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ABSTRACT: Because of unique structural, optical, and
electrical properties, solar cells based on semiconductor
nanowires are a rapidly evolving scientific enterprise. Various
approaches employing III—V nanowires have emerged, among
which GaAs, especially, is under intense research and
development. Most reported GaAs nanowire solar cells form
p—n junctions in the radial direction; however, nanowires
using axial junction may enable the attainment of high open
circuit voltage (V,.) and integration into multijunction solar
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cells. Here, we report GaAs nanowire solar cells with axial p—i—n junctions that achieve 7.58% efficiency. Simulations show that
axial junctions are more tolerant to doping variation than radial junctions and lead to higher V. under certain conditions. We
further study the effect of wire diameter and junction depth using electrical characterization and cathodoluminescence. The
results show that large diameter and shallow junctions are essential for a high extraction efficiency. Our approach opens up great

opportunity for future low-cost, high-efficiency photovoltaics.
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n recent years, solar cells based on semiconductor nanowires

have been a topic of intense research and development for
next-generation photovoltaics.'~>' One approach to surpass the
Shockley—Queisser efficiency limit is to use multijunction solar
cells containing several p—n junctions in series.”” >® Each
junction is designed to absorb a specific wavelength range of
sun light, reducing thermalization losses, and thereby increasing
efficiency (Supporting Information, Figure Sla). Traditional,
monolithically integrated multijunction solar cells consist of
sequentially stacked thin films. The lattice constants of the
materials used are matched to allow high-quality epitaxial
growth. GaAs and germanium are currently the most widely
used substrates since there are lattice matched materials with
larger bandgaps suitable for forming a current matched set of
junctions. These substrates contribute a large portion of the
total material cost and prevent large-scale terrestrial imple-
mentation. The small footprint of nanowires allows them to
accommodate lattice-mismatch induced strain through elastic
relaxation at the edges.”’ ~>* This capability offers great freedom
in choosing growth substrates, which are otherwise infeasible in
the planar thin film scenario. For instance, dislocation-free InP
or GaAs nanowires can be grown on a silicon substrates,*> >
significantly reducing substrate cost and enabling use of the
existing silicon industry infrastructure (Supporting Information,
Figure S1b). Meanwhile, the freedom to use multiple, stacked,
nonlatttice-matched materials within each nanowire allows the
construction of multijunction cells with optimal band gap
combinations (Supporting Information, Figure Slc). In
addition, both simulation and experiments have shown that
nanowires are inherently excellent light absorbers due to light
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scattering and the effect of resonant modes, even without
additional antireflection coatings.'"**~*

Among various nanowires, those made from III-V
compound semiconductor materials are considered as some
of the most promising platforms for photovoltaics due to high
absorption, direct band gap, superior carrier mobility, and well-
developed synthesis techniques. Significant progress with InP
nanowire solar cells has recently been reported especially with
axial p—i—n junctions.lg’n’44 In contrast, GaAs is another
important material with suitable bandgap and has the advantage
that gallium is more abundant than indium. However, progress
in the development of GaAs nanowire solar cells has been
relatively slow, and their potential has not been fully exploited.
Previous work on GaAs nanowire solar cells focused on radial
p—n or p—i—n junctions. For example, in 2008, LaPierre et al®
reported pioneering work of a GaAs nanowire array based solar
cell with core/shell radial junction and power conversion
efficiency (PCE) of 0.83%. In 2009, Fontcuberta i Morral et
al.*® reported a single GaAs nanowire solar cell with PCE of
4.5% by molecular beam epitaxy, and their V,_ close to 1 V
indicates high-quality radial p—i—n junctions. In 2011, Mariani
et al” demonstrated solar cells made from lithographically
patterned GaAs nanorod arrays with radial junctions and
exhibited a PCE of 2.54%, which represented excellent progress
toward large area realization. Recently Tegude et al.*® reported
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Figure 1. Device structure and optical absorption simulation. (a) Schematic of a solar cell made from GaAs nanowires with axial junctions. Carrier
flow direction in solar cell operation under sunlight is shown in the zoomed-in graph of the junction. (b) Maximum achievable J,. (mA/cm?) versus
pitch a and diameter/pitch ratio d/a. Nanowires are 3 ym tall and grown on a GaAs substrate. (c) Maximum achievable J,. versus nanowire diameter
for a fixed pitch of 600 nm and height of 3 ym. (d) Absorption spectra of nanowire arrays with 600 nm pitch and 100 nm (black), 250 nm (red), and
350 nm (blue) diameter. (e) Carrier generation rate profile under AM 1.5G solar spectrum for nanowires embedded in BCB and capped by ITO for

diameters of 100, 250, and 350 nm.

