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Abstract

Nanowire array solar cells show intrinsic light trapping 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 until
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 non-zero
incidence angle is beneficial for wavelengths above 600 nm, which results in an efficiency
improvement 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 to deliver high efficiency in practical non-tracking positioning
conditions as well as under diffuse light illumination.

1. Introduction

IlI-V semiconductor materials offer excellent properties for various types of opto-electronic
applications including photovoltaics. In particular, GaAs is of great interest for single junction solar
cells due to its optimum band gap relative to the 1 sun air mass 1.5 global (AM1.5G) spectrum
[1]. So far, the highest single junction solar cell efficiency under one sun illumination was achieved
with a GaAs cell [2, 3]. The most conventional approach to fabricate GaAs planar structures is
through metalorganic vapor phase epitaxy (MOVPE). However, 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 one sun solar cell modules.

Nanowire-based solar cells are promising candidates for future solar cell applications due to their
advantageous properties such as improved light trapping and reduced material need [5-10]. For
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example, the recent demonstration of aerotaxy, a substrate-less continuous growth system based
on vapor-liquid-solid (VLS) growth, could eliminate the need for a growth substrate while at the
same time increasing growth rates by orders of magnitude [11]. Furthermore, the nanowire
geometry allows the absorption of more than 90% of the incident photons with energy above the
band gap when we choose appropriate geometrical parameters such as nanowires diameter,
nanowire length and array pitch [10, 12, 13]. Such geometry optimization leads to excellent wave-
coupling and subwavelength optical concentration in nanowires. 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 nanowire-array based solar
cells [9]. In this study, we address the effect of the angle of incidence on the performance of GaAs
nanowire array solar cells. First, the nanowire geometry introduces absorption properties beyond
the simple Beer—Lambert law of exponential intensity decay with depth into the cell, in strong
contrast to a conventional planar cell. Second, the probability to extract the photogenerated
charge carriers depends on the axial position along the nanowires. Third, with a tilted, non-normal
incidence angle, we tend to increase the photogeneration rate in regions of high extraction
probability. As an end result, nanowire 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 nanowire
array solar cell stays high until high incidence angles (up to 60° incidence). This demonstrates the
potential of a fixed-installation nanowire array solar cell for delivering large power output during
the cycle of illumination from sunrise to sunset, as well as during diffuse illumination conditions.

2. Experimental details and modeling method

We have used GaAs (111)B substrates decorated with a square grid pattern of Au disks (500 nm
pitch) where the Au disks were used as catalyst material for GaAs nanowire growth. The nanowire
growth was performed using MOVPE at a growth temperature of 400°C. Trimethylgallium (TMGa)
and arsine (AsHs) were used as precursors for the GaAs nanowire growth. Diethyl zinc (DEZn) and
tetraethyl tin (TESn) were used as dopant precursors to fabricate, respectively, p- and n-type
doped segments in a p-n axial geometry. Following the p-n axial nanowire growth, the surfaces
of the nanowires were passivated by growing a radial AlGaAs shell (20-40 nm shell thickness) at a
temperature of 715°C. 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 nanowires, 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 Ref. [9].



A Newport ORIEL IQE 200 setup was used for external quantum efficiency (EQE) measurements.
The |-V characteristics of the solar cells were measured at room temperature under the 1 sun
AM1.5G spectrum of intensity Winc = 1000 W/m?, using a Newport Sun simulator. The power
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conversion efficiency (n) was then obtained from n = : , Where P,y = Igc * FF * V¢ is the

m

output power and P;, is the incident power. For a tilted cell of area Acell, Pin = Winc*Aproj, With Aproj
=cos(0)*Ace where fis the angle between the solar cell and the horizon as shown in Fig. 1a (note
that this geometry configuration is equivalent to tilting the incidence angle by &for a fixed cell,
as shown in Fig. 1b). Thus, the efficiency 1 = Is./Aproj * FF * Voo / Wine is proportional to
Isc/Aproj. Conventionally, for an untilted cell with &= 0, the short circuit current (Jsc) is defined
as Isc divided by the cell area Acei. However, here, in the analysis of the performance of the tilted
cells, we concentrate on this more relevant quantity /sc/Aproj.

