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21.2% GaAs Solar Cell Using Bilayer Electron Selective

Contact

Vidur Raj,* Tuomas Haggren,* Yahuitl Osorio Mayon, Chennupati Jagadish,

and Hark Hoe Tan

GaAs remains one of the crucial materials for solar cell applications as it boasts
the world’s highest efficiency single-junction solar cells. However, their high cost
limits their widespread terrestrial applications. Traditional GaAs solar cells
require a complex stack of doped junctions, which can only be grown using
epitaxy, which is a very costly technique. Herein, a nonepitaxial bilayer of ZnO
and TiO, as electron-selective contact is studied. It is shown that a bilayer
selective contact can achieve very high performance through interface band
engineering and a reduction of the barrier for electron transfer. 21.2% efficient
solar cells is achieved, with V,. of 1.04 V, /.. of 26.13 mA cm 2, and a fill factor of
77.8%. The V, reported in the article is comparable to the highest V. reported
for substrate-based GaAs solar cells of 1.075 V. An experimental loss analysis
shows that the device is mainly limited by series and shunt resistance and
reflection losses, both of which can further be minimized by optimization of the

1. Introduction

[II-V semiconductors such as InP and
GaAs remain critical for the continued
expansion of photovoltaics for terrestrial
applications because they allow for func-
tionalities such as high flexibility, high sta-
bility, and high power per unit surface area
compared to solar cell materials such as sil-
icon, CZTS, or perovskite.[l'zl However,
their wide-scale implementation is limited
by the high cost associated with their
fabrication.*™! For example, the cost of
III-V solar cells, such as GaAs solar cells,
can be more than 100 times that of silicon
solar cells.’) According to a National

fabrication process. The results presented will be very useful for the further
development of cheaper GaAs solar cells, whereas the bilayer selective contact

concept can be implemented for other kinds of solar cells.
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Renewable Energy Laboratory cost analysis,
metal-organic chemical vapor deposition
(MOCVD) growth and maintenance and
the requirement for gold-based front and
back contact remain two significant drivers
of their high cost.®! In recent years, there
has been some research on developing techniques to overcome
these challenges. For example, new technologies such as hydride
vapor phase epitaxy and thin-film vapor-liquid-solid have shown
promise in overcoming the cost limitations of MOCVD-based
growth, but these techniques cannot achieve material quality
as high as MOCVD.[*®! Therefore, more research is required
to achieve new and innovative device designs in the field of
ITI-V solar cells that circumvent for low quality of absorber
material. One such technology is the use of nonepitaxial charge
carrier selective contact for charge carrier separation and
collection,””) and reduced reliance on MOCVD for the growth
of highly complex epitaxial structures for performing charge
carrier separation and collection.® %

In recent years, carrier selective contact devices have
emerged as an efficient alternative to conventional p-n junction
solar cells."**? The superiority of electron and hole selective
contacts over conventional heavily doped p—n regions for charge
carrier separation has become apparent in recent years, and
today electron and hole selective contacts have become the
primary technology to achieve high-efficiency commercial-scale
silicon solar cells.'* A similar trend can be seen in organic
photovoltaics,™ perovskites,!** chalcogenides,'® and other
thin-film photovoltaics,[s'm where the use of carrier selective
contacts can lead to efficiency enhancement and overall better
performance. The importance of a wide bandgap material with
optical transparency and proper band alignhment with the
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absorber layer for high-performance of solar cells has been well
known for several decades. However, only recently the use of
the term “carrier selective contact” has become a norm since
the success of “heterojunction with intrinsic thin layer” solar
cells.'?

Moreover, there has also been a fair amount of study on the
beneficial effects of bilayer selective contact, especially for
perovskite and organic solar cells."® It has been shown that
the interface between the absorber and selective contact can
be engineered by using a bilayer to facilitate electron charge sep-
aration and collection by reducing the barrier for charge flow,
reducing interface defect density, and improving passivation.®!
These effects are a result of modified interface chemistry and the
interface dipole moment.

