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ABSTRACT: Among many available photovoltaic technolo- 60, Flexib

gies at present, gallium arsenide (GaAs) is one of the

recognized leaders for performance and reliability; however, it 40+

is still a great challenge to achieve cost-effective GaAs solar ¢ ’?(Jj

cells for smart systems such as transparent and flexible = ~|

photovoltaics. In this study, highly crystalline long GaAs S 0

nanowires (NWs) with minimal crystal defects are synthesized £ t Effi. ~16% Al GaAs Au
economically by chemical vapor deposition and configured © =201 ;

into novel Schottky photovoltaic structures by simply using _4() =
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asymmetric Au—Al contacts. Without any doping profiles such 0.1 0.0

as p—n junction and complicated coaxial junction structures, '

the single NW Schottky device shows a record high apparent

energy conversion efficiency of 16% under air mass 1.5 global illumination by normalizing to the projection area of the NW. The
corresponding photovoltaic output can be further enhanced by connecting individual cells in series and in parallel as well as by
fabricating NW array solar cells via contact printing showing an overall efficiency of 1.6%. Importantly, these Schottky cells can
be easily integrated on the glass and plastic substrates for transparent and flexible photovoltaics, which explicitly demonstrate the
outstanding versatility and promising perspective of these GaAs NW Schottky photovoltaics for next-generation smart solar

energy harvesting devices.
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B INTRODUCTION

Because of their excellent light-to-electricity conversion
efficiency and extraordinary radiation hardness, gallium
arsenide (GaAs) photovoltaics have been long used for space
applications; however, the high production cost of crystalline
GaAs thin films and their complex junctions greatly limits their
adoption in terrestrial and domestic utilizations."”” Although the
recent advent of nanotechnology can significantly reduce the
material consumption of GaAs in various nanostructures, the
epitaxial growth of two-dimensional nanoscale thin films or
one-dimensional nanowires (NWs) on costly crystalline
substrates as well as the high-temperature enabled junction
formation still hinder the domestic usage of GaAs-based solar
cells. Therefore, it is highly desirable to synthesize GaAs
photovoltaic nanomaterials on noncrystalline substrates and to
form electron/hole separating barriers in a moderate processing
condition; this way, these obtained lightweight terrestrial solar
panels can not only substantially minimize the transportation
cost but also facilitate the realization of smart solar cells such as
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integrating flexible cells into clothing and transparent
windows.”~°

At the same time, GaAs NWs are lately reported to have the
outstanding energy conversion efficiency of 9—11%,”" higher
than those records of other flexible counterparts such as organic
photovoltaics.” In particular, the vertical GaAs NW with radial
p-i-n junction is demonstrated with the outstanding apparent
efficiency of 40%, beyond the Shockley-Queisser limit due to
the far larger light absorption area than the projected cross-
sectional area of NWs,'" where it clearly indicates the potential
of GaAs NWs for applications in smart photovoltaics. With the
aim to further reduce the material and processing cost for large-
scale deployments, as a proof-of-concept, we synthesize GaAs
NWs on noncrystalline SiO,/Si substrates and fabricate facile
Schottky barrier structured NW solar cells employing enhanced
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Au—Al asymmetric contacts, with the highest single NW
photovoltaic apparent efficiency of 16% under air mass (AM)
1.5G illumination. Importantly, these attained NWs can also be
contact-printed into parallel arrays on glass and polyimide
substrates to achieve efficient transparent and flexible solar
cells, respectively, which illustrate promising perspectives of
GaAs NWs for future smart solar devices.

