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Abstract: A multi-diameter p-i-n junction GaAs nanowire (NW) array architecture is
proposed for high-performance solar cells. Coupled three-dimensional optoelectronic
simulations are performed to investigate the photovoltaic properties. The NW diameters are
randomly selected within the range of 220—400 nm, following the Gaussian distribution. The
results show that the absorption strongly depends on the diameter, and the multi-diameter NW
array exhibits higher optical absorption, in comparison with the uniform-diameter
counterpart. This is because of the superposition of multiple absorption peaks. Moreover, the
multi-diameter NW array can efficiently enhance the effective absorption; that is, the
depletion region absorption, which directly leads to increased photocurrent. A remarkable
efficiency of 17% is obtained for a 16-diameter NW array solar cell with a full width at half
maximum of the diameter distribution of 75 nm, higher than the best value (16.1%) of
uniform-diameter device with an optimum diameter of 310 nm. This work demonstrates that
the native diameter nonuniformity of self-organized nanowires is beneficial for high-
performance photovoltaics with low cost and a simple fabrication process.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the growing energy consumption and deteriorating climate problems, photovoltaic
technology has gain increasing attention due to its inexhaustibility, cleanability, and security.
Nowadays various new technologies have been developed to achieve low-cost high-efficiency
solar cells, including black silicon, plasmonics, diffractive structures, nanocrystals, quantum
dots, and nanowires (NWs) [1-6]. Among these technologies, NWs have shown unique
potential as they play the role of both the light trapping and concentrating structure and
photoelectric converser, enabling small-size, low-cost, and high-integration solar cells [7,8].
In addition, the ultrasmall footprint area of NWs leads to high tolerance of lattice-mismatch,
enabling the realization of high efficiency tandem solar cells, or flexible solar cells on cheap
substrates [9—11]. The structural parameters of the NW array (NWA) play a critical role in the
performance of solar cells as they determine the optical absorption and carrier separation and
transportation. So far, many efforts have been made to design the parameters of the NWA,
including the morphology, orientation, diameter/periodic (D/P) ratio, diameter, as well as
length [12-15].

At present, most of the vertically-aligned NWA solar cells are based on NWs with
uniform diameters [16—18]. Both theoretical and experimental results demonstrate that the
absorption of NWA strongly depends on the diameter [19-21]. For small diameter NWs, less
optical modes are supported, resulting in poor absorption of long wavelength light. For large
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diameter NWs, although the absorption of long wavelength modes is significantly improved,
the absorption of short wavelength light is reduced due to the increased reflection at the top
surface of the NWA. That is, the absorption peak wavelength strongly depends on the NW
diameter. For the NWA with uniform diameter, the absorption is not uniform. Hence, the
uniform-diameter NWA is probably not the optimal structure for solar cells, from the
perspective of optical absorption.

Due to the selective absorption feature of NWs, NWA with multiple diameters is expected
to have high and uniform absorption over a broad wavelength range [22]. In addition, NWAs
with uniform diameter typically require complex fabrication processes, such as
nanoimprinting lithography and electron beam lithography (EBL), which drastically increase
the development time and device cost [16—18]. Conversely, the fabrication process of multi-
diameter NWAs is very simple, as the diameter of NWs grown by the popular vapor-liquid-
solid (VLS) mechanism is naturally nonuniform and follows the Gaussian distribution [23—
25]. Moreover, limited by the EBL process, it’s difficult to fabricate a uniform-diameter
NWA with large area. However, it’s easy to achieve a wafer-scale multi-diameter NWA as
the lithography is not required. Hence, NWAs with a Gaussian diameter distribution are
potentially superior to uniform-diameter approaches not only in terms of efficiency, but also
in terms of simplicity, low-cost, reproducibility and scalability from the point of view of the
photovoltaic industry. In this paper, we have proposed a solar cell architecture based on a
multi-diameter GaAs NWA. GaAs material is selected due to its optimum bandgap relative to
the 1-sun air mass 1.5 global (AM1.5G) spectrum. Up to 16 diameters are adopted to simulate
a practical NWA whose diameters follow the Gaussian distribution. Each NW contains an
axial p-i-n junction, which is widely used for photoelectric conversion in practical NWA solar
cells [10,16,17]. A coupled three-dimensional (3-D) optoelectronic simulation is performed to
investigate the optical absorption and photoelectric conversion of the structure in detail. The
results show that the multi-diameter NWA has higher optical absorption in comparison with
the uniform one due to the superposition of multiple absorption peaks. A remarkable
efficiency of 17% is obtained for a 16-diameter NWA, higher than the best value (16.1%) of
uniform-diameter device with an optimum diameter.