Unfortunately, research on carrier selective contact for I1I-V
solar cells is rather limited, even though the benefits of carrier
selective contact-based III-V solar cells are several-fold,
especially from a commercial perspective, as discussed in detail
in refs. [1,11]. This is most probably because of the preconceived
notion that high-efficiency III-V solar cells can only be
achieved using a complex stack of III-V epitaxial thin films.
However, this notion has been challenged through a series of
theoretical and experimental works, where carrier selective
contacts can achieve performance comparable to epitaxial
-V solar cells."7*1171920 Eor example, we recently
reported a GaAs solar cell using ZnO as electron selective
contact (ESC) to achieve 18.5% efficient solar cell with a V.
of 880 mv.I"

In this article, to overcome the limitations of a single-layer
selective contact, we employ a bilayer selective contact. We show
that by using a bilayer selective contact based on TiO, and ZnO,
the GaAs solar cell performance can be significantly boosted. We
perform a comprehensive study to elucidate the mechanism of
the improved performance. Moreover, when an optimized
bilayer selective contact is used in combination with a back
surface field (BSF) layer grown on 6° off-axis substrate, the
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Figure 1. 3D schematic of two different kinds of solar cells that we will discuss in this article (for description, see Experimental Section). For both device 1
and device 2, we study the effect of bilayer selective contact. In a previous report, we already showed ZnO as an ESC ref. [19], and studied different
deposition conditions for ZnO as an ESC, with and without i-InGaP passivation layer. This article is an extension of the previous study, and instead of
ZnO, we use bilayer selective contacts (i.e., ZnO/TiO, and TiO,/ZnO). As per convention, ZnO/TiO, means ZnO has been deposited on top of TiO, and
vice versa.
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efficiency of the solar cells improves to 21.2%, with a V,. of
1.04 V, which is comparable to the highest reported V,, for sub-
strate-based GaAs solar cell. This work will significantly boost the
recent efforts in realizing ITI-V solar cells using carrier selective
contacts.

2. Experimental Section

To study the bilayer selective contact, we fabricated devices on
two different kinds of substrates, i.e., on-axis 100 substrates
and 6° offcut toward (111 A). From here onward, we denote,
the device grown on-axis 100 GaAs substrate as device 1, whereas
the device grown on 6° off-axis GaAs substrate as device 2 (see
Figure 1). Fabrication of both devices 1 and 2 was similar, start-
ing with the epitaxial growth of 1.8 pm i-GaAs, followed by the
growth of a 15 nm i-InGaP passivation epilayer using the Aixtron
MOCVD system. The back contact on the wafer with i-InGaP/
i-GaAs epitaxial layers was formed by annealing sputter-coated
(AJA 1800) Zn:Au (10:100 nm) thin film at 400 °C in the presence
of forming gas. Subsequently, to compare the effect of bilayer
selective contact, four different samples were prepared for both
device 1 and device 2. Sample 1 contained only ZnO as ESC, sam-
ple 2 contained only TiO, as ESC, sample 3 contained TiO,/ZnO
bilayer as ESC, and sample 4 contained ZnO/TiO, bilayer as
ESC. As per convention, ZnO/TiO, means ZnO has been depos-
ited on top of TiO, and vice versa. Both ZnO and TiO, were
deposited at 350°C using RF sputtering system from AJA.
Based on initial optimization, for ZnO deposition, a 60 W power
was used, whereas for TiO, deposition, a power of 130 W was
used with an Ar flow rate of 10 sccm and pressure of 1.5 mTorr.
Subsequently, an ITO layer was deposited at room temperature
using sputtering with the Ar flow rate of 20 sccm and pressure of
1.5 mTorr, at a fixed RF power of 65 W. The total thickness of the
oxide layer (i.e., the thickness of ITO + TiO, 4+ ZnO) was fixed at
about 70nm to achieve antireflective properties between the
wavelength range of 500-600 nm, coinciding with the maximum
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irradiance of the solar spectrum. Finally, a front contact of
Ti/Au (10/100nm) was deposited on top of ITO using
Temescal BJD-2000 e-beam evaporator.

