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Performance of GaAs Nanowire Array Solar Cells for
Varying Incidence Angles

Omid Madani Ghahfarokhi, Nicklas Anttu, Lars Samuelson, and Ingvar Aberg

Abstract—Nanowire array solar cells show intrinsic light trap-
ping and absorption enhancement properties due to the diffraction
and optical resonances. Here, we report the effect of varying
incidence angle on the performance of GaAs nanowire array solar
cells. We provide experimental evidence that nanowire array solar
cells are highly efficient at gathering diffuse or tilted incident
light, even at very high incidence angles; hence, the performance
of the nanowire solar cell is retained up to these high incident light
angles. Specifically, the measured efficiency at an incidence angle
of 60° is 95% of the efficiency at normal incidence. Moreover, our
measurements show that a nonzero incidence angle is beneficial for
wavelengths above 600 nm, which results in an efficiency improve-
ment by 0.5% absolute points. This increase is so large that we even
measure a small increase in absolute output power at 15° tilt, thus,
more than fully compensating for the reduced incoming power
over the cell with increasing tilt. We show how this gain arises
from an enhanced absorption in the part of the nanowire with a
high probability of charge extraction. Thus, nanowires show great
promise for the delivery of high efficiency in practical nontracking
positioning conditions, as well as under diffuse light illumination.

Index Terms—Gallium arsenide, nanowires, photovoltaic cells,
tilted illumination.

I. INTRODUCTION

[I-V SEMICONDUCTOR materials offer excellent proper-
I ties for various types of optoelectronic applications includ-
ing photovoltaics. In particular, GaAs is of great interest for
single-junction solar cells due to its optimum bandgap relative
to the I-sun air mass 1.5 global (AM1.5G) spectrum [1]. So
far, the highest single-junction solar cell efficiency under 1-sun
illumination was achieved with a GaAs cell [2], [3]. The most
conventional approach to fabricate GaAs planar structures is
through metal-organic vapor phase epitaxy (MOVPE). How-
ever, the epitaxial growth of GaAs layers grown by MOVPE is
expensive, due to the high cost of organometallic precursors, as
well as the cost of the MOVPE reactor and the single-crystal
GaAs substrate. Moreover, the use of precursors is inefficient
in MOVPE [4]. These limitations have, until now, hindered the
use of GaAs for 1-sun solar cell modules.

Nanowire (NW)-based solar cells are promising candidates
for future solar cell applications due to their advantageous
properties such as improved light trapping and reduced material
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need [5]-[10]. For example, the recent demonstration of
aerotaxy, a substrate-less continuous growth system based
on vapor-liquid—solid growth, could eliminate the need for a
growth substrate, while at the same time increasing growth rates
by orders of magnitude [11]. Furthermore, the NW geometry
allows the absorption of more than 90% of the incident photons
with energy above the bandgap when we choose appropriate
geometrical parameters such as NW diameter, NW length,
and array pitch [10], [12], [13]. Such geometry optimization
leads to excellent wave-coupling and subwavelength optical
concentration in NWs. As a result, the material consumption
can be reduced by up to one order of magnitude, while the
concentrated light improves the open-circuit voltage (Voc) [5].

Recently, we demonstrated a record efficiency of 15.3% for
GaAs NW-array-based solar cells [9]. In this study, we address
the effect of the angle of incidence on the performance of GaAs
NW array solar cells. First, the NW geometry introduces ab-
sorption properties beyond the simple Beer—Lambert law of
exponential intensity decay with depth into the cell, in strong
contrast with a conventional planar cell. Second, the probabil-
ity to extract the photogenerated charge carriers depends on
the axial position along the NWs. Third, with a tilted nonnor-
mal incidence angle, we tend to increase the photogeneration
rate in regions of high extraction probability. As an end result,
NW array solar cells are highly efficient at gathering diffuse
or tilted incident light even at very high angles of incidence;
therefore, the efficiency of the NW array solar cell stays high
until high incidence angles (up to 60° incidence). This demon-
strates the potential of a fixed-installation NW array solar cell
for delivering large power output during the cycle of illumina-
tion from sunrise to sunset, as well as during diffuse illumination
conditions.

