity, as reported in the literature.
Typically, as demonstrated in Figure 4a and b, the relatively
thin GaAs NWs with diameters of around 100 nm would grow
along the ⟨111⟩ directions, while the thicker ones would grow
along the ⟨110⟩ directions. This ﬁnding is in perfect agreement
with our previous studies that show that the small-diameter Au
catalysts usually have a higher Ga solubility as well as a larger

Figure 4. Growth orientation determination by SAED and XRD. (a)
Typical thin NWs grown along the ⟨111⟩ directions, (b) thick NWs
grown along the ⟨110⟩ directions, and (c) XRD patterns collected
of the three-layer GaAs NW parallel arrays achieved by three
consecutive contact printings.
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Figure 5. GaAs NW arrayed Schottky solar cells. (a) Schematic of the device structure and its corresponding electronic band diagram, (b)
SEM images with the illustrative schematic of nine individual cells connected in series, and (c) output performances of the cells fabricated
with diﬀerent mixing ratios of ⟨111⟩- and ⟨110⟩-oriented NWs.

an average of 13.8 DBs/nm2, being ∼3 times higher than that of
the {110} planes. This way, the minimized As dangling bond
density might contribute prominently to attenuation of the
surface Fermi level pinning of the ⟨111⟩-oriented NWs and
thus leading to the higher Voc of the fabricated Schottky solar
cells. In the meanwhile, the lower As dangling bond density
would also lead to the alleviated surface recombination of
photogenerated electron/hole pairs, contributing to the
relatively higher short-circuit current observed in the ⟨111⟩oriented NWs. All these results indicate the profound eﬀect of
NW crystal orientation on physical and chemical properties of
GaAs NWs, which suggests the careful NW design consideration for achieving optimal photovoltaic performances.
Furthermore, by adapting conventional XRD, multilayer NW
printing, and photolithography, a unique, valuable, and in situ
technology platform has been enabled to evaluate the growth−
structure−property relationships of NW materials for practical
applications.

height when the NWs contact metal electrodes. Typically,
surface states originate from dangling bonds of the group V
component on the III−V semiconductor surface; therefore,
characteristics of diﬀerent As dangling bonds on various crystal
planes should be considered.1,8,43,44 As illustrated in the
approximate atomic model of GaAs NWs in Figure 6, ⟨111⟩-

CONCLUSIONS
In summary, by tuning the catalyst thickness as well as the
nucleation and growth temperatures of the two-step growth
process, crystalline and uniform GaAs NWs with controllable
growth orientation can be successfully obtained in the solidsource chemical vapor deposition system. Speciﬁcally, the NW
growth orientation can be assessed from the characteristic peak
intensity of XRD patterns collected after the NWs have been
contact-printed into multilayer parallel arrays assisted by the
use of the LOR resist. This in situ XRD characterization can
enable the real-time NW orientation determination along with
the subsequent fabrication of NW parallel array based Schottky
photovoltaic devices. It is found that the open-circuit voltage of
purely ⟨111⟩-oriented NW arrayed devices is far higher than
that of ⟨110⟩-oriented NW arrayed counterparts, which can be
interpreted by the diﬀerent surface Fermi level pinning existing
on various NW crystal surface planes due to the diﬀerent As
dangling bond densities. All these results indicate the signiﬁcant
eﬀect of NW orientation on the photovoltaic performance,
suggesting the technological potency of employing these purely

Figure 6. Approximate atomic models of ⟨111⟩- and ⟨110⟩-oriented
GaAs NWs. Surface atomic arrangement and illustration of As
dangling bonds of (a) {110} NW sidewalls and (b) {111}A NW
sidewalls. Demonstration of various surface planes of (c) ⟨111⟩and (d) ⟨110⟩-oriented NWs.