a single GaAs/InGaP/GaAs with a radial p—i—n junction with a
PCE of 4.7%. Recent efforts on in situ passivation of GaAs
nanowires with lattice-matched wide band gap materials
revealed encouraging improvements in the short circuit current.
By growing a lattice-matched InGaP passivation layer, a
quantum efficiency close to unity has been observed leading
to reported PCE between 4% and 7.43%.">"

In contrast, solar cells based on axial p—n or p—i—n junctions
have not been fully studied, although it is intriguing to compare
their performance to that of radial junction devices and study
the underlying science. Our recent theoretical study (Huang et
al.*”) indicates that axial junctions are more sensitive to the
presence of surface states, but axial junctions provide higher V.
and more flexibility in the design of junction structure such as
the thickness of base and emitter layers than radial junctions.
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Figure 2. Comparison between nanowire solar cells with axial junctions and radial junctions. (a) Schematic diagram of axial (upper) and radial
(lower) junctions in nanowires. (b) J,, (c) V.., and (d) efficiency of nanowire solar cells with axial junctions (black) and radial junctions (red) versus
doping concentration in the n-type base. The surface recombination velocity is 3 X 10° cm/s. See text for details of junction geometry and doping
concentration. (e) 3D mapping of hole concentration in the dark and in thermal equilibrium for the axial junction (left) and the radial junction
(right). Band diagrams under AM 1.5 short circuit conditions along the center of each nanowire (A—A’ and B—B’) are shown on the left together
with quasi Fermi levels of electrons (blue dashed line) and holes (red dashed line). (f) Band diagram along C—C’ line in the radial junction in (e)

together with quasi Fermi levels of electrons and holes.

Furthermore, a single axial junction is of considerable technical
importance, as it is an important building block for multi-
junction solar cells with three or more junctions as shown in
Figure Slc. Nanowires with junctions stacked in the axial
direction provide an intuitive analogue to the traditional thin
film multijunction solar cells where the incident light can pass
from materials with larger bandgap to those with lower bandgap
sequentially.

Here, we report solar cells based on GaAs nanowires with
axial p—i—n junctions that achieve a PCE of 7.58%. This value
is so far the highest reported PCE for any solar cells made from
GaAs nanowire arrays. We carry out optical simulations to

systematically study the light absorption properties of GaAs
nanowire arrays. A theoretical comparison between radial and
axial junction solar cells is conducted, which reveals that the
axial junction design is more tolerant to doping variation. For a
particular doping range, axial junction designs can offer better
performance. Under the guidance of these simulations, we
experimentally demonstrate solar cells based on uniformly
patterned GaAs nanowire arrays with axial p—i—n junctions via
selective area growth (SAG) in metal—organic chemical vapor
deposition (MOCVD). Two key design parameters are studied
to optimize device characteristics. Our results indicate that
nanowires with shallower junctions offer better performance

dx.doi.org/10.1021/n1500704r | Nano Lett. XXXX, XXX, XXX—XXX
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than deeper junctions, and large wire diameters can lead to a
short circuit current density (J,.) as high as 23.28 mA/cm? in
the absence of any surface passivation treatment. The junction
depth dependence is further investigated and explained by
cathodoluminescence measurements.