II. EXPERIMENTAL DETAILS AND MODELING METHOD

We have used GaAs (111)B substrates decorated with a square
grid pattern of Au disks (with diameter of 160 nm and pitch of
500 nm), where the Au disks were used as catalyst material
for GaAs NW growth. The NW growth was performed using
MOVPE at a growth temperature of 400 °C. Trimethylgallium
(TMGa) and arsine (AsH3) were used as precursors for the GaAs
NW growth. Diethyl zinc (DEZn) and tetraethyl tin (TESn)
were used as dopant precursors to fabricate, respectively, p-type
(nominally grown 200 nm in length with an estimated doping
level of 5-10 x 10'® cm~?) and n-type (nominally grown 250 nm
in length and an estimated doping level of 1-3 x 10'® cm~3)
segments in a p-n axial geometry, with a nominally intrinsic
2350-nm-long segment in between. Following the p-n axial NW
growth, the surfaces of the NWs were passivated by growing a
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Fig. 1. (a) Schematic illustration of a solar cell measured under tilt angle of
6. (b) Schematic illustration of the defined structure for the simulation. For the

simulation, instead of tilting the solar cell, the incoming light is tilted, that is,
light is incident at an angle 6.

(a)

radial AlGaAs shell (20-40-nm shell thickness) at a temperature
of 715 °C with Al/Ga molar flow ratio of 3.47. Secondary ion
mass spectroscopy, performed on a planar layer grown with the
same recipe, indicates 87% Al in the composition. To fabricate
the solar cells, a partially planarized surface was then formed
by depositing silicon oxide and spin-coating CYCLOTENE. To
form the front contact, these layers were etched back to reveal
the top of the NWs, the Au catalyst particles were removed, and,
finally, an approximately 100-nm-thick indium tin oxide (ITO)
top contact layer was deposited. Subsequently, on the substrate,
multiple solar cells of 1 mm? in area were defined by patterning
the ITO. The detailed description of the fabrication process is
reported in [9].

A Newport ORIEL IQE 200 setup was used for external
quantum efficiency (EQE) measurements. The /-V characteris-
tics of the solar cells were measured at room temperature under
the 1-sun AM1.5G spectrum of intensity Wi,. = 1000 W/m?,
using a Newport Sun simulator. The power conversion effi-
ciency (n) was then obtained from 7 = %, where P, =
Isc * F'F % Vo is the output power, and ]‘Bin is the incident
power. For a tilted cell of area Acelt, Piu = Wine * Aproj, With
Aproj = c0s(0) * Acenn, where 0 is the angle between the solar
cell and the horizon as shown in Fig. 1(a) [note that this geome-
try configuration is equivalent to tilting the incidence angle by 6
for a fixed cell, as shown in Fig. 1(b)]. Thus, the efficiency
1 = Lsel/ Aproj * FIF % Vo o/ Wiy is proportional to Isc/Aproj.
Conventionally, for an untilted cell with § = 0, the short-circuit
current (Jsc) is defined as Igc divided by the cell area Acy.
However, here, in the analysis of the performance of the tilted
cells, we concentrate on this more relevant quantity Igc/Apyroj.

To aid in the analysis of the experimental results, optics simu-
lation of the absorption of light was performed with the scatter-
ing matrix method [14]. In this method, the diffraction of light
is modeled with Maxwell’s equations. For the simulation, GaAs
NW arrays were defined with the length, diameter, and pitch of
2800, 165, and 500 nm, respectively. Hundred-nanometer-thick
ITO layer and a 40-nm-thick AlGaAs shell were introduced in
the model. The incident medium is air with refractive index
Nincident = 1, and ngper = 1.5 18 set for the filler between the
NWs. In this modeling, the light is incident as a plane wave from
a direction given by the angle 6 with respect to normal incidence
as shown in Fig. 1(b). To model the experimental case of unpo-
larized light, we averaged the results for transverse electric and
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Fig.2. Dependence of Isc/A},oj on the tilt angle # for three different GaAs

NW solar cells.

transverse magnetic polarized light. Fig. 1(b) shows a schematic
illustration of the defined structure for the simulation and the
illumination direction.