Additionally, previous research on conventional solar cells has
shown that a higher V,,. can be obtained for solar cells with a BSF
and absorber layer grown on off-axis GaAs substrates.*'** The
p"" BSF layer creates a built-in electric field that reflects elec-
trons at the interface, thereby reducing the recombination, which
improves the V,. of the solar cell.® p™ BSF layer can also be
considered as a hole selective layer, where heavy p-type doping
ensures asymmetric conductivity toward holes and assists in
the efficient charge carrier separation at the interface.*® At
the same time, the growth of p**-InGaP BSF layer on the off-
axis substrate helps modify its optoelectronic and crystal quality,
leading to an overall higher performance of the solar cell.*"??
Therefore, after optimization of a bilayer, we use an off-axis
substrate with a BSF layer (as shown in Figure 1b) to study
the maximum potential of the solar cell, mainly in terms of
Voe. We call this solar cell structure device 2. The parameters
for deposition of ZnO and TiO, were same as device 1.

The passivation characteristics of InGaP before and after ZnO
and/or TiO, depositions were carried out using a homemade
time-resolved photoluminescence setup to ensure that oxide
deposition did not deteriorate the surface passivation of the
absorber. The dark and light -V characteristics of the fabricated
devices were measured using an Oriel [-V test station and an
Oriel quantum efficiency measurement setup. Before each
measurement, the I-V test station and the external quantum effi-
ciency (EQE) test setup were calibrated to 1 sun (100 mW cm™?)
at 25 °C using a silicon reference solar cell. However, we acknowl-
edge that there is a spectral mismatch between the reference cell
and the test cell, and we could not correct for it. Nonetheless, to
make sure that we do not overestimate J,. of our solar cell, we
corroborate our J;. measured using -V measurement with J

calculated using the data obtained through EQE using
Equation (1).*”! The equivalence of J,. calculated using EQE
and J, calculated from J-V measurement is a robust metric to
conclude the reliability of measured solar cell efficiency®

22 ga
Jusar = | e AEQEAMLSG()}ds M

where Jgqr) is the short circuit calculated using data obtained for
EQE, EQE(X) is the EQE measured for each wavelength between
A1 and 12, and AM1.5G(4) is the wavelength dependent solar
irradiance. The AM1.5G Global spectrum is designed for flat
plate modules and has an integrated power of 1000 W m™2 or
100 mW cm ™2 To understand the surface characteristics and con-
struct the band diagram of the solar cells, X-Ray photoelectron
spectroscopy (XPS) and UV photoelectron spectroscopy (UPS)
(Thermo ESCALAB250Xi) were employed.

3. Results and Discussion

Results discussed in this article can be broadly divided into four
subsections: 1) the effect of bilayer selective contacts, 2) the effect
of BSF layer, 3) the effect off-axis substrate, and 4) loss analysis
and future potential of the device.
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3.1. Effect of Bilayer Selective Contact

To understand the effect of bilayer selective contact, for device 1,
we prepare four different samples with four configurations of
ESC including only ZnO, only TiO,, ZnO/TiO, bilayer, and
TiO,/ZnO bilayer, and compare their open-circuit voltage.
Figure 2 shows the measured V. for these four configurations
of ESC for at least three samples. It is apparent that for both only
ZnO and only TiO, samples, the V, is almost similar at around
860-890 mV. This is understandable considering both ZnO and
TiO, have a similar bandgap, and they show type-II band align-
ment with i-InGaP/i-GaAs. They act as ESC because both ZnO
and TiO, can achieve high n-type conductivity due to oxygen
defects and also form a small conduction band offset and large
valence band offset with i-InGaP/i-GaAs, which allows for elec-
tron flow but restricts the flow of holes from the i-GaAs absorber
layer.”'*) We have reported similar results for InP solar cells,
where both ZnO and TiO, have shown similar performance
in terms of V,.”*’! In comparison to single-layer selective con-
tact, a higher V,, can be realized for TiO,/ZnO bilayer selective
contact, and the opposite trend is seen for the ZnO/TiO, bilayer
(see Figure 2). This difference can be understood in terms of the
interface dipole moment, which affects the band alignment and
the transport of electrons across the interface by influencing the
concentration of charge carriers at the interface. The interface
dipole moment can either improve or be detrimental to the over-
all performance of solar cells depending on the direction of the
dipole moment.*” Below we briefly discuss the effect of dipole
moment at the interface.

