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Abstract

®

CrossMark

According to the Shockley—Queisser limit, the maximum achievable efficiency for a single
junction solar cell is ~33.2% which corresponds to a bandgap (E,) of 1.35eV (InP). However,
the maximum reported efficiency for InP solar cells remain at 24.2% =+ 0.5%, that is >25%
below the standard Shockley—Queisser limit. Through a wide range of simulations, we propose
a new device structure, ITO/ ZnO/i-InP/p™ InP (p-i-ZnO-1TO) which might be able to fill this
efficiency gap. Our simulation shows that the use of a thin ZnO layer improves passivation

of the underlying i-InP layer and provides electron selectivity leading to significantly higher
efficiency when compared to their n™/i/p™ homojunction counterpart. As a proof-of-concept,
we fabricated ITO/ZnO/i-InP solar cell on a p™ InP substrate and achieved an open-circuit
voltage (V,.) and efficiency as high as 819 mV and 18.12%, respectively, along with ~90%
internal quantum efficiency. The entire device fabrication process consists of four simple
steps which are highly controllable and reproducible. This work lays the foundation for a new
generation of thin film InP solar cells based solely on carrier selective heterojunctions without
the requirement of extrinsic doping and can be particularly useful when p- and n-doping are

challenging as in the case of III-V nanostructures.

Keywords: ZnO/InP interface, III-V solar cells, heterojunction solar cells, electron selective

layer, SCAPS-1D simulation

Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

III-V semiconductors are ideal candidates for high effi-
ciency solar cells because of their tuneable and direct band
gaps. However, the high cost of III-V semiconductors have
restricted their reach to the commercial market. There has

3 Authors to whom any correspondence should be addressed.

1361-6463/18/395301+9$33.00

been a lot of effort to reduce the overall cost of III-V solar
cells while maintaining their high efficiency such as reduction
of material usage (i.e. reducing the thickness of active region),
simplification of processing steps, photon recycling, etc [1-4].
Amongst single junction solar cells, maximum efficiency of
28.8% 4 0.9% has been reported for thin film GaAs solar
cells [5]. However, despite InP being theoretically the most
suitable candidate for single junction solar cells, its reported

© 2018 IOP Publishing Ltd  Printed in the UK
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maximum efficiency remains at 24.2% + 0.5% which is way
below the Shockley—Queisser limit of InP and thus has a lot of
room for improvement [5, 6].

In a conventional p-n homojunction solar cells, doping is
required to create a built-in electric field that facilitates the
charge carrier separation and collection [12]. However, these
conventional doped devices are hindered by several optoelec-
tronic losses such as parasitic absorption and Auger recombina-
tion together with technological limitations specific to doped
semiconductors and fabrication complexities [13]. Some of
these limitations can be overcome by using an intrinsic layer
based heterojunction solar cell where heavily doped homo-
junctions are replaced by a wide band gap electron and/or hole
selective contact layers. In these wide band gap carrier selective
layers, such as TiO,, ZnO, MoOy, etc [7-10], large conduction
or valence band offset (VBO) along with low intrinsic carrier
concentration ensure a very small minority carrier conductivity
under illumination [11, 13]. Consequently, the surface recombi-
nation in the charge carrier selective layer and recombination at
the oxide/metal interface is significantly reduced which in turn
leads to efficient solar cell operation [11]. However, for efficient
working of heterojunction solar cells the oxide/absorber inter-
face should be well passivated and free of any defects states in
the forbidden gap of absorber layer.