B EXPERIMENTAL SECTION

In this work, the GaAs NWs are synthesized in a solid-source chemical
vapor deposition (SSCVD) system utilizing a two-step process with
GaAs powders as the starting material (0.6—1.5 g, 99.999% purity),
and thermally deposited Au films (12 nm) as the catalyst as reported
previously.' "> The Au catalyst film (thermally deposited onto 50 nm
$iO,/Si, with the dimension of S cm long and 1 cm wide) is placed in
the downstream zone of a two-zone furnace, annealed into
nanoparticles at 800 °C for 10 min, and then cooled down to 650
°C under the pressure of ~1 Torr in H, atmosphere (99.99% purity,
flow at 100 standard cubic centimeters per minute, sccm). Then the
GaAs powders are held in a boron nitride crucible located in the
upstream zone, which is heated at 800—900 °C. The evaporated
precursors are transported by H, flow to the Au catalyst. After the S
min nucleation step at 650 °C, the growth temperature is lowered to
600 °C for a growth duration of 60 min. The system is finally cooled
down to room temperature in H, atmosphere and the NWs are
harvested for further characterization and solar device fabrication. The
morphology of NWs is observed by a scanning electron microscope
(SEM, FEI/Philips XL30) and transmission electron microscope
(TEM, Philips CM20). The corresponding crystal structure is analyzed
by using X-ray diffraction (XRD) recorded on a Philips powder
diffractometer (40 kV, 30 mA) with the Cu Ka radiation (1 = 0.154
nm) and selective area electron diffraction pattern (SAED) imaged
with TEM (CM20).

The obtained GaAs NWs are then dispersed in anhydrous ethanol
by sonication and drop-casted onto the SiO,/Si (50 nm thermally
grown oxide) substrate. The first Schottky electrode layer of single
NW solar cell devices are defined by ultraviolet photolithography
(SUSS MA6) using LOR 3A lift-off resist and AZ5206 photoresist, and
metal electrodes are obtained by thermal evaporation and subsequent
lift-off process. The second asymmetric electrode layer is obtained by a
repeated procedure of photolithography, metal deposition, and liftoff.
The GaAs NW arrays are fabricated by contact printing."” In brief, the
device substrate (SiO,/Si, SO nm thick thermally grown oxide) is
initially modified by mild O, plasma and polylysine (0.5 v/v %
aqueous solution). Then it is blow-dried with N,. Afterward, the NW
donor substrate is flipped and slid against the surface of the device
substrate at a velocity of 10 mm/min under a pressure of 50 g/ cm? It
is noted that the NW printing on glass is performed with the same
condition as the one on silicon substrates. On the other hand, since
the plastic substrate has a relatively rougher surface, the nanowire
printing requires a higher pressure of 100 g/cm” there. The
subsequent asymmetric metal electrode layers of NW array solar
cells are defined in the same way as those of single NW devices. 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).

B RESULTS AND DISCUSSION

The GaAs NWs prepared by the two-step growth method are
highly dense on the noncrystalline SiO,/Si substrate with
length >20 pm and exhibit purely single-crystalline cubic zinc
blende phase as demonstrated in scanning electron microscope
(SEM) and X-ray diffraction (XRD) analysis in Figure la.
Specifically, one representative individual NW is imaged by
transmission electron microscope (TEM) with the typical
diameter of ~90 nm as shown in Figure 1b and growth
orientation of (111) as determined from selected area electron
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Figure 1. Morphology and structural characterizations of the grown
GaAs NWs. (a) SEM image and corresponding XRD pattern (inset);
(b) TEM image of one representative NW grown along the (111)
direction as identified by the SAED pattern in the inset.

diffraction (SAED), which is the most preferential growth
orientation as reported in our previous study.' The Au
catalytic tip is clearly observed on top of the NW, inferring the
vapor—liquid—solid (VLS) growth mechanism of NWs, with
details reported in previous studies, where the long NWs with
excellent crystallinity are attributed to the relatively higher Ga
supersaturation in the Au catalytic seeds obtained by the high-
temperature nucleation step in the two-step growth meth-
od."""* It should be noted that when more than 1 g of GaAs
source powder is used, or higher source temperature than 900
°C is adopted, the obtained NWs will have serious surface-
coating problems as illustrated in Figure S1 of the Supporting
Information. This overcoating is always due to the competition
between vapor—solid (VS) and VLS growth as more than
required precursors are practically provided during the CVD
process.'”"® In contrast, the GaAs NWs prepared by a suitable
amount of source powder (ie, 0.7 g) at a moderate source
temperature (i.e, 860 °C) would have the minimized coating
issue. Importantly, these coating layers are found to possess
abundant surface trap states deteriorating the electrical
properties of GaAs NWs, which are experimentally shown to
have fatal effects on the NW photovoltaic performance in our
earlier studies as well as in the literature.”'®"” Therefore, only
the smooth NWs are adopted for the photovoltaic applications
in the following section, with SEM image and corresponding
NW diameter statistics shown in Figure S1 of the Supporting
Information.