The optical properties of the constituent materials are de-
scribed with their respective wavelength-dependent refractive
index. In [15]—[17], the refractive index of GaAs, AlGaAs, and
ITO, respectively, have been discussed. We modeled the Al-
GaAs shell as Alj 4Gag. 4 As. To simplify the modeling, we set
the imaginary part of the refractive index of this AlGaAs to
zero. With this approximation, we neglect a possible absorption
of photons in the shell. Such absorption could have some effect
on the total absorption in the high-energy (A < 500 nm) region,
where the AlGaAs shows strong direct optical transitions. How-
ever, for A > 500 nm, we expect negligible absorption in the
AlGaAs shell due to weak indirect optical transitions. In con-
trast, noticeable absorption in the ITO can, in principle, show up
throughout the whole wavelength range, where the GaAs NW
core absorbs, that is, for A < 870 nm. Therefore, we included
into the modeling the absorption losses in the ITO layer by using
the complex-valued refractive index of the ITO.

III. MEASURED DEPENDENCE OF PERFORMANCE
ON TILT ANGLE

We have measured the electrical properties of three GaAs
NW solar cells fabricated on two different GaAs substrates for
varying tilt angle with respect to the incident light, including
the case of normally incident light, that is, for § = 0. It should
be mentioned that the growth condition is not similar, and one
of the samples (circle data points in the figures) has almost two
times higher doping in the base than the other.

First, we concentrate on current, as measured by Isc/Apoj
(see Fig. 2). The values that are reported in Fig. 2 for 0° tilt in-
deed indicate the Jg¢ values, which are 17.25, 16.8, and 15.04
mA/cm? for the triangle, square, and circle marked points, re-
spectively. We find an increase of Isc/Apr0j of =~ 0.8 mA/cm?
(the average of the three samples) at 15° tilt angle relative to no
tilt. The Isc/A,. 05 increase is ~0.6 and 0.3 mA/cm? at 30° and
45° tilt angle, respectively. Interestingly, even at a tilt angle of
60°, 95% of the Igc/Apyoj is retained compared with the normal
incident condition providing experimental evidence that NW ar-
ray solar cells are highly efficient at gathering diffuse or tilted
incident light even at very high angles of incidence. Note that
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Fig. 3. Variation in Vo ¢ (compared with the 0° tilt angle) with respect to the

variation in measured current. The data points represent 15°, 30°, 45°, and 60°
tilt angle from right to left, respectively. (Inset) Variation in Igc with respect to
the tilt angle from 0° to 60° tilt.

the absolute current output Is¢ of the solar cell decreases with 6
(see the inset in Fig. 3), as expected from the cos(#) dependence
in the projected illumination area A,oj = Acerl * cos(f).

Next, we investigate the dependence of the voltage perfor-
mance of the solar cell (see Fig. 3). We find a linear dependence
of the open-circuit voltage (Vo) as a function of In(Is¢ ). Note
that such a linear dependence indicates that the solar cell is
characterized by an ideality factor n for operation around the
open-circuit condition. In such a regime, the -V curve is given
by I = Isc — Ipexp(qV/(nkT')), from which, the V¢ is given
by Voo = %ln(l;—o" — 1)~ %ln(l}—g) where n, k, T, ¢, and
Iy are the ideality factor, the Boltzmann constant, the tempera-
ture of the cell, the elementary charge, and the dark saturation
current, respectively. Apart from Igc, none of the other param-
eters are expected to depend on the illumination angle. Hence,
we can define the variation in V¢ with respect to the zero tilt
case as

KT, ([ Iso o
AVoc = Voc—iiie — Voc—o- = =" (M)
q Isc o

— Bxln (ISCH“) (1

Isc o

where B is a constant. The measured AV, agrees well with
this description, as seen from the linear increase of AV with
ln(fsséﬁ) in Fig. 3. From linear fitting of the results in Fig. 3
to (1), we find an ideality factor of n ~ 1.54. When we instead
turn to study the Vo as a function of incidence angle [see
Fig. 4(a)], we find for all three samples a noticeable drop at
60° tilt angle. From (1), we attribute this drop to the lower
absolute current level Isc (see the inset in Fig. 3), due to the
decreased projected illumination area A,.; as discussed above.
In contrast, the measured fill factor (FF) is nearly independent or
possibly even slightly increasing with tilt angle [see Fig. 4(b)].
Such an increase in FF may be linked to the lower absolute
current level, which could decrease resistive losses in the cell.
Finally, when turning to study the efficiency of the cells
[see Fig. 4(c)], we find an increase by about 0.5% point in
efficiency for all the three samples for § = 15° as compared with