There have been numerous studies on metal oxide based
electron selective contacts for ¢-Si solar cells, [13, 14] how-
ever; there are very limited studies on III-V heterojunction
solar cells [8, 10]. Most recently, Yin et al demonstrated TiO,
as an efficient electron selective contact for p-type InP [10].
In this work, we use simulation and experiments to show ZnO
as another potential candidate as an electron selective con-
tact for InP solar cell. Firstly, we employ simulations to show
potential advantages of ITO/ZnO/i-InP/p™* InP (p-i-ZnO-1TO)
heterostructure as compared to their n*/i/pt (p-i-n) homo-
junction counterpart. Later, based on simulations, we fabri-
cate p-i-ZnO-ITO heterojunction solar cells and demonstrate
experimentally that this solar cell architecture allows for high
near band edge quantum efficiency, with an overall efficiency
of 18.12% and a high V. of 819 mV. Our solar cells are mainly
limited by optical, series and shunt losses which can be mini-
mized with further optimization. The entire device fabrication
process consists of four simple steps which are highly control-
lable and reproducible. Consistent with simulation results, our
experimental data indicate that the high performance of such
solar cells stem from high carrier selectivity of metal oxides
and the passivation of i-InP by ZnO.

2. Simulation methods and experimental details

2.1. Simulation

We used SCAPS-1D [15, 16] to perform the simulation of the
p-i-n and p-i-ZnO-ITO solar cell structures that are shown
schematically in figure 1. In figure 1, the interfaces between
two subsequent layers is shown using a thin black line. Using
this program, we calculate the energy bands, carrier concen-
trations and currents at a given voltage and a corresponding
J=V (current density versus voltage) plot is obtained. Based

on material parameters and defect concentration inputs, dif-
ferent recombination currents such as band-to-band (direct),
Auger, Shockley—Read—Hall (SRH)-type, bulk and interface
recombination currents are evaluated. Semiconductor param-
eters (such as electron affinity, doping, band gap, electron and
hole mobility, etc) and defect levels were obtained from either
published experimental results or from an online database [36,
38-43]. Details regarding the parameters and references used
during simulation are given in tables S1 and S2 of the supple-
mentary material (stacks.iop.org/JPhysD/51/395301/mmedia).
Simulations are performed both under ideal conditions (no
interface defects) and in presence of interface defects.

2.2. Fabrication

The procedure for the fabrication of p-i-ZnO-ITO solar cells
started with the growth of a 2 ym i-InP layer on a 350 micron
p"-type (100) InP substrate using metal-organic chemical
vapour deposition (MOCVD). Next, an Ohmic contact was
made on the back of p™ InP wafer by alloying Zn:Au (10
nm:100nm) at 400 °C in the presence of forming gas (5% H,
and 95% N,). Subsequently, to obtain high quality ZnO, dif-
ferent sputter parameters such as thickness, temperature and
power, were varied. All sputter depositions were performed in
an argon atmosphere at a pressure of 1.5 mTorr using a ZnO
target. High temperature and low RF power were found to be
important to achieve high quality devices. Based on initial
optimization, temperature and power were fixed at 350 °C and
60 W, respectively, and the thickness of ZnO was varied further
to optimize the performance of these solar cells. The maximum
temperature during ZnO deposition was limited to 350 °C to
avoid phosphorus desorption from the InP wafer at temper-
atures higher than 380 °C. After each ZnO deposition, ITO was
deposited at room temperature using an ITO target with an RF
power of 100 W and a pressure of 1.5 mTorr with argon flow
of 20sccm. ITO was sputtered in the same sputter system such
that the overall thickness of oxide layers (combined thickness
of ZnO and ITO) remained at 70 nm. At around 70 nm of oxide
thickness, the reflectance minimum falls in the spectral range
where the solar spectrum is strongest (around a wavelength of
600nm) in order to maximize light in-coupling into the InP
absorber [10]. Also, ITO was required to make an Ohmic con-
tact and to facilitate lateral current flow across the metal con-
tact. Finally, Ti/Au (100nm) top finger-contact was fabricated
by photolithography and electron beam evaporation. After
fabrication, a cell size of 0.9 x 0.9cm? was cleaved manually
using a precision diamond scriber for device measurements.

2.3. Characterization

To evaluate the device performance, current—voltage (I-V)
measurement was performed using an Oriel Solar Simulator
I-V test station. For each measurement, the solar simulator
was calibrated to 1 sun (100 mW c¢m~2) at 25 °C using a
silicon reference cell. External quantum efficiency (EQE)
measurement was performed using a NewSpec IQE-200 AC
system. To calculate the internal quantum efficiency (IQE) of
the solar cell, the reflectance was measured separately using
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Figure 1. Schematic representation (not to scale) of the InP solar cell structures used for simulation (a) p-i-n and (b) p-i-ZnO-ITO. In both
of the figures, interface between two subsequent layers has been marked using a thin black line.