Figure la is a schematic of a solar cell made from a vertically
aligned GaAs nanowire array grown on a GaAs substrate.
Nanowires are embedded in transparent insulating polymer
BCB, for mechanical support and covered by a transparent
conductive indium tin oxide (ITO) front contact to let sunlight
pass through. Incident light generates electrons and holes which
flow toward the n-type and p-type region, respectively. The
absorption properties of periodic nanowire arrays strongly
depend on the array structure. To determine the optimal
structure for absorption, we first carry out full-vectorial
electromagnetic simulations (see Supporting Information for
details) to calculate the absorption of nanowire arrays with
different diameters and pitch. We calculate the maximum
achievable short circuit current from the optical absorption by
assuming unity external quantum efficiency. Figure 1b shows ]
as a function of pitch, 4, and diameter-to-pitch ratio, d/a, for a
nanowire height of 3 um. Calculations were performed using
the AM 1.5G solar spectrum assuming an infinitely thick GaAs
substrate. Two local maxima are observed on this map. One is
at a = 300 nm and d/a = 0.55, and the other one is around a =
650 nm and d/a = 0.6. We focus on the maximum point
associated with pitch of 650 nm due to the fact that, without
sacrificing too much absorption (<1 mA/cm?), a larger pitch
eases fabrication requirements. Furthermore, we will show later
in the paper that the small diameter of the other maximum
point is unfavorable for the electrical properties. In Figure 1c,
we plot ] versus nanowire diameter for a fixed pitch of 600 nm
and height of 3 um. We can achieve J, as high as 28 mA/cm?
for a nanowire array with a diameter of 350 nm, which is close
to the theoretical limit of a single junction GaAs solar cell.
Comparing the absorption spectra of arrays with diameters of
100, 250, and 350 nm (600 nm pitch, 3 ym height) shown in
Figure 1d, the 350 nm one enhances the absorption by filling in
the low absorption dips between 400 and 550 nm and between
700 and 900 nm that appear in the spectra of the 100 and 250
nm diameter wire arrays. We also plot the spatial carrier
generation rate distribution within the realistic nanowire array
structure (with the BCB polymer and ITO caps) for nanowires
with height of 2.5 ym and diameters of 100, 250, and 350 nm,
respectively (Figure le). The maximum achievable short circuit
currents are also indicated in each profile. More discussion
about the local minimum around 200 nm in Figure 1lc can be
found in the Supporting Information.

In terms of electrical properties, the design of the p—n
junction governs the overall performance of a solar cell. We
thus carefully examined the operational conditions of nanowire
solar cells with radial and axial junctions. Figure 2a shows
schematics of these two junctions in the nanowires. We
numerically solve the current density—voltage (J—V) response
(see Supporting Information for details) of the nanowire solar
cells with a 600 nm pitch, 250 nm diameter, and 2.5 gm height.
We use Synopsys Sentaurus to solve the drift-diffusion
equations for carrier transport within the nanowires. The
nanowires are subject to AM 1.5G solar irradiation. The
position-dependent carrier generation rate is determined from
the optical absorption simulations above and is shown in Figure
le. For the axial junction, the p-type segment is on top, with a
thickness of 100 nm, and for the radial junction, the p-type

region is on the outside, with a thickness of 30 nm. Both
intrinsic regions are 50 nm thick. The thicknesses of the p-type
regions were chosen based on our previous study.’” The thicker
shell lead to degraded performance as shown in simulations
presented in Figure S4. We assume that the doping-dependent
mobilities for electrons and holes are the same as in the bulk,
with a Shockley—Read—Hall (SRH) recombination lifetime of
1 ns. Both donor-like and acceptor-like surface state densities
are fixed to be 1.5 X 10'> cm™, corresponding to a surface
recombination velocity (SRV) of 30,000 cm/s. We fix the
doping concentration of the p-type emitters to be 10'® cm™ for
the purpose of forming a low resistance ohmic contact, and vary
the n-type base doping in both the axial and radial junctions.
The 10 nm thick minority carrier reflectors with doping
concentrations of 10" cm™ are placed right below the top
contact and above the bottom contact to reduce recombination
loss. In the real devices, heavily doped n+ substrate (2—3 X
10'® cm™) serves as a bottom minority reflector, and the p-
doping near the tip is increased to serve as a top minority
reflector.

In Figure 2b, ¢, and d we show the ], V,, and PCE as
functions of n-type base doping concentration. For the axial
junction, increasing the doping concentration reduces J.
Nanowires usually exhibit shorter minority diffusion length
than bulk, so the built-in electric field in the junction depletion
region contributes significantly to the total collection of
carriers. With increasing doping in the n-type base of axial
junction, both the junction depletion region width, which
defines the carrier drift zone, and the mobility, which
determines carrier diffusion, are reduced. The open circuit
voltage however increases with increasing doping concentration
due to the larger built-in potential. The overall efficiency does
not change much with the increasing doping concentration. For
the radial junction, the short circuit current is very high when
the base doping is higher than 10'7 cm™. However, it drops
sharply when the doping is smaller than 10'” cm™. The open
circuit voltage and the efliciency of the radial junction have
similar trends. The precise measurement of spatial distribution
of dopant in nanowires remains a great challenge in this field
and has not been fully investigated since most techniques and
physics used for bulk material could not be directly applied to
nanoscale materials. However, people did observe doping>* and
material composition16 variation along a nanowire over 1 order
of magnitude. Emerging technologies such as atom probe
tomography*® or single wire Hall effect measurement™® could
provide us with more powerful tools to obtain detailed doping
information in a nanowire.