2. Simulations

Figure 1(a) illustrates the schematic of the uniform-diameter NWA solar cell, which consists
of periodic axial p-i-n GaAs NWs on a GaAs substrate. The GaAs substrate is n-doped with
the carrier concentration fixed at 1 x 10'” cm™. In order to save the resources and time
required for the calculation, the thickness of the GaAs substrate is limited to 400 nm.
However, by using a perfect match layer (PML) adjacent to the substrate, the transmission
light is totally absorbed, which enables us to model a semi-infinite substrate. The NWs have a
total length of 2 um, in which both the p- and n-regions have a length of 200 nm and are
regularly doped to 3 x 10" and 1 x 10" cm™, respectively [26]. The NW length is
comparable to the thickness of a planar solar cell, which is sufficient long for the light
absorption [14]. The length of bottom n-region has little influence on the performance, while
the length of top p-region should be small enough to reduce the recombination losses.
However, for an effective contact with the electrode, the top p-region shouldn’t be too short.
Hence, a moderate length of 200 nm is selected for both the p and n regions. The D/P ratio
determined by the period of the square lattice (P) and the diameter of NWs (D) is fixed at 0.5,
which is shown to maximize the absorption in periodic GaAs NWAs [20]. Figures 1(b) and
1(c) show the multi-diameter NWA solar cells with 4 and 16 different diameters, respectively,
which have the same structural parameters, i. e. D/P ratio, length, and doping level, except for
the diameters. The diameters are randomly selected near the optimal diameter at which the
uniform-diameter NWA solar cell has the highest conversion efficiency.
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Fig. 1. 3-D schematics and top views of one unit cell of uniform-diameter (a), 4-diameter (b),
and 16-diameter (c) NWA solar cells.

The absorption and photovoltaic properties of the devices are investigated through
Sentaurus Electromagnetic Wave (EMW) Solver and Sentaurus Device (SDEVICE) module
package. The NWA is theoretically analyzed by using 3-D FDTD simulations. The minimum
cell size of the FDTD mesh is set to 5 nm, and the number of nodes per wavelength is 20 in
all directions. By placing periodic boundary conditions in the x and y directions, the
simulations are carried out within a unit cell to model the periodic square-array wire structure.
The simulation domain is closed at the top and bottom with a perfectly matched layer,
allowing reflected light and transmission light to escape the simulation volume. The
wavelength-dependent complex refractive index used in the simulations is obtained from
Levinshtein’s work [27]. The NWA is illuminated by sunlight from the top, and plane wave
defined with power intensity and wavelength values from a discretized AM 1.5G solar
spectrum is used to model the sunlight. The AM 1.5G spectrum is divided into 62 discrete
wavelength intervals, from 290 to 900 nm (typical absorption region of GaAs). The transverse
electric (TE) and transverse magnetic (TM) mode contributions are superimposed to model
the corresponding unpolarized feature of sunlight. The total optical generation under AM
1.5G illumination can be modeled by superimposing the power-weighted single wavelength
optical generation rates. The optical generation rate G, is obtained from the Poynting vector

P[28]:
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where E is the electric field intensity at each grid point, @ the angular frequency of the
incident light, 7 is the reduced Planck's constant, and & is the imaginary part of the
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permittivity. The reflection monitor is located at above the top surface of the NWA, while the
transmission monitor is located at the bottom surface of substrate to calculate the light
absorbed. The amount of power transmitted through the power monitors is normalized to the

source power at each wavelength. The reflectance R(A) and transmission 7'(A) are

calculated by the equation:

VdS

monitor

0.5 j real {P(A)
£,(4)
where P(4) is the Poynting vector, dS is the surface normal, and P, (A1) is the incident

R(A),T(4) =

2

source power at each wavelength. The absorption spectrum A4(A) of the GaAs NWA is given
by the following equation

A(4)=1-R(2)-T(2) 3)

For the electrical modeling, the 3-D optical generation profiles are incorporated into the
finite-element mesh of the NWs in the electrical tool, which solves the carrier continuity
equations coupled with Poisson’s equation self-consistently in 3D. In the electrical
simulation, the doping-dependent mobility and bandgap narrowing, as well as the radiative,
Auger and Shockley-Read-Hall (SRH) recombination, are taken into consideration. The NWs
are assumed to be perfectly passivated, which means that the surface recombination velocity
(SRV) is in the order of 10° cm/s [29-31]. Hence in our simulations, the SRV is neglected for
simplicity as previous work has demonstrated that a low SRV of 10° cm/s has little influence
on the device performance [14]. The critical material parameters for device simulations are
mainly obtained from Levinshtein’s work [27].

3. Results and discussion

The photovoltaic performance of uniform-diameter NWA solar cells is firstly simulated to
find the optimal diameter at which highest conversion efficiency is obtained. Figure 2(a)
shows the optical absorption spectra for NWAs with different diameters in the range of 220—
400 nm. Obviously, the absorption peak shifts to longer wavelength with the increase of NW
diameter. For small diameter NWs, the absorption quickly drops at long wavelengths. While
for large diameter NWs, the absorption becomes weak at short wavelengths. Figure 2(b)
shows the current density-voltage (J-V) curves of NWA solar cells with different diameters
under AM 1.5G illuminations. It can be seen that for different diameter NWA solar cells, the
open-circuit voltage (V) is almost the same, while the short-circuit current density (Jg.) is
different. The maximum conversion efficiency is 16.1% at the diameter of 310 nm,
corresponding to an optimal total absorption over the whole solar spectrum.
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Fig. 2. (a) The dependence of absorption on wavelength for uniform-diameter NWAs with
different diameter. (b) The J-V characteristics of uniform-diameter NWAs with different
diameter.

Now we turn to study the photovoltaic performance of multi-diameter NWA solar cells.
For simplicity, a 4-diameter NWA solar cell is firstly investigated. 4 diameters are randomly
selected in the range of 220—400 nm with a center diameter of 310 nm. The centers of the
NWs in the 4-diameter NWA coincide with those in the uniform-diameter NWA with a
diameter of 310 nm. Figure 3(a) shows the absorption spectra of 5 different NWAs, each of
which contains a group of 4 different diameters randomly generated by the computer. It can
be seen that the absorption spectra of the S NWAs are close to each other with little deviation.
Figure 3(b) shows the absorption of a 4-diameter NWA with diameters of 285, 300, 317, and
332 nm. The absorption of a uniform-diameter NWA with diameter of 310 nm is also plotted
for comparison. It can be seen that the 4-diameter NWA exhibits higher absorption than the
uniform-diameter one in the wavelength range of 710-850 nm. To explain the absorption
enhancement in the long wavelength range, the absorption spectra of each diameter NWs is
investigated, as shown in Fig. 3(c). It can be seen that the absorption strongly depends on the
NW diameter. For example, for 285 nm NWs, the absorption is high in the range of 300-400
and 600-700 nm, but quickly drops after 700 nm. While for 332 nm NWs, the absorption is
high in the range of 700-800 nm, but low at short wavelengths. It is clear that each diameter
corresponds to a certain absorption peak, which shifts to longer wavelength as the diameter
increases. The multi-diameter NWA combines these absorption peaks and exhibits near-flat
and high absorption over the whole solar spectrum, as shown in Fig. 3(b). Figure 3(d) shows
the J-V characteristics of the 4-diameter and uniform-diameter NWA solar cells. Under AM
1.5G illumination, the 4-diameter device exhibits a V. of 0.842 V and J of 24.7 mA/cm?,
yielding a conversion efficiency of 16.6%, higher than the maximum efficiency (16.1%) of
uniform-diameter NWA solar cells.