35 '/
30 0 N ~— .
25 -
S q.Vy p-ivn q. V. p-i-Zn0O-ITO
T 20 2
£ L 5
© . d 4 bFk--Y_ _____ -
< 154 —p-I-N 3 11 = === - Y= = ;7:
E . > N— —4
5 —— p-i-ZnO-ITO 8 — — EdeV)-pin
10 c = =Fn(eV)-p-i-n
w = -Fp(eV)-p--n
— Ev(eV) - p-i-n
5 = Ec(eV) - p-i-ZnO-ITO
= =Fn(eV)- p-i-ZnO-ITO
2 — -Fp(eV)- p--Zn0O-ITO
0 . . . , | . , . , ya . —IEv(eV)'- p-i-ZnIO-ITO
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 1.9 2.0 24
V (Volts ) x(um)

Figure 2. (a) Simulated J-V curve for p-i-n and p-i-ZnO-ITO solar cells in the absence of interface defects. (b) Band diagram of p-i-n and

p-i-ZnO-ITO solar cells under illumination at V.

a Shimadzu UV-3101PC UV-vis-IR spectrophotometer. For
surface characterization, x-ray photoelectron spectroscopy
(XPS) and ultra-violet photoelectron spectroscopy (UPS)
were performed in a Thermo ESCALAB250Xi x-ray pho-
toelectron spectrometer. Time-resolved photoluminescence
(TRPL) measurement was performed using a Yb:YAG laser
with a pulse duration of 300 fs, repetition rate of 20.8 MHz,
frequency-doubled to a wavelength of 532nm using a LBO
crystal. A charge-coupled device array was used to record the
PL spectrum with a spectrometer and a Picoharp 300 time-
correlated single photon counting system used to detect the
PL decay. TRPL intensity decay at peak wavelength was fitted
by a single-exponential decay to extract the minority carrier
lifetime [17, 18].

3. Results and discussion

3.1. Simulation results

To show the potential of ZnO as an electron selective contact
for InP solar cells, in this section we present the simulation

results for p-i-ZnO-ITO solar cell architecture and compare
it to p-i-n InP homojunction solar cell architecture. The sche-
matic representation of the two types of solar cell structures
used for device simulation is shown in figure 1. Figure 1(a)
shows a p-i-n solar cell with 2 pm i-InP stacked between
heavily doped 100nm p* and n* InP layers while a p-i-ZnO-
ITO solar cell structure is represented in figure 1(b). In p-i-
ZnO-ITO cell, 2 pm i-InP layer is stacked between a 100nm
p" InP layer and a thin ZnO/ITO (70 nm) layer. During all the
simulations, the total thickness of ZnO and ITO is maintained
at 70 nm. For all the simulation results shown below, we main-
tain the ZnO thickness at 10nm and ITO thickness at 60 nm,
respectively.

The device characteristics along with the band diagrams
of p-i-n and p-i-ZnO-ITO solar cells are shown in figure 2.
Figure 2(a) shows the simulated J-V characteristic of p-i-n and
p-i-ZnO-ITO solar cells while the plots in figure 2(b) show the
corresponding band diagram of these devices under illumina-
tion at V.. As shown in figure 2(a) and table 1, the p-i-ZnO-
ITO device outperforms the p-i-n device both in terms of Vi
and Jg. and has a higher FF and efficiency. For the p-i-n device,



J. Phys. D: Appl. Phys. 51 (2018) 395301

V Raj et al

Table 1. Simulated solar cell performance parameters of p-i-n and
p-i-ZnO-ITO solar cells obtained using SCAPS-1D in the absence
of interface defects.