We can gain insight into the difference between the |-V
characteristics of axial and radial junctions in the low doping
region from Figure 2e and f. Figure 2e shows the band diagrams
across the center of the wires (A—A’ for the axial junction and
B—B’ for the radial junction) under the AM 1.5G solar
spectrum and short circuit condition and the corresponding
hole concentration mapping in the dark under thermal
equilibrium conditions with a base doping of 10' cm™. In
the axial junction, the n-type region is fully depleted by surface
states under thermal equilibrium, as one can tell from the fact
that the hole concentration is close to the intrinsic carrier
concentration of GaAs (2.1 X 10° cm™, 300 K). However,
under illumination, the nanowire behaves as a normal p—i—n
junction solar cell (see band diagram) because the surface states
are largely filled by light-generated carriers. There is a gradual
band bending along the axial direction near the junction at the
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Figure 3. Solar cell fabrication process and SEM images. (a) Fabrication steps of GaAs nanowire array solar cells with axial junction: (i) electron
beam lithography to form hole array in silicon nitride mask, (ii) SAG of p—i—n GaAs nanowire using MOCVD, (iii) BCB infiltration, (iv) RIE to
expose nanowire tips, and (v) ITO deposition. (b) 30° tilted SEM image of as grown vertical GaAs nanowire array on GaAs (111)B substrate. (c)
SEM image after nanowires are embedded in BCB and etched by RIE to expose short tips. (d) SEM image after coating of ITO film by sputtering. A

conformal dome-like cap is formed on the tips of nanowires.

heights between 2 and 2.4 ym (intrinsic segment is between
2.35 and 2.4 pm). This causes an electric field pointing upward,
which helps the extraction of the light-generated carriers near
the tip of the nanowire. In a radial junction, when the core
region of the nanowire is lightly doped, the p-type shell will
cause an inversion of the core carrier type to also be p-type.
The structure is hence equivalent to a p-type nanowire with a
very thin n-type emitter at the bottom as can be seen in the
band diagram along B—B’ in Figure 2e. This can further be
confirmed by checking the cross-sectional (C—C’) band
diagrams in Figure 2f, which shows the band is almost flat.
The minority carriers thus need to diffuse through the entire
length of nanowire to reach the bottom and get extracted,
under which circumstance an extremely low ] is expected.

In principle the heavily doped radial junction device can
outperform the axial junction due to its excellent carrier
collection efficiency and its high tolerance to surface effects.
However, high doping in the base is usually undesirable because
it reduces mobility and diffusion length. State-of-the-art thin
film GaAs solar cells normally use a base doping concentration
of the order of magnitude of 10'” cm™>. The possibility of using
lower doping in the axial junction provides us with more
optimization space and a more robust design. Moreover, as
mentioned before, the axial junction is an indispensable
intermediate step toward a multijunction nanowire solar cell
device with three or more junctions. The systematic
experimental study of the GaAs axial junction nanowire solar
cell has not previously been performed.

To experimentally test the performance predicted by
simulation, we fabricated and measured solar cells with 1 mm
X 1 mm area GaAs nanowire arrays. The schematic diagram of
device structure has been shown in Figure la and the
fabrication process is shown in Figure 3a (see Supporting
Information for details). The n-type, intentionally undoped,
and p-type segments are grown sequentially on a n+ (111)B
substrate using SAG in MOCVD. The §rowth detail has been
mentioned earlier in a separate paper.”>>” This growth method
does not require metal catalyst as used in vapor—liquid—solid
(VLS) method which is beheved to incorporate along the
growth and cause deep level traps.*® The vapor-phase epitaxial
nature of SAG can also avoid reservoir effects often
encountered in VLS and achieve an abrupt junction interface.
The background doping for the i-region is not known at this
point but is believed to be much lower than the p and n region
and may be in the range of 10'*—10" cm™ based on
literature.> A systematic study of the influence of varying the
length of i-region is ongoing, and the result will be published
elsewhere in the future. We believe that the i-region with an
optimized length could help carrier collection to certain degree
given the short diffusion length in nanowires. Nanowires are
separated by 600 nm from center to center and are about 2.5
pum tall and 320 nm in diameter, unless otherwise stated, to
achieve nearly optimized absorption of AM 1.5G solar
irradiation. Although the nanowires only cover less than 20%
of the total area, they could potentially absorb close to 90% of
the incident sun light. It is been widely studied that resonant