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 6, NO. 6, NOVEMBER 2016

0.9
o - -0 _ -~ i
0.86 3 -9
= :
2082 ,L__,:L__W_____h
7B M el e ma g e
e |
0.74
0 15 30 45 60
Tilt (°)
(a)
76} : :
74} :
g | S-S + = 1 -
£ gl
68
66 . 1 : iz 3
0 15 30 45 60
Tilt (°)
(b)
10.8 &
CY e R RS SRR
10.4 i il ~x _
= 3 N i
%10 e . e —: = Wi
; 2 |
*og6 & ; g N v
g Pean
9.2 ) -~ s \.
0 15 30 45 60
Tilt (°)
10° ©
12—
§ : -— = -
3 100 Ss@N
2 8 \‘;\
5 RSN
8‘ 6 [N
3 8
4
0 15 30 45 60

Tilt (°)
(d)

Fig. 4. Variation of (a) Vo, (b) FE, (c) efficiency 7, and (d) output power
(Pout = Isc * F'F % Vo) at 1 sun with respect to the tilt angle from 0° to 60°
tilt. The three datasets in each graph correspond to the three measured cells.

0 = 0°. It should be mentioned that the measured NW solar cell
samples not only have higher efficiency (at 15° tilt angle) but
also deliver higher actual output power [see Fig. 4(d)]. Thus,
the increase in efficiency of an NW solar cell at the optimum tilt
angle can more than fully compensate the loss in input power
(due to the cos(0) factor from the tilting of the cell) and deliver
higher output power (as compared with the 0° tilt).

It should be noted that for the case of a conventional crys-
talline silicon cell, or even for a black silicon solar cell, neither
higher efficiency nor higher power is obtained for any tilt angle
compared with normal incident light [18]. This unique property
of NW array solar cells shows their potential for diffuse light
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Fig.5. Measured EQE for a GaAs NW solar cell with 500-nm pitch measured
at 0—-60° tilt angle. Higher EQE signal is measured in the red part of the spectrum
(between ~600 and 850-nm wavelengths) for almost all the tilt angles, as
compared with the case of zero tilt.

illumination, as well as for practical fixed-installation condi-
tions, where the illumination angle varies over the course of
the day.

IV. ANALYSIS OF CURRENT GENERATION PERFORMANCE

Above, we saw that it is the strong photogeneration and
charge-carrier extraction ability (as characterized by Isc/Apro)
of the NW array solar cell at high tilted incidence that drives
the increase in efficiency and even produces a slight increase
in output power for a tilt angle of 15°. Here, to get a deeper
understanding about the Igc/Apy.; behavior, we have measured
the EQE of the GaAs solar cell whose I-V characteristics are
marked with triangles in Figs. 2—4. However, the EQE of the
other two devices showed very similar trends. We performed the
EQE analysis for varying tilt angle in steps of 15° up to § = 60°
(see Fig. 5). For 0° tilt, we find a peak in the EQE at approx-
imately A = 570 nm in wavelength. The peak position shifts
to 680-nm wavelength for all considered nonzero tilt angles.
Moreover, for nonzero tilt, we identify two regions with dif-
ferent dependence compared with 0° tilt. First, relatively lower
EQE signals are measured for wavelengths between =520 and
600 nm. Based on simulation results [see Fig. 6(b)], this could
be attributed, for example, to the slightly increased reflection
at these wavelengths for the case of nonzero tilt. Second, in
the region between 610 and 850 nm, the EQE is improved for
tilt angles in the range of 15-45°. Hence, we conclude that the
higher measured Isc/A,,;0; at nonzero tilt angles of 15-45° in
Fig. 2 is due to this increase in EQE in the long-wavelength part
of the incident spectrum.