Jse Efficiency
Samples Voe V)  (mAcm™2) FF (%) (%)
p-i-n 960 30.4 87.4 255
p-i-ZnO 1030 33.6 88.5 30.6

a V,e and Ji of 960 mV and 30.4 mA cm~2 was obtained in
comparison to a V. and J. of 1030 mV and 33.6 mA cm ™2
obtained respectively for the p-i-ZnO-ITO solar cell.

In the steady state illumination condition, at V. (open-
circuit voltage) the photogenerated free carriers accumulate at
the respective contacts to constitute a potential difference that
is equal to the V.. In general, V. can be written in terms of
the splitting of electron and hole quasi-Fermi energy levels as:

1
Voe = 5(fn *fp)’

where, f, and f, are electron and hole quasi-Fermi levels. It
is quite apparent from figure 2(b) that a difference in the V.
of p-i-ZnO-ITO and p-i-n solar cells is a direct consequence
of large Fermi level splitting in p-i-ZnO-ITO as compared
to p-i-n structures. An increase in Vo of p-i-ZnO-ITO solar
cells as compared to p-i-n solar cells is because of reduced
recombination at the front contact as confirmed by the simu-
lated recombination currents shown in figure S1 of the sup-
plementary material. This observation is in agreement to the
previously reported results from Wiirfel et al [11] where a
similar structure has been simulated and compared with p-i-n
homojunction.

The curves in figure 2 and performance parameters shown
in table 1 are calculated for ideal conditions in the absence of
interface defects. However, in real devices, interface defects
may be higher for oxide/InP interface as compared to epitaxi-
ally-grown p-i-n solar cells. Hence, we performed a compara-
tive simulation between p-i-n and p-i-ZnO-ITO structures in
the presence of interface defects. For p-i-n solar cells, the den-
sity of interface defects was set to zero as we expect very low
interface defect density considering that these structures are
usually grown using mature epitaxial techniques. Furthermore,
according to previous reports [22, 23], for oxide/InP interface
two defect levels have been reported at 0.39 and 0.51 eV below
the conduction band minima (CBM), respectively, with a cap-
ture cross section of 1 x 1077 and 1 x 10~'2 cm? [23].

During simulation, peak Gaussian interface defect den-
sity for each of these defect states were varied from 1 x 10'°
cm 2 eV~ to 1 x 10" cm™2 eV~!. Table S3 in the supple-
mentary material shows the change in solar cells performance
parameter of p-i-ZnO-ITO solar cells with a change in inter-
face defect density. As expected, we find that ultimate effi-
ciency of p-i-ZnO-ITO solar cells depends critically on the
defect density at the ZnO/InP interface. Significant degrada-
tion in efficiency can be seen when any one of these interface
defect states has a density of more than 10'* cm=2 eV~!. This
decrease in efficiency is a combined effect of loss of carriers
through interface recombination that leads to a decreased J.

and an increased total recombination current which reduces
Vo.. However, even in presence of a peak Gaussian defect
density of up to 10'* cm~2 eV~! for both the aforementioned
defects, p-i-ZnO-ITO solar cells perform better than an ideal
p-i-n solar cell.

Through a wide range of simulations, we conclude that the
p-i-ZnO-ITO cell is more advantageous than the p-i-n cell in
three main aspects: (1) higher current due to very low absorp-
tion loss in the ZnO-ITO top layer, while light absorption in
the (100nm) n*-InP layer leads to a loss of current of ~3 mA
cm~2; (2) higher voltage because of reduced recombination at
the front contact; and (3) p-i-ZnO-ITO solar cells can outper-
form their p-i-n counterparts even in the presence of moderate
density of defects at the ZnO/i-InP interface.

3.2. Optimization of ZnO

In this section, we show the effect of thickness of ZnO on the
performance of p-i-ZnO-ITO solar cells. Figure 3(a) shows
Jse» Voo and efficiency plotted against the variation in ZnO
thickness. A ZnO layer of 4nm thickness shows maximum
efficiency with V. and Jg. values of 8§17eV and 25.91 mA
cm™2, respectively. However, decreasing the thickness fur-
ther to 2nm reduces V. and Jg. and beyond 10nm of ZnO
thickness Vo and J are below 789 mV and 23.99 mA cm 2,
respectively. A decrease in V. and Jg. with increased thick-
ness is probably because of an increased fixed charge den-
sity at the ZnO/InP interface [21]. An increase in fixed charge
density with increased thickness, increases the ZnO work
function [19, 21] and changes the ITO/InP barrier height
which adversely affects the V., and Jy of solar cells [19-21].
Moreover, below a certain thickness, the coverage of ZnO is
likely to be non-uniform, hence leading to an optimum thick-
ness of 4nm.