dx.doi.org/10.1021/nl500704r | Nano Lett. XXXX, XXX, XXX—XXX
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Figure 4. Comparison between performance of nanowires with 100 nm diameter and 250 nm diameter. (a) 30° tilted SEM images of nanowires with
diameter of 100 nm (sample A) and 250 nm (sample B). (b) J—V curves of typical devices made from 100 and 250 nm thick nanowires in dark and
under AM 1.5 solar spectrum. (c) V,. (black) and FF (blue) of six devices from each batch. (d) J/V—V curve of the device with 100 nm nanowires
shown in (b) which shows a linear region marked by the blue line. Insets are schematics of a fully depleted thin wire and of a partially depleted thick

wire that still has a conductive channel in the center.

modes would allow light absorption in nanowires to
significantly exceed the ray optics limit given just a fraction
of the material consumed in a bulk device.'""*" Figure 3b is
scanning electron microscopy (SEM) image taken at a 30°
tilted angle. Nanowires distribute uniformly in the electron
beam lithography (EBL) defined template and exhibit 6-fold
symmetric cross section consisting of sidewalls parallel to {110}
family planes which indicate high crystal quality.

After growth, nanowire arrays are planarized and etched to
only expose the tip of p-type emitter. Eventually ITO is
deposited as a transparent front contact (Figure 3a), while
AuGe is alloyed to the backside of the substrate to form ohmic
contact. The sheet resistances of planar ITO film is about 10
Ohm/[] measured by four-probe method. The highly
conductive ITO film allows us to achieve low series resistance
without forming additional metal fingers on top of ITO as will
be shown later. Sputtering provides a conformal layer of ITO
on the nonplanar top surface and forms a dome shape cladding
over the nanowire tip which helps to concentrate the incident
light near the junction region as has been seen in Figure le and
also pointed out by Mariani et al."* Figure 3c shows the 30°
tilted SEM image of nanowire array after BCB infiltration and
reactive ion etching (RIE). About 100 nm tip is exposed for
contacting. Figure 3d shows ITO film conformally wrapping
the nanowire tips to ensure good conductivity at the front
electrode. Basically the high uniformity is inherited from EBL-
made pattern by the subsequent process and demonstrates the

superior capability of SAG in controlling the morphology and
location of nanowires.

Because of the high density of surface states, carrier transport
in GaAs nanowires is known to be significantly affected by the
surface-to-volume ratio. For nanowires with surface Fermi level
pinned at midgap, Chang et al.*’ pointed out the majority
carriers would be nearly depleted if wire diameter is less than
100 nm, resulting in a less conductive channel which is also
observed in our simulation. Furthermore, a considerable
portion of minority carriers would be captured by surface
states and subsequently annihilate through recombination for a
thin wire. Thus, one expects significant loss of ], when the
nanowire diameter gets extremely small. Figure 4a shows SEM
images of the 30° tilted nanowire arrays used for two sets of
devices. Both samples are around 1.5 pm tall with a 300 nm
deep junction. Sample A consists of nanowires about 100 nm in
diameter, while the wires in sample B are close to 250 nm in
diameter. J—V characteristics are measured under dark
conditions as well as under AM 1.5G solar spectrum at 1 sun
illumination intensity (100 mW/cm?) using a solar simulator
(Photo Emission Tech). Distinct J—V curves can be seen in
Figure 4b for representative devices made from these two
batches. Remarkably improved performance is obtained for
nanowires of 250 nm than nanowires of a 100 nm diameter due
to both larger J,. and higher V.. Another important parameter
reflecting how closely a device resembles an ideal diode is fill
factor (FF) defined by the ratio of maximum power output to
the product of I, and V. Figure 4c shows the V. and FF of all