In bulk (nonferroelectric), the microscopic dipole moment
is vanishingly small because of the randomness in amorphous
materials or lattice symmetry in crystalline materials.
However, at the interface, the asymmetric distribution of free

T T T T T
TiOZIZnO =
ZnO/TiO2 7]
TiO, —r— B
| L B AL B B L L
0.0 0.2 0.4 0.6 0.8 1.0
Voc (Volts)

Figure 2. Effect of single- and bilayer ESCs on the V. of the solar cell.

© 2024 The Authors. Solar RRL published by Wiley-VCH GmbH

85U8017 SUOLLILLIOD A 810 3|deol|dde 8Ly Aq pausenob a.fe ssolie VO ‘88N JO Sa|nJ o AfeldT8Ul|UO 8|1 UO (SUORIPUOD-PUR-SWLBIALI0D" A3 |IM A R1q 1 BUl UO//SANY) SUORIPUOD PUe SWB | 83U} 38S * [7202/70/6T] U0 A%iq1auliuo A8|1M 59 L Aq 688006202 410S/200T OT/I0p/W00" A8 | Azelq1juljuo//:sdny WwoJj papeo|umoq ‘S ‘¥20g ‘X86TL9EC


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

charges such as ions lead to dipole moment that can be approxi-
mated as multiple individual dipole moment aligned in one
direction. When there is more than one interface, each interface
can lead to a measurable dipole moment, and the overall dipole
moment is the vector sum of the dipole moment at the individual
interfaces. The effect of dipole moment can be measured in
terms of a voltage drop from the positive to negative charge side
and is given by the following equation®!

0= E;

s where p=qd (2)

where g is the electric dipole moment, and its magnitude is equal

to the charge g multiplied by the distance between charges d. As
per convention, the direction of the dipole moment is from neg-
ative to positive charge. Also, n in the above equation denotes the
density of the electrical dipole, and ¢ and &, respectively, are the
dielectric constant of the material within which the dipole is con-
fined and the dielectric constant of air. The electrostatic nature of

www.solar-rrl.com

the dipole directly influences the band bending at the interface
(by modifying the work function), and influences the transport
and density of charges near the interface. Such modification can
be illustrated by drawing the band diagram of the solar cell.
Figure 3 shows the band diagram drawn using SCAPS-1D
simulation software for three different scenarios: a) solar cell
with only ZnO, b) solar cell with ZnO/TiO, bilayer, and
c) solar cell with TiO,/ZnO bilayer. It can be seen that in the
presence of ZnO/TiO, bilayer, the electron quasi-Fermi level
bends further downward in comparison to the quasi-Fermi level
for only ZnO sample, leading to a lower V.. This can also be
interpreted as a reduction in the available charge carriers near
the interface in the presence of ZnO/TiO, bilayer near V.
An opposite effect can be seen for TiO,/ZnO bilayer, where
the dipole positively influences the V. of the solar cell because
the band bending near the interface moves the electron quasi-
Fermi level upward compared to that of only ZnO sample. In
other words, in comparison to only ZnO, the TiO,/ZnO bilayer
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Figure 3. Band diagram for bilayer ESC solar cells: a) band diagram of solar cell with only ZnO as ESC, b) band diagram of solar cell with ZnO/TiO, bilayer

selective contact, and c) band diagram of solar cell with TiO,/ZnO bilayer selective contact.
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leads to higher electron density near the interface near V., and
larger electron and hole quasi-Fermi-level splitting, which is
reflected in higher V..