To achieve low-temperature solar cell fabrication, Schottky
barrier photovoltaic structure, rather than the high-temperature
p-n junction formation, is implemented here by employing
asymmetric metal electrodes with one electrode having
relatively higher work function (W) while the other has lower
W. Au is adopted as the typical high W electrode (~5.4 eV)
while the lower W metals, such as Ni (~5.1 eV), Cr (~4.5 eV),
and Al (~4.2 eV), are utilized.'"®'” The high W metal would
constitute a Schottky contact to photoelectrons of the GaAs
NW, while the low W metal would yield a Schottky contact to
the photogenerated holes. After the cell fabrication, Figure 2a
gives the open-circuit voltage (Vc) obtained in the single NW
devices with various work function difference (Wigg, — Wyo)
of the asymmetric electrodes. On the basis of the statistics of 20
different single NW devices, it is obvious that the Au—Ni
electrode pair has the smallest work function difference (~0.3
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Figure 2. Fundamentals of single NW Schottky barrier solar cells. (a)
Dependence of the open-circuit voltage (Voc) on the work function
difference (WHigh — Wiy,,) of the two asymmetric metal electrodes
(statistics of 20 cells in each structure), (b) SEM image and
corresponding band diagram of the single GaAs NW Schottky barrier
solar cell suing Au—Al electrodes, (c) I-V curves of the solar cell in
(b), and (d) dependence of the efficiency and short-circuit current
density (Jsc) on the channel length of the single NW solar cells
(collected with 100 cells in the Au—Al structure).

V) and hence yields the smallest Vo (<0.1 V). Similarly, since
the Au—Al electrode pair has the largest work function
difference (~1.0 eV) among all the electrodes explored in
this work, the highest V¢ (~0.36 V) is expected. Notably, it is
confirmed that the resulting V¢ scales with the work function
difference employed in the asymmetric electrodes accordingly.
Also, these Schottky barrier NW solar cells are highly versatile
by simply using asymmetric electrodes, without any doping
profiling and complicated device structure. Although the V¢
obtained is a bit smaller than the work function difference of
the metal electrodes involved, this discrepancy can be probably
attributed to the slightly different surface Fermi level pinning
for various NW/metal interfaces, depending on the choice of
metal, metal thickness, conductance, and others.”~** Specifi-
cally, the SEM image, energy band diagram, and current—
voltage (I—V) characteristics of one representative NW devices
with Au—Al asymmetric electrodes are depicted in Figure 2b,c.
The details of other devices, including Au—Ni, Au—Cr, Ni—Cr,
and Ni—Al electrodes, are shown in Figure S2 of the
Supporting Information. It is clear that this Au—Al device
yields a Vioc of 0.39 V, an apparent short-circuit current (Jsc) of
67 mA cm 2, and a fill factor (FF) of 0.61 under AM 1.5 G

illumination, which corresponds to the record high apparent
energy conversion efficiency of 16% based on the active
horizontal NW channel length of 0.65 ym and diameter of ~85
nm, even higher than those complicated p-i-n NW structures as
listed in Table 1. Considering the noncrystalline growth
substrate and facile formation of Schottky barrier, this kind of
GaAs NW solar cells is demonstrated with great promise for
low-cost and high-efficiency photovoltaics.”

To shed light on probable reasons for achieving this superior
efficiency, further insights into the photo-electricity conversion
process of NWs is necessary. It is well understood that there are
two key successive steps in the solar energy harvesting by
photovoltaics. The first step is the effective photon absorption
by active materials followed by the second step of the
instantaneous separation and the collection of photoinduced
electron/holes.”**’ Tt is both experimentally and theoretically
proved that one-dimensional NWs can have better light
absorption characteristics than their bulk counterparts, and an
apparent efficiency of 40% beyond the Shockley-Queisser limit
has been accomplished by vertical-structured GaAs photo-
voltaics.' >~ 1t is therefore the horizontal NW channel
configured in this work that would also possess higher light
absorption characteristics than the one of thin films even
though the NW absorption thickness is lower, which show the
low-cost advantages of NW based photovoltaics as well as
photodetectors by the resonant light absorption effect. On the
other hand, the grown GaAs NWs are single-crystalline with
minimal crystal defects observed due to the relatively higher Ga
supersaturation in Au catalytic seeds during the growth process
as reported in our previous study.'"'* Also, since no dopant is
utilized here, there would not be any impurity centers for the
electron/holes recombination. All these minimized defects and
scattering centers would then contribute to the longer minority
lifetime which is favorable for efficient photoinduced electron/
hole separation and collection. From the literature, one can find
the electron mobility (1) of GaAs NW around 4000 cm* V'
s™' and electron lifetime (7) on the order of 10> ps,**~*’
resulting in an electron diffusion length around 1 um as
estimated by the equation (urkT/e)'/? (where kT/e is
constant), which is in good agreement with the electron
beam induced current (EBIC) and Kelvin probe force
microscopy (KPFM) measurements.”*** All these are com-
pletely consistent with our results presented in Figure 2d in
which the photovoltaic performance statistics (based on 100
single NW devices) explicitly show that the high efficiency and
large Jsc are only obtained for the channel length <1 ym. The
channel length dependent V¢ and FF are given in Figure S3 of
the Supporting Information. These findings are extremely