A practical NWA typically contains a great deal of diameters which obey the Gaussian
distribution. In order to simulate a practical NWA, 16 diameters are randomly generated by
computer in the range of 220-440 nm, which follow the Gaussian distribution with an
expectation of 310 nm. The NWs are squarely arranged with the smallest repeatable unit cell
as identified in Fig. 1(c), whose centers coincide with those of the 310 nm NWA. Figure 4
shows the distribution of the 16 diameters [265, 277, 278, 288, 292, 303, 304, 311, 313, 321,
327, 332, 343, 344, 356, 381] nm, which are fitted by a Gaussian curve. The mean diameter,
standard deviation, and full width at half maximum (FWHM) are calculated to be 314 nm,
31.6 nm, and 75 nm, respectively. Figure 5(a) shows the absorption spectra of the NWA. The
absorption spectra of a uniform-diameter NWA with a diameter of 310 nm and 4-diameter
NWA are also plotted for comparison. It can be seen that the 16-diameter NWA exhibits high
and near flat absorption over a broad wavelength range of 300-820 nm. In comparison with
the uniform-diameter and 4-diameter NWAs, the absorption at long wavelengths is
significantly enhanced. Figure 5(b) shows the absorption spectra of each diameter NWs in
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thel6-diameter NWA. Similar to the spectra in Fig. 3(c), the absorption of NWs strongly
depends on the diameter. According to the absorption peak, the spectra can be divided into
several groups, as shown in Figs. 5(c)-5(f). For diameters of 265, 277, and 278 nm, the
absorption peaks are in the range of 600—650 nm. For diameters of 288, 292, 303, 304, and
311 nm, the absorption peaks are in the range of 650—700 nm. For diameters of 313, 321, 327,
and 332 nm, the absorption peaks are in the range of 700—800 nm. For largest diameters of
343, 344, 356 and 381 nm, the absorption peaks are around 800 nm. The multiple absorption
peaks superpose together, resulting in high and flat absorption over a broad wavelength range.
According to the spectra in Fig. 5(a), it can be concluded that large diameter NWs, whose
absorption peaks are beyond 700 nm, mainly contribute to the absorption enhancement at
long wavelengths. Small diameter NWs are also important for the total absorption
enhancement, which compensate the absorption drop of large diameter NWs at short
wavelengths.
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Fig. 3. (a) Absorption of five different 4-diameter NWAs. (b) Absorption vs. wavelength for
the uniform-diameter NWA with a diameter of 310 nm and 4-diameter NWA with 4 random
diameters (285 nm, 300 nm, 317 nm, 332 nm). (c) Absorption vs. wavelength for each
diameter NWs in the 4-diameter NWA. (d) The J-V characteristics of the uniform-diameter
and 4-diameter NWA solar cells.
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Fig. 4. Statistics of the selected 16 diameters and the fitted Gaussian distribution curve.
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Fig. 5. (a) Absorption spectra of the 16-diameter NWA with 16 random diameters (265, 277,
278, 288, 292, 303, 304, 311, 313, 321, 327, 332, 343, 344, 356, 381) nm, the 4-diameter
NWA with 4 random diameters (285, 300, 317, 332) nm, and the uniform-diameter NWA with
a diameter of 310 nm. (b) Absorption spectra of each diameter NWs in the 16-diameter NWA.
(c) —(f) Absorption spectra of NWs in the 16-diameter NWA with similar absorption peaks.