dx.doi.org/10.1021/n1500704r | Nano Lett. XXXX, XXX, XXX—XXX
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the samples from batch A and B, and each batch contains six
individual devices. From this figure, the FF of sample B is much
higher than sample A on average following the same trend as
V.. In larger diameter nanowires, fewer carriers will recombine
at the surface leading to higher J,. On the other hand if the
entire n-type base is depleted as a result of a small diameter,
then the built-in potential across the p—i—n junction will
definitely be smaller than an ideal junction because the Fermi-
level in the n-type region is deeper into the bandgap than it
would be in an ideal case. Moreover, plots of current density
divided by voltage (J/V) versus V for sample A shows, after the
diode turns on, J/V is proportional to V indicating strong
quadratic dependence on voltage for dark current as shown in
Figure 4d. This phenomenon can be attributed to space charge
limited (SCL) transport in a fully depleted crystal which was
recently modeled and discussed for gallium nitride nanowires**
and indium arsenide nanowires.*’

In addition to nanowire diameter we studied another
important design parameter which is the length of the p-
emitter region, also mentioned as junction depth (D)
interchangeably in this paper. As has been shown in Figure
le, upon illumination of the solar spectrum, the carrier
generation hot spot is located very close to the nanowire tip
due to the high absorption coefficient of GaAs over most of the
solar spectrum as well as the concentrating effect from the ITO
cap. On the other hand, to achieve low resistance ohmic
contact between ITO and GaAs, the p-doping near the top is

usually sufficiently high leading to relatively shorter minority
carrier lifetime. Thus, we want to minimize carrier loss in the p-
region while keeping a good contact to ITO. Experimentally we
varied the length of p-segment between 600 and 100 nm by
adjusting the growth time. As shown in Figure Sa a steady
increase in short circuit current can be observed when we
decrease the junction depth. Typical devices show ], of 1.07,
8.52, and 11.58 mA/cm? for devices with a 220 nm diameter
and nominally 600 nm (sample C), 300 nm (sample D), and
150 nm (sample E) deep junctions, respectively. Shallower
junctions also feature higher V,_in general. The batch with 600
nm deep junction (sample C) exhibits relatively low V. around
350 mV, and in contrast, devices in the batch with a 150 nm
deep junction (sample E) have a V,, approaching 650 mV. In
batch F we further reduce junction depth to 100 nm and also
increase the diameter to around 320 nm. We observe a
tremendous increase of J. to above 20 mA/cm? with the
highest being 23.28 mA/cm? Although both nanowire diameter
and junction depth affect the solar cell performance, we believe
the nanowire diameter is the more dominant factor, especially
for nanowires with a junction depth less than 300 nm. More
discussion can be found in the Supporting Information. Figure
Sb shows the dark and 1 Sun J—V curve of the best device from
batch F plotted as a semilogarithmic plot. The dark
characteristic shows a good rectifying behavior with an on—
off ratio of 1.89 X 10° at +1 V. The dark current at —1 V is only
about 100 nA for a 1 mm? area also indicating a good junction.
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The small leakage current could be attributed to the small total
junction area possessed by axial junction geometry. The vapor
phase growth of the junction should, in principle, produce a
sharp junction with low leakage current. The ideality factor
extracted from the intermediate forward bias regime is around
2.34. We believe that the greater-than-unity ideality factor is
due to the existence of recombination current through surface
states and space charge region in the undoped part. Further
optimization of the length of the undoped segment is ongoing.
This particular device shows J,. of 21.08 mA/cm” and V. of
0.565 V. With a fill factor of 0.6365 the overall PCE is 7.58%. In
a previous publication,” we have simulated and experimentally
studied the role of substrate on photon absorption. Even
though the substrate may absorb a small portion of the
photons, because carrier generation is relatively far away from
the p—i—n junction, the contribution of substrate to J,. would
be negligible. We thus expect the power conversion capability
mainly comes from the nanowire array. The slightly lower V.
here in sample F compared to sample D and E is due to the
logarithmic dependence of V. on I for an ideal diode which
will be shown later; thus the increase of V. with a shallower
junction depth is not as pronounced as J. and sometimes can
be masked by the device-to-device variation as manifested by
the red, blue, and pink curves in Figure Sa. We note that, in the
device showing efficiency of 7.58%, the ITO may be in contact
with the i-region for some of the nanowires as both the junction
depth and the exposed nanowire tip length after BCB etching
are about 100 nm. By further optimizing the process and
control of exposed tip length we may be able to achieve even
better performance. All of the devices discussed so far are
summarized in Table 1.