oriented NWs contain six {110} surface planes, while ⟨110⟩oriented NWs are surrounded by two {100} and four {111}
surface planes. The {110} planes are composed of one Ga and
one As dangling bond (DB) per unit cell (i.e., 0.4 × 0.565 nm
in Figure 6a), yielding an As dangling bond density of 4.4 DBs/
nm2. On the other hand, due to the polar conﬁguration among
{100}, {111}A, and {111}B planes, the As dangling bond
density varies from 7.2 (Figure 6b), to 12.5 (Figure S3a), all the
way to 21.6 DBs/nm2 (Figure S3b), accordingly, accounting for
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⟨111⟩-oriented GaAs NWs for low-cost, high-performance solar
cells. In the future, this versatile, eﬀective, and in situ
characterization platform can be utilized to systematically
study the orientation and other complementary structural
eﬀects on device properties of other NW material systems.

Notes
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METHODS
GaAs NW Growth and Characterization. The GaAs NWs are
synthesized in a solid-source chemical vapor deposition system
utilizing a two-step growth method with GaAs powders (0.8 g,
99.999% purity) and Au ﬁlms (6 and 12 nm) as the solid source and
the catalyst, respectively, as previously reported.37,45 In brief, the GaAs
powders are held in a boron nitride crucible located in the upstream
zone, and the Au catalyst ﬁlm, thermally predeposited onto Si/SiO2
substrate pieces (50 nm thick thermally grown oxide, sample size being
5 × 1 cm), is placed in the downstream zone of a two-zone furnace.
After pumping down to ∼2 mTorr, H2 (99.99% purity, ﬂow at 100
sccm) is introduced into the system and the pressure is maintained at
∼0.5 Torr. The Au catalyst is ﬁrst annealed into nanoparticles at 800
°C for 10 min, cooled, and kept at 650 °C; then the GaAs powder
zone begins to ramp up to 860 °C at a rate of 80 °C/min. After a 5
min nucleation step of the Au catalyst at 650 °C, the substrate zone is
cooled to the growth temperature of 600 °C. After 60 min of growth,
the system is cooled to room temperature in a H2 atmosphere. NWs
can now be harvested and are denoted by the temperatures of the twostep process as “650/600 °C”. Similarly, GaAs NWs grown at
conditions of “660/620 °C” and “670/630 °C” are also obtained.
The morphology of NWs is observed by a scanning electron
microscope (SEM, FEI/Philips XL30) and a transmission electron
microscope (TEM, Philips CM20). The corresponding crystal
structure is analyzed by using XRD recorded on a Philips powder
diﬀractometer (40 kV, 30 mA) with Cu Kα radiation (λ = 0.154 nm)
at steps of 0.02° as well as SAED imaged with TEM (CM20).
Schottky NW Solar Cell Fabrication and Performance
Measurement. The multilayer GaAs NW arrays are fabricated by
NW contact printing as schematically illustrated in Figure 1. It is worth
noticing that the spun LOR resist employed in step 4 should not be
soft-baked or performed with any high-temperature step in order to
provide suﬃcient adhesion for the NW printing. Once it reaches step
5, the LOR resist needs a soft-baking step at 150 °C for 10 min after
the NW printing; otherwise the subsequently spun LOR resist layer
would destroy the alignment of the printed NW arrays. In step 8, the
Schottky NW solar cell is fabricated by two successive photolithography steps to deﬁne the asymmetric contact electrodes of Au
and Al. The Au Schottky electrode layer is ﬁrst deﬁned by a SUSS
MA6 aligner using the LOR 3A lift-oﬀ resist/AZ5206 photoresist
stack, and then the metal electrode (150 nm thick) can be obtained by
thermal evaporation and a subsequent lift-oﬀ process. In the same way,
the second Al electrode (300 nm thick) can be made by a repeated
procedure of photolithography, metal deposition, and lift-oﬀ processes.
The solar cell performance is measured using a semiconductor
analyzer (Agilent 4155C) and a standard probe station under
illumination of a solar simulator (Newport 96000).
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