Furthermore, during fabrication, we found that a layer
of sputtered gold (Au) between ITO and e-beam evaporated
silver (Ag) contact significantly improves Jy. This improve-
ment is mainly because of improved charge collection at the
front contact due to increased adhesion (confirmed by the
‘scotch tape’ test) of the top metal contact with ITO. Keeping
that in mind, our best device was fabricated with 4nm ZnO
and the top contact was made using 100 nm sputtered Au fol-
lowed by 100nm of e-beam evaporated Ag over ITO. The use
of a 100 nm sputtered Au layer between ITO and Ag improves
Jy. significantly from 25.91 mA cm~? to 29.40 mA cm 2,
while maintaining the V.. A J-V characteristic corresponding
to solar cells with and without a 100 nm sputtered Au between
ITO and Ag is shown figure 3(b). For our best solar cell, we
obtain 18.12 (£0.5)% efficiency with a V., J and FF of 819
mV, 29. 40 mA cm ™2, and 75.23%, respectively. To test the
reproducibility of the process, five different samples were fab-
ricated and tested. Results along with the mean and standard
deviations in the solar cell characteristic parameters are given
in table S4 of the supplementary material. It is evident that the
efficiency of these solar cells are quite reproducible within a
range of 17.66% =+ 0.5%. The efficiency of these cells can be
further improved by increasing the fill factor which is ~75%
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Figure 3. (a) Optimization of ZnO thickness for the p-i-ZnO-ITO solar cells without a 100 nm sputtered Au between ITO and Ag. V.,
Js. and FF are shown using arrows directed to different y-axes. (b) J-V curve for the p-i-ZnO-ITO (with 4 nm ZnO thickness) solar cell
fabricated with and without a 100 nm sputtered Au between ITO and Ag.

for our best solar cell. This low fill factor is mainly because of
high series resistance (~3.2 © cm?) and low shunt resistance
(~1500 © cm?). The high series resistance is mainly due to
relatively thin metal contacts over ITO whereas shunt resist-
ance is mainly related to cleaving and processing of samples.
Significant improvement can be expected in a cell fabricated
with thick metal contacts, cleaved using lasers or mesa etched.

3.3. Characterization of p-i-ZnO-ITO solar cells

3.3.1. External quantum efficiency (EQE). The EQE along
with reflectance and IQE of our best performing solar cell is
plotted in figure 4. IQE was calculated using the following
equation [27]:

IQE = EQE/A = EQE/(1 — T — R) ~ EQE/(1 — R).

In the above equation, A, T and R, are absorption, transmis-
sion and reflectance, respectively. EQE of the p-i-ZnO-ITO
solar cell is between 85%—90% in most of the wavelength
region of the spectrum and stays at 80% in the near band
edge region. The relatively low EQE in shorter wavelength
region stems from surface related losses such as surface/
interface defect mediated recombination and lateral charge
carrier transport losses along with absorptive and reflective
losses from ITO/ZnO layer [24]. The high quantum effi-
ciency in the longer wavelength region (>~600nm) is due to
the use of a high quality i-InP absorber layer which ensures
minimum bulk carrier recombination. The IQE, plotted in red
in figure 4, is at ~90% throughout the measured wavelength
region and exceeds 90% in near band edge region which is
mainly due to reduced rear interface recombination that is
a combined effect of high absorption coefficient of InP and
homoepitaxy which ensures minimal carrier recombination
near the i-InP/substrate interface. Based on our calculations,
just by reducing optical losses (for example, by using a ZnS/
MgF, double anti-reflective layer) Js. values may exceed
32 mA cm~2 and significant improvement in efficiency can
be realized.
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Figure 4. Quantum efficiencies and reflectance measured from
p-i-ZnO-ITO solar cells.