Table 1. Characteristics of Devices with Different Diameters
and Junction Depths

diameter  junction depth Jic Ve efficiency

device (nm) nm) (mA/cm?) V) (%)
A 100 300 4.20 0.412 0.68
B 250 300 7.21 0.642 3.03
C 220 600 1.07 0.410 0.21
D 220 300 8.72 0.600 3.30
E 220 150 11.58 0.592 4.62
F 320 100 21.08 0.565 7.58
G (see 320 300 21.21 0.511 6.56

When a nonideal p—n junction with a series resistance is
considered with respect to the forward bias voltages, the
current across a p—n diode is given by

I= Io[exp(%) - 1]

To accurately determine the series resistance, we can
differentiate both side of the current equation and obtain
(Cheung’s method*°):

v = nk_T + IR,
d(In 1) q
A plot of dV/d(In I) versus I will be linear and gives R; as the
slope and nkT/q as the y-axis intercept. The extracted values of

ideality factor and series resistance are 2.2 and 41 Q (see
Supporting Information, Figure S2), respectively.

Finally, we measured device response under varied
illumination power. Figure Sc shows the J—V curves of device
with 300 nm junction depth and 220 nm diameter (red curve in
Figure 4b) in dark and at various illumination powers from an
850 nm laser plotted in semilogarithmic coordinates. The short
circuit current increases steadily when power is increased from
50 yW to 5 mW and starts to saturate at higher powers which
indicates reduced quantum efficiency. This behavior is due to
increased voltage drop across series resistance under high
illumination as well as carrier screening effect which reduces the
internal electrical field when the carrier concentration is
sufficiently high. Similar trend was observed in photodetector
devices made from similar nanowires recently in our group.>!
By applying a larger reverse bias, we can rebuild the strength of
electrical field so we can see incremental change of current
scales with illumination power at —2 V applied bias (Figure
5d), while the current at short circuit fails to track under high
illumination intensity. The open circuit voltage increases
steadily with increasing pump power. V. for the highest
illumination reaches 0.72 V. Neglecting the small series
resistance the diode I—-V behavior under illumination could
be described as

I=1 ( v ) 1 I
=Ilexpl — | — -
o| €Xp kT L
qv
~ I —0|-1]-1
O(exp( ﬂkT) ) sc

So we can extract V. as a function of short circuit current:

I
V.=V(I=0)= ”k—Tln(ﬁ + 1)
q Iy

The inset of Figure Sc is the plot of V. versus In(I,.), and the
slope is nkT/q, from which we extracted the ideality factor to be
1.72.

From the results shown in Figure Sa, it is apparent that a
shallow junction is essential for unpassivated GaAs nanowire
solar cells to capture minority carriers generated close to the tip
which would otherwise recombine quickly in the heavily doped
p-emitter region. To better understand the underlying physical
mechanism, we simulated the carrier generation profile under
monochromatic light of different wavelengths and measured the
spectrum response of the four devices shown in Figure Sa. The
integration of product of EQE and AM 1.5 photon density
resulted in J, similar to the value measured experimentally in
Figure S5a. From Figure 6a we can see most of the shorter
wavelength light (400 nm) is absorbed near the wire surface,
while a bigger portion of longer wavelength light (800 nm) is
absorbed deeper into the bulk of the nanowire. Carriers
generated by shorter wavelengths thus are more likely to
recombine at the surface and annihilate. That explains why the
EQE of the shorter wavelength is always lower than the EQE of
longer length for all four devices shown in Figure 6b. The
surface-to-volume ratio decreases with increasing diameter so a
smaller portion of the total generated carriers are distributed in
the vicinity of surface for thicker nanowires which leads to
higher EQE in 320 nm thick nanowire than in 220 nm thick
nanowire with similar junction depth over a broad range of
wavelength. To interpret the junction depth dependency of J,
we conduct cathodoluminescence (CL) measurement (Horiba)
built in the Hitachi S-4800 SEM. To excite luminescence from
a single nanowire, the sample was cleaved so that electron beam
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Figure 6. Spectrum response and Cathodoluminescence mapping. (a) Carrier generation rate profile under monochromatic light of different
wavelengths between 350 and 800 nm. All of the light intensities are 100 mW/ cm?. Nanowires are 2.5 ym tall and 350 nm in diameter with a 600 nm
pitch. Nanowires are surrounded by BCB and covered by ITO on top. (b) External quantum efficiency (left y-axis) vs wavelength of the four devices
shown in Figure Sa. The dash—dot curve is the photon intensity of AM 1.5G solar spectrum (right y-axis). J,. of each device are calculated by
integrating the product of EQE and photon intensity over the range of 350—880 nm and are indicated in the plot. (c) SEM images and normalized
cathodoluminescence mapping at wavelength of 865 nm for nanowires with 400 nm deep junction (left) and 100 nm deep junction (right). Red

curves are relative CL intensity along the center of each nanowire.