To understand the origin of dipoles in our solar cells and sub-
stantiate our hypothesis, we perform an XPS depth profile analy-
sis. Figure 4 shows the analysis of Zn 2p;,, peak of solar cells
with a) only ZnO, b) ZnO/TiO, bilayer, and c¢) TiO,/ZnO bilayer.
Our solar cell structure consists of a complex stack of ITO/ESC/
i-InGaP/i-GaAs/p" *-InGaP/p*-GaAs, and the ESC that we study
using depth profile XPS is: ZnO, ZnO/TiO,, and TiO,/ZnO.
This significantly restricts our ability to draw an accurate band
diagram using the data obtained from depth profile XPS and
UPS. Therefore, we restrict ourselves to studying the shift in cat-
ion core level, which can provide very useful information regard-
ing the chemical and physical environment of the compound,
and dipole moment at the interface. Moreover, for simplicity,
we only study Zn 2p;, core level as we are comparing the bilayer
selective contact with ZnO. Figure 4a shows the core level spectra
from Zn 2pj3,; at different depths for only ZnO sample for device
1. Zn 2p;,; peak near the ITO/ZnO interface has a binding of
1022.2 eV showing a positive shift in the binding energy (BE)
compared to bulk ZnO (BE = 1022.0 eV), and the dipole moment
is aligned in the ITO—ZnO direction. However, with increasing

www.solar-rrl.com

depth, Zn 2ps,, shows a BE of 1022.0 eV, which corresponds to
bulk ZnO, and with further increase in depth profiling, Zn 2ps,
shifts negatively to 1021.7 eV, which shows that the dipole near
the ZnO/i-InGaP interface is aligned from ZnO—i-InGaP. On
the contrary, in the case of ZnO/TiO, bilayer sample, the shift
in the Zn 2p3, BE near ITO/ZnO interface is significantly posi-
tively shifted to 1022.5 eV, which shows the addition of ZnO on
top of TiO, leads to additional dipole moment in the direction
opposite to the direction of built-in electric field. Further increase
in the depth returns the shift in Zn 2p;;, core level back to
1022.2 eV, but is still 0.2 eV higher than the bulk ZnO core level,
signifying that even near the ZnO/i-InGaP interface, the dipole
remains aligned opposite to the direction of the built-in electric
field, leading to a lower V,.On the other hand, a completely
opposite trend can be seen for TiO,/ZnO samples, where the
shift in Zn 2pj;,; core level is minimal even near the TiO,/Zn0O
interface, and the core BE remains fixed at 1022.0 eV. Moreover,
with increased depth profile time, there is no shift in the core BE,
which may signify that the dipole at ITO/TiO,/ZnO interface
compensates for the dipole at the ZnO/i-InGaP interface, leading
to the highest efficiency in case of TiO,/ZnO bilayer sample.
Note that the dipoles at the interface influence the band bending
causing interfacial charge transfer and modified charge
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Figure 4. XPS depth profile of Zn 2p;,, core level and valence band for different types of solar cells compared in this article: a) Zn 2ps, core level for solar
cell with only ZnO as ESC, b) Zn 2ps, core level for ZnO/TiO, bilayer ESC solar cell, and c) Zn 2ps; core level for TiO,/ZnO bilayer solar cell. d) Depth
profile of valence band of ZnO/TiO, bilayer solar cell and e) depth profile of valence band of TiO,/ZnO solar cell.
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carrier density at the interface. Therefore, next, we perform XPS
depth profile of the valence band of ZnO/TiO, and TiO,/Zn0O
samples.