To aid in the analysis of the experimental results, optics simulation of the absorption of light was
performed with the scattering matrix method [14]. In this method, the diffraction of light is
modeled with Maxwell’s equations. For the simulation, GaAs nanowire arrays were defined with
the length, diameter, and pitch of 2800, 165, and 500 nm, respectively. 100 nm thick ITO layer
and a 40 nm thick AlGaAs shell were introduced in the model. The incident media is air with
refractive index Nincident = 1, and nsiler = 1.5 is set for the filler between the nanowires. In this
modeling, the light is incident as a plane-wave from a direction given by the angle 0 with respect
to normal incidence as shown in Fig. 1b. To model the experimental case of unpolarized light, we
averaged the results for transverse electric (TE) and transverse magnetic (TM) polarized light.
Figure 1b shows a schematic illustration of the defined structure for the simulation and the
illumination direction.

The optical properties of the constituent materials are described with their respective wavelength
dependent refractive index. References [15], [16] and [17] and are used for the refractive index
of GaAs, AlGaAs and ITO, respectively. We modeled the AlGaAs shell as Alo.sGao.sAs. 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. However, for A > 500 nm, we expect negligible absorption
in the AlGaAs shell due to weak, indirect optical transitions. In contrast, noticeable absorption in
the ITO can in principle show up throughout the whole wavelength range where the GaAs
nanowire 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.



ITO, 100 nm

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.

3. Measured dependence of performance on tilt angle

We have measured the electrical properties of three GaAs nanowire 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 6 =0.

First, we concentrate on current, as measured by Isc/Aproj (Fig. 2). We find an increase of Isc/Aproj
of =0.8 mA/cm? (the average of the three samples) at 15° tilt angle relative to no tilt. The Isc/Aproj
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 Isc/Aproj is retained compared to the normal incident condition providing
experimental evidence that nanowire array solar cells are highly efficient at gathering diffuse or
tilted incident light even at very high angles of incidence. Note that the absolute current output
Isc of the solar cell decreases with 6 (inset in Figure 3), as expected from the cos(6) dependence
in the projected illumination area Aproj = Acell*cos(6).
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Fig. 2- The dependence of Isc/Aproj 0N the tilt angle 6 for three different GaAs nanowire solar cells.
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Fig. 3- The variation in Voc (compared to 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. The inset shows the
variation in Isc with respect to the tilt angle from 0-60° tilt.



Next, we investigate the dependence of the voltage performance of the solar cell (Fig. 3). We find
a linear dependence of the open-circuit voltage (Voc) as a function of In(/sc). 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 IV-curve is given by [ = Igc —
nkT
q
T, g, and Ip are the ideality factor, the Boltzmann constant, the temperature of the cell, the

nkT Isc

lyexp(qV /(nkT)), from which the Voc is given by Vo = ln(If—C -1 = Tln( p ) where n, k,
0 0

elementary charge, and the dark saturation current, respectively. Apart from Isc, none of the
other parameters are expected to depend on the illumination angle. Hence, we can define the
variation in Voc with respect to the zero tilt case as

k i i
AVoc = Voc—tiie = Voc-o = ——In <—ISC nlt) =B *In <—ISC mt), (1)
q Isc—oo Isc—oo
where B is a constant. The measured AV agrees well with this description, as seen from the

linear increase of AV with In (ISC;““
Isc—o0
(1), we find an ideality factor of n =1.54. When we instead turn to study the Voc as a function of
incidence angle (Fig. 4a), we find for all three samples a noticeable drop at 60° tilt angle. From Eq.
(1), we attribute this drop to the lower absolute current level Isc (inset in Fig. 3), due to the

decreased, projected illumination area Aproj as discussed above. In contrast, the measured fill

) in Fig. 3. From linear fitting of the results in Fig. 3 to Eq.

factor (FF) is nearly independent or possibly even slightly increasing with tilt angle (Fig. 4b). Such
anincrease 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 (Fig. 4c), we find an increase by about
0.5% point in efficiency for all the three samples for 8 = 15° as compared to 8 = 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. 4d). Thus, the increase in efficiency of
a 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
to the 0° tilt).