can be focused and scanned normal to the sidewall surface. The
acceleration voltage was kept at 5 kV to ensure that no
electrons penetrate the wire to be examined and cause
luminescence from other wires behind. SEM micrographs and
normalized CL intensity maps at 865 nm from two single
nanowires, one with 400 nm long p-region (left) and the other
100 nm long p-region (right), are plotted in Figure 6c, and the
line scans from the center of the two wires are also
superimposed. The top 300 nm of the wire with a 400 nm
deep junction does not emit efficiently. The intensity gradually
increases with distance from the top of the nanowire and
eventually saturates when the electron beam moves toward the
bottom of the wire. This trend qualitatively agrees with the
aforementioned model that nonradiative recombination pro-
cesses are dominant in the p-doped region due to the high
impurity concentration introduced to achieve good ohmic
contact. On the other hand the luminescent intensity is much
more uniform for the wire with only 100 nm long p-region. The
luminescence intensity gradient along the wire is due to the fact
that electron beam with S kV acceleration has 200—300 nm
interaction volume upon impinging at the surface although the
junction itself is considered more abrupt given the vapor phase
epitaxy employed. In addition, those holes generated close to
the junction have a higher probability of being swept by the

junction before they radiatively recombine, while those holes
generated far from the junction are more likely to recombine in
the n-layer. The short radiative recombination lifetime and high
nonradiative recombination rate observed in the p-emitter may
well explain the increasing EQE with decreasing junction depth
seen in Figure 6b, as less carriers would be lost in the p-emitter
when its length is reduced.

Last but not least, the V. measured from our devices is still
considerably lower than the values reported for GaAs planar p—
n junctions, which can be attributed to several factors. In
nanowire solar cells because all of the nanowires are isolated
from each other, we need to form a front contact that can
access all of them. This has been shown to be detrimental to
V,. in planar solar cells where one tries to passivate most of the
emitter surface and to only make contact on area as small as
possible.>” Intrinsic surface states together with surface defects
introduced by processes such as etching and sputtering can lead
to significant recombination at the nanowire/ITO interface,
leading to lower V.. The presence of band bending and doping
variation in the radial direction will cause an inhomogeneous
barrier at the junction. Since the lower barrier part dominates
the current conduction, V. is also largely determined by the
lowest barrier height across the intersection. In principle, a
window layer with a larger band gap and low surface states
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density could passivate the GaAs nanowire surface. This part of
work is still ongoing, and we are studying the passivation effect
of shells consist of AlGaAs, GaAsP, and InGaP. One issue that
needs to be paid extra care is that the presence of passivation
layer should not introduce a significant shunting path between
p- and n-regions which requires low unintentional doping in
the shell and low interface trap density. Furthermore, a rigorous
assessment of the doping concentration within the nanowire is
necessary to determine the build-in potential which sets the
upper limit of V.

In summary, we carried out optical simulation to predict the
optimized wire array geometry for maximum light absorption.
We then compared the advantages and limitations of both axial
junction and radial junction design. We experimentally
demonstrated solar cells realized by arrays of GaAs nanowires
with axial p—i—n junction which are grown by versatile selective
area growth method using mass production compatible
MOCVD technique. A nanowire array with a low filling ratio
turns out to be highly absorptive. Systematic studies on the
effect of the diameter reveal that thicker nanowires are
favorable because of the high surface recombination velocity
on the bare GaAs nanowire surface. Junction depth also plays a
significant role in carrier collection efficiency. By reducing
junction depth to around 100 nm and keeping diameter at 320
nm, we are able to achieve efficiencies as high as 7.58%. Under
concentrated 850 nm light, a V. as high as 0.716 V has been
obtained. The results demonstrate that GaAs nanowires are
good candidates for high-efficiency and low-cost solar energy
conversion and open up great opportunities for the next
generation photovoltaics based on multijunction devices
composed of lattice mismatched material systems.
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