Figure 4d,e, respectively, show the depth profile of the valence
band of ZnO/TiO, and TiO,/ZnO samples. In the case of ZnO/
TiO,, we see an accumulation of holes near the interface with
increasing depth (Figure 4d), as evidenced by the increasing den-
sity of occupied states in the valence band (between 0 and 3 eV),
whereas a depletion of holes and accumulation of electrons at the
interface of ESC would be more beneficial. In contrast, we do not
see an accumulation of holes near the interface in the case TiO,/
ZnO samples, which may be a result of compensated dipole
moment at the ZnO/i-InGaP interface. Overall, it can be postu-
lated that in the case of TiO,/ZnO samples, the electron density
at the interface is significantly enhanced, whereas in the case of
ZnO/TiO, case, the electron density at the interface is signifi-
cantly reduced due to the accumulation of holes at the ZnO/
i-InGaP interface, which is expected from the band diagram
shown in Figure 3.

3.2. Effect of BSF

The benefits of BSF have been known to the solar cell community
for a long time.**) BSF creates a built-in electric field in the direc-
tion same as the built-in electric field due to the p—n junction,
thereby aiding the V. of the solar cell. Moreover, as early as
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1977251 it was clear that in addition to the built-in electric field,
BSF also ensures decreased diffusivity and reduced conductivity
of electrons (minority carriers) near the back contact, which sub-
stantially contributes to the enhancement in the V. of the solar
cell. In other words, BSF can be understood as a highly efficient
barrier for electron flow (or as hole-selective contact).
A more detailed discussion on the topic can be found in
refs. [12,19]. Here, we are investigating how much effect BSF
can have on V, in the presence of a bilayer selective contact.
Figure 5a shows the current density versus voltage (J-V) for solar
cells with and without BSF for on-axis samples. It is evident that
in the presence of a BSF layer, a higher V. can be obtained for
solar cells with optimized bilayer selective contact. The V. with-
out the BSF layer was 0.96 V, whereas the V, in the presence of
the BSF layer was 0.98V, confirming that BSF can indeed
improve the V,. of solar cells. However, there was a slight
decrease in the J,. of the solar cell in the presence of the BSF
layer, as evidenced by the wavelength-dependent J,. measure-
ment of solar cells with and without BSF shown in Figure 5b.
It can be seen that for wavelengths below 580 nm, there is a slight
decrease in J,. in the presence of BSF, which overcompensates
for any improvement in the J;. above 580 nm due to improved
charge collection near the back contact in the presence of BSF
layer. We believe the decrease in J;. as a function of wavelength
below 580 nm may be due to the poor epitaxial quality of the front
i-InGaP passivation layer, in the case of a BSF containing solar
cell. However, a more extensive study is required to conclusively

5

04

0.3

0.2

0.1

0.0 -

300 400 500 600 700 800 900
Wavelength (nm)

Wavelength Dependent Jg¢ (mAIcmz)

(@) 40
§ 80 4
-
§ 60 4 ——EQE
L —R
& R
W g IQE
§
< Sample with BSF
g 20
<] - P -

0 T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. a) Comparative J—V characteristics of solar cells grown on on-axis substrate (device 1), with and without BSF layer; b) comparative J. versus
wavelength graph of solar cell with and without BSF for on-axis samples (device 1); and c,d) shows the EQE, R, and IQE of on-axis solar cell samples,

with and without BSF.
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pinpoint the origin of this loss in the presence of a heavily doped
BSF layer. Moreover, the doping and thickness of the BSF layer
can be optimized to improve the performance of the device.
Figure 5c,d shows the corresponding overlaid EQE, reflectance
(R), and internal quantum efficiency (IQE) versus wavelength
graphs for the bilayer devices with and without BSF layer.

3.3. Effect of 6° Off-Axis Substrates

It is well known that the growth of InGaP on 6° off-axis substrate
can improve the quality of the epilayer by improving the overall
ordering of cations during epilayer growth.!! Therefore, to fur-
ther improve the performance of our devices, we grow BSF layer,
and i-GaAs absorber layer along with i-InGaP passivation on 6°
off-axis substrates followed by deposition of optimized bilayer
selective contact. In agreement with previous results, we find that
the overall performance of our solar cell is significantly improved
mainly because of the improved V,. Figure 6a shows the com-
parative J-V characteristics of solar cells fabricated for off-axis
and on-axis substrates. The off-axis device can reach a V. of