3.3.2. Chemical properties of the interface with x-ray pho-
toelectron spectroscopy (XPS) & TRPL. To determine the
chemical properties of the ZnO/InP interface and thus further
understand the passivation properties of ZnO, we performed
XPS, UPS and TRPL measurements.

3.3.2.1.Zn0/InP interface. Figure 5(a) shows a comparative
O-1s spectra for the bulk ZnO and ZnO/InP interface. A broad-
ening in the O-1s XPS spectrum of ZnO/InP interface as com-
pared to ZnO bulk and a shift towards higher binding energy
side suggest the formation of new bonds and presence of more
than one kind of oxygen species. It is quite evident that the
overall peak has shifted towards high energy levels centred at
~531.2¢eV. This shift suggests the presence of In-O type bond-
ing (centred at ~531eV) and an increase in non-stoichiometric
composition of ZnO (centred at ~532eV) [25, 26]. The shift
towards higher energy side in O-1s spectra agrees with a pre-
viously reported signal for (P,Os),(Zn0O); _ . [28]. Deconvo-
luted Zn-2p, P-2p and In-3d spectra for ZnO/InP interface are
shown in figures 5(b)—(d), respectively. As can be seen in fig-
ure 5(b), non-stoichiometric ZnO composition at ~1023.1eV
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has increased significantly compared with bulk spectra (see
supplementary figure S3). This suggests the breaking of stoi-
chiometric Zn—O bonds to form new bonds. For the deconvo-
luted spectra of bulk InP and ZnO, please refer to figure S3
of the supplementary material. As also can be seen from the
deconvolution of P-2p spectrum at ZnO/InP interface, there
are three doublets in the range of 128-131.5¢V, and a satel-
lite peak between 132—-136eV. The doublet at 128.3eV is due
to Zn-P type of bonding that is also seen in Zns;P, materials
whereas the doublet at 129.0eV corresponds to In-P bonds
[30, 31]. A small peak at 130.0eV corresponds to elemental
phosphorus. Formation of a new broad peak at ~133.2eV is
characteristic peak for oxidised InP that corresponds to phos-
phorus oxides such as In(PO), and P,Os [29, 32]. Oxidation of
InP is further confirmed by deconvolution of In-3ds,; shown in
figure 5(d). Deconvoluted In-3ds, XPS spectra for ZnO/InP
interface shows peaks centred at 443.7eV, 444.2 and 444.73 eV
corresponding to In-P, In-O and In(PO), respectively [28, 29].
A similar kind of shift and broadening at higher energy (com-
pared to the bulk InP as shown in figure S3(d)) were reported
for InP in oxidation condition [28, 29]. These XPS results con-
firm the oxidation of InP and formation of In(PO)y bonds at

ZnO/InP interface. A similar kind of XPS spectral changes in
core levels of In-3d, and P-2p have been reported for high per-
formance ITO/InP devices [33].

3.3.3. Electronic property of the interface with ultravio-
let photoelectron spectroscopy (UPS) analysis. To bet-
ter understand the electrical properties and in particular
the band diagram of the ZnO/i-InP interface we performed
UPS and the corresponding plot is shown in figure 6. The
Fermi levels for all the samples were calibrated using a sil-
ver sample as the reference and the valence band maxima
(VBM) was estimated by extrapolating the valence band
contribution. For bulk i-InP, VBM was found at 0.9 eV below
the Fermi edge which is very close to previously estimated
values for InP(100) substrates [34]. In a similar fashion,
VBM for ZnO/i-InP cell was estimated to be 3.2eV below
the Fermi level as shown in figure 6(a). The work function
for a given interface can be calculated using the secondary
electron onset energy (Ecyofr) on the binding energy scale
using the equation

S =hv — (Ecut-off - EFermi)~
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Figure 7. Comparison of carrier lifetime between bare i-InP and
oxide/i-InP sample. The lifetime values in the legend were obtained
by a single exponential fit to the data.