It should be noted that for the case of a conventional crystalline silicon cell, or even for a black
silicon solar cell, neither higher efficiency nor higher power is obtained for any tilt angle compared
to normal incident light [18]. This unique property of nanowire array solar cells shows their
potential for diffuse light illumination, as well as for practical fixed-installation conditions where
the illumination angle varies over the course of the day.
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Fig. 4- The variation of (a) Vac, (b) FF, (c) efficiency n and (d) output power (Pout = Isc*FF*Voc) at one sun
with respect to the tilt angle from 0-60° tilt. The three data sets in each graph correspond to the three
measured cells.



4. Analysis of current generation performance

Above, we saw that it is the strong photogeneration and charge-carrier extraction ability (as
characterized by Isc/Aproj) Of the nanowire 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 Isc/Aproj behavior, we have measured the EQE of
the GaAs solar cell whose IV charactertistics are marked with triangles in Figs. 2-4. We performed
the EQE analysis for varying tilt angle in steps of 15° up to 6 = 60° (Fig. 5). For 0° tilt, we find a
peak in the EQE at approximately A = 570 nm in wavelength. The peak position shifts to 680 nm
wavelength for all considered non-zero tilt angles. Moreover, for non-zero tilt, we identify two
regions with different dependence compared to 0° tilt. First, relatively lower EQE signals are
measured for wavelengths between =520-600 nm. Based on simulation results (Fig. 6b), this could
be attributed for example to the slightly increased reflection at these wavelengths for the case of
non-zero tilt. Second, in the region between 610 nm and 850 nm, the EQE is improved for tilt
angles in the range of 15-45°. Hence, we conclude that the higher measured Isc/Aproj at non-zero
tilt angles of 15-45° in Fig. 2 is due to this increase in EQE in the long-wavelength part of the
incident spectrum.
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Fig. 5- The measured external quantum efficiency (EQE) for a GaAs nanowire solar cell with 500 nm pitch
measured at 0° to 60° tilt angle. Higher EQE signal is measured in the red part of the spectrum (between
= 600 -850 nm wavelengths) for almost all the tilt angles, as compared to the case of zero tilt.
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Fig. 6- The simulated (a) absorption, (b) reflection and (c) transmission spectra of a GaAs nanowire array
(nanowire length: 2800 nm, nanowire diameter: 160 nm, array pitch: 500 nm, Nincident: 1, Nfiler:1.5 and
Nsubstrate: GAAs) for different tilt angles. Note that all non-zero tilt-angles lead to higher absorption than 0
tilt angle for wavelengths longer than 650 nm.



To understand this increase in the EQE at long wavelengths, we have simulated the optical
response of the nanowire array with the scattering matrix method for varying incidence angle
(see Section 2 above for details). We present the fraction of light absorbed in the nanowires (Fig.
6a), the reflection back to the top air side (Fig. 6b) and the transmission into the underlying
substrate (Fig. 6c).

The simulated absorption is enhanced for tilted incident light at wavelengths above 650 nm (Fig.
6a), in line with the corresponding increase in the measured EQE of Fig. 5. The average reflection
(between 600-850 nm in wavelength) increases only slightly, from 18% to 22%, as the incidence
angle is tilted from 0° to 60°. In contrast, the average transmission (between 600-850 nm in
wavelength) shows a much stronger dependence on the incidence angle and drops from 22% at
0=0°to 15% at 6 = 15°, and to 12% for 8 = 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 nanowire 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 nanowire, that is, with depth into the nanowire array.
Figure 7 shows such absorption depth profiles for 550 nm 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 nanowire array shows a more
complicated dependence with multiple peaks of varying periodicity.
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Fig. 7- Absorption depth profile for 550 and 800 nm wavelength for a GaAs nanowire array and for 800 nm
wavelength for a GaAs layer at 0° and 30° tilted angle. The inset shows the corresponding cumulative
absorption of the GaAs NW array and the layer.