www.solar-rrl.com

1.04V and in comparison, the maximum V,. obtained for the
on-axis device is only 0.98 V. Also, the results are highly repro-
ducible, at least across three different samples, giving an average
Voc 0f 1.02 £ 0.02 V for devices grown on off-axis substrates. The
maximum efficiency obtained for the off-axis substrate was
21.2% with a V. of 1.04V, Ji. of 26.2 mA cm 2, and a fill factor
of 77.8%. Figure 6b shows the -V characteristic corresponding
to the best device. Overall, we find that the use of bilayer selective
contact on epilayers grown on the off-axis substrate is optimum
for achieving high-efficiency solar cells.

3.4. Current Loss Analysis at MPP

To better understand the origin of losses and the future potential
of our solar cells, we perform a current loss analysis based on the
method proposed by Armin et al. The current loss analysis takes
into account several different loss mechanisms including total
resistance loss due to both high series and low shunt resistance,
total optical loss due to metal shading and imperfect antireflec-
tive coating, and total recombination loss. Two of the biggest
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Figure 6. a) Comparative J—V characteristics for solar cells grown on on-axis and off-axis substrates with BSF layer. b) J-V characteristic for the best
off-axis solar cell. c) Percentage contribution of different loss mechanisms to the total power loss at the maximum power point.
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losses accounting for about 80% of the total loss come from
recombination and front surface reflectance loss. In particular,
recombination loss accounts for more than 5.5 mA cm ™2 of cur-
rent density at maximum power point. To get better insight into
recombination, we can further analyze the IQE spectra shown in
Figure 5d. First, the quality of our i-GaAs layer is relatively infe-
rior with a minority carrier lifetime of 240 ps and the recombi-
nation in the bulk is one of the primary contributions to the
current loss due to recombination. Moreover, at lower wave-
lengths (350-500 nm), only about 80% IQE can be achieved
(see Figure 5d) for the BSF device, which, as we hypothesized
earlier, is because of the nonoptimal thickness and quality of
the InGaP layer, used for passivation and BSF, which can be fur-
ther improved by improving the growth parameters. Also, note
that even without BSF (see Figure 5c), the maximum IQE
achieved is only 90% at a shorter wavelength, showing that there
is some loss in both the i-GaAs and the front passivation/charge
collection layer. For both BSF and non-BSF samples, the loss in
IQE is almost similar at longer wavelengths (700-870 nm), which
points to a common origin of loss. We postulate that IQE loss at
longer wavelengths is because of the low quality of i-GaAs layer,
and the parasitic absorption/collection losses in p*-GaAs sub-
strate. However, a more thorough investigation is required to
confirm the origin of this loss. In terms of optical losses, most
of the loss is from a nonoptimal antireflective coating. A trilayer
antireflective coating consisting of MgF, may be used to achieve
an antireflectance across a broadband solar spectrum. Finally, the
series resistance of the solar cell accounts for about 13% of the
total power loss, which can be improved by decreasing the sheet
resistance of ITO and by using a thicker metal front contact.

4. Conclusion

In conclusion, we showed that in comparison to a single-layer
ESC, a bilayer selective contact is more efficient, as it modifies
the interface electrostatistics, and improves the charge carrier
collection and transport. Using an optimized selective contact
of TiO,/ZnO bilayer, we achieve a V,, as high as 0.96 V. We have
performed an in-depth XPS analysis to further elucidate the ori-
gin of interface modification in presence of a bilayer selective
contact. We also showed that a further improvement in V.
can be achieved if the optimized bilayer selective contact is
applied in conjunction with a BSF grown on 6 off-axis substrate.
Our best device showed a V. of 1.04 V, which is very near to the
highest reported V,, for substrate-based p-n junction GaAs solar
cells. Furthermore, we also perform an in-depth analysis to better
understand the losses in our solar cells and to strategize the steps
for future improvement of these solar cells. Results reported in
this article are important for a new generation of GaAs solar cells
based on charge carrier selective contacts.
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