To understand this increase in the EQE at long wavelengths,
we have simulated the optical response of the NW array with
the scattering matrix method for varying incidence angle (see
Section II for details). We present the fraction of light absorbed
in the NWs [see Fig. 6(a)], the reflection back to the top air
side [see Fig. 6(b)], and the transmission into the underlying
substrate [see Fig. 6(c)]. It should be mentioned that we did not
observe any considerable dependence of the in-plane rotation ¢
of the sample in the measurements. Similarly, no strong depen-
dence of ¢ was noticed in the absorption modeling. Note that
the results presented for the absorption modeling are for light
incident in an incidence plane parallel to the high-symmetry
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Fig. 6. Simulated (a) absorption, (b) reflection, and (c) transmission spectra
of a GaAs NW array (NW length: 2800 nm, NW diameter: 160 nm, array
pitch: 500 nm, Niycident: I Naller: 1.5, and ngubstrate: GaAs) for different
tilt angles. Note that all nonzero tilt angles lead to higher absorption than 0° tilt
angle for wavelengths longer than 650 nm.

direction of the square lattice, where the NWs are separated by
the 500 nm pitch.

The simulated absorption is enhanced for tilted incident light
at wavelengths above 650 nm [see Fig. 6(a)], in line with the cor-
responding increase in the measured EQE of Fig. 5. The average
reflection (between 600 and 850-nm wavelength) increases only
slightly, from 18% to 22%, as the incidence angle is tilted from
0° to 60°. In contrast, the average transmission (between 600
and 850-nm wavelength) shows a much stronger dependence on
the incidence angle and drops from 22% at § = 0° to 15% at 6 =
15°, and to 12% for # = 30° and 45°. Hence, we deduce that by
tilting the NW array, the reflection does not vary much, whereas
the transmission reduces. Thus, the increased absorption in the
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Calculated photogeneration depth profile of GaAs NW array under AM1.5G illumination for 0° and 30° tilt. (Inset) Cumulative photogeneration for

AM1.5G illumination. Between a depth of approximately 300 and 1400 nm, the AM1.5G absorption is higher for the tilted case, causing the cumulative absorption

curves to diverge.

NW array decreases the amount of light that can transmit to the
substrate.

To understand the absorption behavior even better, we
have studied how the absorption is distributed along the axial
direction of the NW, that is, with depth into the NW array.
Fig. 7 shows such absorption depth profiles for 550 and 800-nm
wavelength for 0° and 30° tilt (the corresponding cumulative
absorption is shown in the inset). For comparison, we also show
the absorption for a 2.8-um-thick planar GaAs layer, which

follows the Beer—Lambert law of exponential decay with depth
into the layer. In contrast, the NW array shows a more compli-
cated dependence with multiple peaks of varying periodicity.
Next, we relate the absorption depth profiles to the
AMI1.5G solar spectrum Iapq.5(A) used in the experiments.
Note that we can translate the absorption depth profile
F(%, 7) into a photogeneration depth profile as G, (z) =
[ dx Ianis(A)F(z,4)/(2whe/n) [13]. We show such photo-
generation depth profiles for 0° and 30° incidence angle in
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Fig. 8 (with the corresponding cumulative photogeneration pro-
file in the inset). In the first 300 nm of depth along the NW length
axis, the absorption is similar between the two cases. However,
between 300 and 1400 nm, the cumulative photogeneration pro-
files for 0° and 30° tilt diverge (see the inset in Fig. 8), with
a higher absorption for the tilted incidence. In the second half
of the NW, from a depth of 1400 nm, the absorption is simi-
lar for both tilt angles, and the two cumulative photogeneration
profiles are parallel. Quantitatively, the cumulative absorption
is approximately 5% higher over the whole NW for the 30°
tilt. Thus, the simulated absorption is higher in a 30° tilted NW
array PV cell, qualitatively consistent with the measured in-
crease in Isc/Apro; and the increase in efficiency. However, for
a more complete analysis, not only the absorption but also the
likelihood of collecting the photogenerated carriers should be
considered.

For the current generation performance, in addition to the
photogeneration rate, the probability to extract the photo-
generated charges plays a major role. To assess the internal
charge-carrier collection efficiency along the length of the NW,
the electron beam-induced current (EBIC) response of a single
NW was also measured, after the fabrication step of the AlGaAs
shell, using the substrate as the back contact and the Au catalyst
particle as the top contact. Such EBIC response is expected
to be proportional to the probability to extract photogenerated
charges. The EBIC response and the corresponding SEM
micrograph of the measured NW are shown in Fig. 9(a) and
(b), respectively. The relative EBIC profile at the center of the
cross section of the wire, as a function of the length along the
wire axis, is shown in Fig. 9(c). The profile consists of three
regions with considerably different behavior:

1) n-type emitter region (of approximately ~200 nm in
length), which shows a sharply decreasing signal toward
the Au tip of the NW, which we attribute to recombination
of photogenerated holes (the minority carriers) in the Au
particle or the contact [9];

2) a nearly flat and high response region (until ~1500-nm
depth), which we attribute to either charge separation by
an electric field in a depletion region or diffusion in a
quasi-neutral absorber characterized by a long diffusion
length;

3) alastregion (deeper than ~1500-nm depth) near the base
of the wire where the response decreases toward the sub-
strate.