Table 1. Comparison of GaAs NW Schottky Solar Cells with Other III-V Photovoltaics Reported in the Literature

material method substrate junction structure efficiency ref
GaAs NW SSCVD noncrystalline Schottky contact horizontal 16%" this work
GaAsP NW MBE® Si(111) radial p-i-n horizontal 10.2%° 7
GaAs NW MBE GaAs(111) radial p-i-n horizontal 4.5%° 44
GaAs NW MBE Si(111) radial p-i-n vertical 40%° 10
GaAs NW array MOCVD" GaAs(111) radial p-n, InGaP cap vertical 6.63% 17
GaAs NW array etched GaAs(100) GaAs/PEDOT:PSS vertical 9.2% 8
InP NW array MBE p-InP axial p-i-n vertical 13.8% 45
GaAs sheets MOCVD GaAs(100) planar p-n vertical 14.5% 46

“Molecular beam epitaxy. “Metal organic chemical vapor deposition.

“Apparent efficiency normalized to the projection area of the single NW, i,

efficiency = [(Voc X Isc X FF)/(100 mW/cm? X diameter X active length)] X 100%.
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beneficial for the design of solar cell structure to achieve the
highest efficiency with the optimized active material area
matching the carrier diffusion length.

It is noticeable that although the obtained efficiency is high,
the single NW solar cells have relatively low output voltage and
current. With the purpose of being practical for wide
application domains, we have adopted two strategies to
enhance and reinforce the output. One approach is to connect
individual single NW solar cells while the other one is to
fabricate solar cells based on NW arrays. Figure 3 demonstrates

T /A
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Figure 3. Performance of single NW solar cells connected in tandem
and parallel configuration. (a) Equivalent circuit diagrams and (b) I-V
curves of two individual cells connected in tandem and in parallel (cell
1 shown in Figure S3 of the Supporting Information and cell 2 shown
in Figure 2).

clearly the proof-of-concept by connecting two individual single
NW solar cells in tandem (in series) to reinforce the voltage
and in parallel to enhance the current.’® At the same time, the
GaAs NW parallel arrays are as well fabricated by contact
printing,'**” and the optimized Au—Al asymmetric electrodes
are deposited to achieve the Schottky solar cells as depicted in
Figure 4. It is obvious that the printed NW density is ~1.5

]
(b)‘” —Dark
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Figure 4. Performance of the GaAs NW array Schottky solar cell
fabricated on SiO,/Si substrate. (a) SEM image and device schematic
and (b) I-V curves of the GaAs NW array solar cell fabricated by
contact printing with optimized Au—Al asymmetric Schottky electro-
des.

NW/um, accounting for a total of 300 NWs in the 200 ym
wide device (Figure 4a). As compared to that of the single NW
device, the output performance of this NW array cell is
significantly improved (Figure 4b), with the V¢ of 0.34 V, Iy
of 4.36 nA, FF of 0.36, and estimation of conversion efliciency
of ~11% by considering the total absorption (projected) area of
the NWs under AM 1.5 G illumination. Notably, since a large
part of the channel area is not covered with the GaAs NWs, this
will discount the total efficiency to ~1.6% by considering the
overall channel area. This efficiency is in good accordance with
the single NW one if one estimates ~10X absorption area than
the NW projected area, which can be further improved by

increasing the absorption thickness (i.e, NW diameter).*® In
any case, the GaAs NW array Schottky solar cell shows the
respectable and uniform photovoltaic performance, with higher
efficiency achievable by fabricating higher density NW arrays
with optimized NW contact printing or other NW aligning
technologies such as flow-assisted method and electrophoresis
alignment, etc.2329%0