In the above equation, Av denotes the energy of He-I line
(21.22eV) used in UPS. The Fermi energy, Erermi has been cor-
rected for the interface and the bulk sample using a standard
silver sample to 0eV. We obtained a work function of 4.65eV
for bulk i-InP and a corresponding work function value for
ZnO/i-InP was found to be 4.5eV. This value of work func-
tion is similar to the one previously reported for bulk ZnO
[37]. A band diagram constructed based on UPS spectra taken
for i-InP and ZnO/i-InP sample is shown in figure 6(b). The
difference between the vacuum level AFE,,. was obtained by
subtracting the work function of i-InP and ZnO/i-InP, respec-
tively. The VBO was then calculated using:

AEV = AeSulk - (AEInP + AEZnO)

where AEpp is the difference in core level of In 3ds/, for bulk
i-InP and ZnO/i-InP, AEz,o is the difference in core level of
Zn 2psp; for bulk ZnO and ZnO/i-InP and AeP is the dif-
ference between VBM of bulk ZnO and i-InP, respectively.
AEnp and AEz,o were calculated to be 0.5 and 0.02¢V,
respectively, based on XPS results shown earlier and using the
above equation VBO is calculated to be 2.62eV. The corre-
sponding conduction band offset (CBO) was then calculated
using the formula:

AE. = AEy + [Ey(ZnO) — Eg(InP) — VBO,

where AE,,. is the difference in the work function of bulk
i-InP and ZnO/i-InP. The bandgaps of ZnO and InP were
assumed as 3.4 and 1.35eV, respectively, leading to a CBO of
0.67eV. The calculated CBO introduces a spike at the ZnO/
i-InP interface. A small spike of ~0.17eV may be surmounted
by photogenerated carriers but can still reduce the interface
recombination significantly.

Figure 7 shows the comparative fitted TRPL measure-
ment data for both samples. It is quite evident that the car-
rier lifetime of oxide/i-InP is significantly higher than that
of bare i-InP and confirms an improvement at the interface.
Lifetimes calculated for bare i-InP and ZnO/i-InP are 0.168

and 0.3699 ns, respectively. Based on XPS results which show
the formation of new bonds at the ZnO/InP interface and UPS
results which show the band alignment of InP/ZnO, we can
conclude that a combination of both surface passivation for
the InP surface as well as a large VBO at ZnO/i-InP interface
result in the increased carrier lifetime, which agrees with pre-
viously reported results [33-35].

4. Conclusions

In conclusion, we demonstrate the potential of p-i-ZnO-ITO
InP solar cells in comparison to their p-i-n homojunction
counterpart. Through device simulations it is found that the
introduction of a large band gap n-type metal oxide (ZnO) over
i-InP significantly improves solar cell performance param-
eters as compared to p-i-n homojunction solar cells because
of increased carrier selectivity and improved passivation. It
is also revealed that the presence of high density of inter-
face defects may significantly degrade device performance
but nevertheless, with a defect density of up to 10'* cm™2
eV~! the p-i-ZnO-ITO InP solar cells may still outperform
the p-i-n counterpart. As a proof-of-concept device, we fabri-
cated ITO/n-ZnO/i-InP/p* InP solar cells and through initial
optimization of oxide layer we obtain a V. of 819 mV and an
efficiency of 18.1%. Quantum efficiency measurement shows
IQE > 90% which suggests good electronic behaviour of
these solar cells. Furthermore, a carrier lifetime measurement
shows improved minority carrier lifetime which supports the
passivation of i-InP surface with ZnO layer. A combined XPS
and UPS study suggests that passivation at ZnO/InP interface
is mainly due to oxidation of InP surface as well as a large
VBO at ZnO/i-InP interface. Although our results are still
below that of the highest reported homojunction InP solar cell
(efficiency = 22.1%, Vo = 0.878 V, Jic = 29.3 mA cm~2, and
fill factor = 82% [5]), it paves the way for using metal oxide
as a selective contact to improve the performance of III-V
solar cells, particularly when p- and n-doping are challenging
as in the case of III-V nanostructures.
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