In this last region, we attribute the decrease in the response
to a decreasing probability for electrons (the minority carriers)
to diffuse to the depletion region with increasing distance from
the depletion region. We note that the EBIC signal shows a
drop when we shift with increasing radial position the electron
beam to illuminate the surrounding shell. This drop indicates
that electron—hole pairs generated in the shell show a lower
probability to contribute to the EBIC signal than electron-hole
pairs generated in the core.

To obtain the probability for charge extraction from this EBIC
response, we assumed that the extraction probability is zero at
the edge of the Au particle and 100% at the maximum point
in the plateau region. After this, we convoluted this extraction
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Fig. 9. (a) High-magnification SEM and (b) EBIC measurement of an NW
grown similarly as the NWs in the measured NW array solar cells. The GaAs
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ages, respectively. (c) Measured EBIC profile along the center of the NW.
(d) Measured (line) and simulated (dashed line) EQE signal for the normal
incident and 30° tilted angle. The simulated EQE is calculated by multiply-
ing the simulated wavelength-resolved photogeneration depth profile with the
extraction probability profile [obtained from the EBIC profile shown in (c)].

profile with the simulated depth generation profile to yield a
modeled EQE. We show the measured and modeled EQE for
normal and 30° tilted incidence in Fig. 9(d). In agreement with
measured data, a higher modeled EQE is found for 650—-850-nm
wavelengths for the 30° tilt compared with 0° tilt. By consider-
ing the measured EBIC profile [see Fig. 9(c)] and the calculated
absorption depth profiles (see Fig. 7), it can be concluded that
by tilting the NW array solar cell, the photogeneration increases
in the region that shows a higher probability for extracting pho-
togenerated carriers. This overlap of the regions for enhanced
photogeneration and high extraction probability results in the
observed increase in Isc/Aproj-

The discrepancy between the measured and modeled EQE
for wavelengths smaller than 550 nm, where the measured EQE
drops faster than the modeled EQE, is attributed to absorption in
the AlGaAs passivation layer. As discussed in Section II, such
absorption was not included in the modeling for simplicity. We
believe that in the experiments, a large fraction of the photogen-
erated charges in the AlGaAs shell recombine (due to lack of
proper surface passivation of the shell), before transfer into the
GaAs core where they could contribute to the current, leading
to a drop in the measured EQE. Thus, increasing the Al concen-
tration in the AlGaAs layer should further increase the Igc of
the NW array solar cell. Moreover, the ternary alloy Al,In; P
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grown on GaAs has been widely used as window/antireflection
layer for multijunction solar cell, which can passivate GaAs
well [19]. Hence, it could be used as an alternative to AlGaAs
as well.

V. CONCLUSION

In summary, we have investigated the effect of tilted inci-
dence on the electrical performance of GaAs NW array solar
cells. Our measurements show that by tilting the NW array so-
lar cells, stronger absorption can take place within the NWs as
compared with normal incident light. Our modeling indicates
on average a 5% higher absorption under AM1.5G for 30° tilt
compared with at normal incidence. For the NWs in this study,
this additional absorption occurs in a region of high probability
to extract the photogenerated carriers, as shown by EBIC mea-
surements on individual NWs. As an end result, the efficiency
increases by approximately 1% (relative) for 30° tilt, compared
with normal incidence. This enhanced absorption can, for small
tilt angle, more than compensate for the decrease in the incom-
ing power over the cell with increasing tilt. Indeed, we measure
a small increase in actual power output when increasing the tilt
to 15°. Furthermore, the efficiency of the NW array solar cell
at 60° tilt is still 95% of the efficiency at normal incidence.
The results indicate the prospect of NW array solar cells (com-
pared with cells using planar absorber layers, even if textured)
for delivering higher output power and consequently cheaper
electricity generation.
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