Once the two above-mentioned approaches are found
successfully to boost up the output performance of Schottky
solar cells, similar cell structures are built on nonconventional
substrates for smart photovoltaics such as fabricating on glass
for transparent solar cells (Figure 5) as well as on polyimide for

(a) Al GaAs Au/Al GaAs Au (b)
i
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Figure S. Transparent GaAs NW array Schottky solar cells constructed
on glass. (a) Device schematic and corresponding band diagram, (b)
photograph, (c) microscope image, and (d) I-V curves of the
transparent solar cell (2, 3, 4, 6, and 9 cells connected in tandem along
with 3 such devices configured in parallel readily by lithography).

flexible photovoltaic cells (Figure 6). Figure Sa depicts the
device schematic and band alignment of the GaAs NW array
Schottky solar cell connected in tandem readily by conventional
lithography.*® Figure Sb,c gives the picture and microscopic
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Figure 6. Flexible GaAs NW array Schottky solar cells fabricated on
polyimide. (a) Photograph, (b) microscope image, and (c) IV curves
of the flexible solar cell (2, 3, 4, 6, and 9 cells connected in tandem
along with 3 such devices configured in parallel readily by lithography).
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image of one typical transparent solar cell constructed on glass,
with the output curves of 2, 3, 4, 6, and 9 cells connected in
tandem along with 3 such devices configured in parallel as
illustrated in Figure Sd. It is apparent that the corresponding
photovoltaic output can be reinforced effectively by the tandem
configuration with the output voltage of ~2.4 V and output
current of ~15 nA (9 tandem and 3 parallel cells connection).
Importantly, the output voltage is scaled linearly with the
number of cells connected in series, indicating the uniformity of
NWs printed in the device channel suitable for large-scale
applications. Also, the optical transparency of these cells
fabricated on glass is also assessed and confirmed by the
microscope imaging in the transmission mode (Figure S4 of the
Supporting Information), suggesting the potential usage of
these Schottky cells for smart windows."' ~* Similarly, the
GaAs NW array Schottky solar cells are as well fabricated onto
the 100-um-thick polyimide substrate, with the picture and
microscope image shown in Figure 6a,b. As given in Figure 6,
the output voltage is again ~2.4 V (9 tandem and 3 parallel
cells connection) while the output current is ~6.5 nA, slightly
lower than the ones fabricated on glass due to the inefficient
NW printing on a nonsmooth surface (ie., polyimide)." It is
noted that, in these proof-of-concept smart solar cell examples,
the efficiency is relatively lower than that of single NW devices
since the Vo and FF are only ~0.27 V and ~0.35 per device
probably due to the somewhat higher contact resistance which
will be optimized further. Also, the NW density can be further
enhanced by improved contact printing or other NW alignment
techniques to obtain higher output current. Nevertheless, these
transparent and flexible Schottky solar cells, based on high-
performance GaAs NWs synthesized cost-effectively on non-
crystalline substrates, are demonstrated with the great promise
for smart photovoltaics.

B CONCLUSIONS

High-density GaAs nanowires (NWs) with minimal crystal
defects and length >20 pm are prepared in large scale on
noncrystalline SiO,/Si substrates by a facile solid-source
chemical vapor deposition method. The obtained NWs exhibit
superior apparent sunlight-to-electricity conversion efficiency
up to ~16% in a moderate Schottky barrier structured
photovoltaic cell, attributing to the efficient light absorption
and enhanced electron/hole diffusion length due to the
excellent crystal quality attained by the two-step growth
process. Importantly, these NW solar cells can be further
connected in parallel arrays in tandem and in parallel to
reinforce their photovoltaic output, integrating onto glass and
plastic substrates for transparent and flexible solar cells,
respectively. All these results have demonstrated the out-
standing versatility and promising perspective of GaAs NW
Schottky solar cells for next-generation smart solar energy
harvesting devices.

B ASSOCIATED CONTENT

© Supporting Information

SEM images and diameter distribution, IV curves of PVs,
channel length independent V,. and FF, and transmittance
microscope image of transparent solar cell. The Supporting
Information is available free of charge on the ACS Publications
website at DOIL: 10.1021/acsami.5b06452.
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