Next, we relate the absorption depth profiles to the AM1.5G solar spectrum /am1.5(A) used in the
experiments. Note that we can translate the absorption depth profile F(A,z) into a
photogeneration depth profile as G,(z) = [ dA Iymy15(AD)F (2, 1)/(21hc/4) [13]. We show such
photogeneration depth profiles for 0° and 30° incidence angle in Fig. 8 (with the corresponding
cumulative photogeneration profile in the inset). In the first 300 nm of depth along the nanowire
length axis, the absorption is similar between the two cases. However, between 300 nm and 1400
nm, the cumulative photogeneration profiles for 0° and 30° tilt diverge (inset in Fig. 8), with a
higher absorption for the tilted incidence. In the second half of the nanowire, from a depth of
1400 nm, the absorption is similar for both tilt angles, and the two cumulative photogeneration
profiles are parallel. Quantitatively, the cumulative absorption is approximately 5% higher over
the whole nanowire for the 30° tilt. Thus, the simulated absorption is higher in a 30° tilted
nanowire array PV cell, qualitatively consistent with the measured increase in Isc/Aproj 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.
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Fig. 8-Calculated photogeneration depth profile of GaAs NW array under AM1.5G illumination for 0° and
30° tilt. The inset shows the cumulative photogeneration for AM1.5G illumination. Between a depth of
approximately 300 nm and 1400 nm, the AM1.5G absorption is higher for the tilted case, causing the
cumulative absorption curves to diverge.

For the current generation performance, in addition to the photogeneration rate, the probability
to extract the photogenerated charges plays a major role. To assess the internal charge-carrier
collection efficiency along the length of the nanowire, the electron beam-induced current (EBIC)
response of a single nanowire 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 nanowire are shown
in Figs. 9a and 9b, 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. 9c. 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 nanowire,
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, and 3) a last region (deeper than
~ 1500 nm depth) near the base of the wire where the response decreases toward the substrate.
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.

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 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. 9d. In agreement with measured data, a higher modeled EQE is
found for 650-850 nm wavelengths for the 30° tilt compared to 0° tilt. By considering the
measured EBIC profile (Fig. 9c) and the calculated absorption depth profiles (Fig. 7a), it can be
concluded that by tilting the nanowire array solar cell, the photogeneration increases in the
region that shows a higher probability for extracting photogenerated 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 2, such absorption was not included in the
modeling for simplicity. We believe that in the experiments, a large fraction of the
photogenerated 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 concentration in the AlGaAs layer
should further increase the Isc of the nanowire array solar cell.
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Fig. 9- (a) High magnification SEM and (b) EBIC measurement of a nanowire grown similarly as the
nanowires in the measured nanowire-array solar cells. The GaAs substrate and the Au particle are seen on
the right and left edges of the images, respectively. (c) The measured EBIC profile along the center of the
nanowire. (d) The measured (line) and simulated (dashed line) EQE signal for the normal incident and 30°
tilted angle. The simulated EQE is calculated by multiplying the simulated wavelength-resolved
photogeneration depth profile with the extraction probability profile (obtained from the EBIC profile
shown in (c)).

5. Conclusion

In summary, we have investigated the effect of tilted incidence on the electrical performance of
GaAs nanowire-array solar cells. Our measurements show that by tilting the nanowire array solar
cells, stronger absorption can take place within the nanowires as compared to with normal
incident light. Our modeling indicates on average a 5% higher absorption under AM1.5G for 30°
tilt compared to at normal incidence. For the nanowires in this study, this additional absorption
occurs in a region of high probability to extract the photogenerated carriers, as shown by EBIC
measurements on individual nanowires. As an end result, the efficiency increases by



approximately 1% (relative) for 30° tilt compared to normal incidence. This enhanced absorption
can, for small tilt angle, more than compensate for the decrease in the incoming 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 nanowire arrays solar cell at 60° tilt is
still 95% of the efficiency at normal incidence. The results indicate the prospect of nanowire array
solar cells (compared to cells using planar absorber layers, even if textured) for delivering higher
output power and consequently cheaper electricity generation.
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