From Fig. 5(a) it can be seen that the uniform-diameter NWA exhibits two absorption
valleys at 760 and 820 nm, which are filled up in the absorption curve of the 16-diameter
NWA. Hence the absorption enhancement at the two wavelengths should be the most
obvious. Figures 6(a) and 6(b) present the vertical cross sections of optical generation profiles
in NWs at wavelength of 760 and 820 nm under TM polarization. At 760 nm, photon
generation is mainly concentrated on the top of NWs in the uniform-diameter NWA. As the
absorption in the middle depletion region mainly contributes to the photocurrent while the
photocarriers generated in the top p region quickly recombine due to lack of built-in electric
field, the NWA with uniform diameter of 310 nm has poor photoresponse to the incident 760
nm light [6,13]. For the 16-diameter NWA, the photo generation permeates the entire NWs
with a diameter of 321, 313, 327, and 332 nm, leading to strong photoresponse to the incident
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760 nm light. At a longer wavelength of 820 nm, few modes can be confined in the 310 nm
NWs, as shown in Fig. 6(b). While in the 16-diameter NWA, large diameter NWs including
343, 344, 356, and 381 nm, can support optical modes and have high absorption across the
whole NWs. Hence the multiple diameters not only increase the total absorption at certain
wavelengths, but also enhance the effective absorption, that is, the absorption by the depletion
region, which will directly lead to the enhancement of conversion efficiency [13].

W Optical Generation
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Fig. 6. Vertical cross sections of optical generation profiles of the uniform-diameter NWA

with a diameter of 310 nm and the 16-diameter NWA at wavelength of (a) 760 nm and (b) 820
nm.

The simulated photo generation profiles are then incorporated into the electrical tool to
calculate the terminal J-V characteristics of 16-diameter NWA solar cells. From Fig. 7 it can
be seen that the 16-diameter NWA solar cell yields higher short-circuit current density than
the uniform-diameter and 4-diameter counterparts, in accordance with the absorption
enhancement presented in Fig. 5(a). The conversion efficiency of the 16-diameter, 4-
diameter, and uniform-diameter solar cells is 17%, 16.6%, and 16.1%, respectively. It should
be pointed out that no serial resistance losses and no leakage currents were assumed in the
analysis. Table 1 lists the main parameters of our best device and other reported GaAs p(i)n
junction NWA solar cells. It can be seen that our 16-diameter device exhibits higher
efficiency in comparison with other reported uniform-diameter devices.
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Fig. 7. The J-V characteristics of the 16-diameter, 4-diameter, and uniform-diameter NWA
solar cells.
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Table 1. Main parameters of the reported GaAs p(i)n junction NWA solar cells.

Mean FWHM Effective > .
diameter (nm) (nm) thickness (nm)' Voe (V) Jsc (mA/en) Efficiency Ref.
314 75 400 0.841 243 17% This
work
200 — 157 0.888 16.4 11.7% [14]
215~245 - 370 0.906 21.3 15.3% [16]
320 — 559 0.565 21.08 7.58% [17]
290 - 239 0.57 18.9 7.53% [26]

'The effective thickness is the ratio between the volume of NWs and the illuminated surface area [32].

Finally, we give a short description of the realization of the proposed architecture. The
fabrication process is similar to the widely reported GaAs NWA solar cells, but simpler [16—
18]. Generally speaking, GaAs NWs are grown by a simple VLS method using metal organic
chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE). Multiple diameters
following the Gaussian distribution are achieved by controlling the deposition time and
annealing temperature of catalyst [25]. For the fabrication of electrodes, NWAs are firstly
covered with transparent dielectric, e. g. polyimide by spin casting. The transparent dielectric
is then removed from the tips for electrode contact. A transparent conducting oxide (TCO)
electrode is then sputtered onto the NWA, followed by heat treatment to reduce the resistance.
The back-side is attached with Ag glue to a brass coin, serving as back contact.

4. Conclusion

In summary, we have proposed a multi-diameter GaAs NWA solar cell structure and
investigated its optical absorption and photovoltaic properties by using a coupled 3-D
optoelectronic simulation. The results show that the multi-diameter NWA exhibits high and
nearly flat absorption over a broad wavelength range due to the superposition of absorption
peaks for NWs with different diameters. A remarkable efficiency of 17% is obtained for a 16-
diameter NWA, higher than the best value (16.1%) of uniform-diameter device with an
optimum diameter. The results suggest that the multi-diameter NWA solar cells have higher
conversion efficiency than the uniform-diameter counterpart. Our work demonstrates that a
practical self-organized NWA solar cell possesses higher efficiency than the ordered uniform-
diameter NWA solar cell, with much lower cost and simpler fabrication process.
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