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ABSTRACT: There are limited choices for front-surface, electron-selective contacts
(emitters) for CdTe solar cells, thus hindering scientific and technical development. Here i
we investigate the photovoltaic performance of devices fabricated with (In,Ga,_,),05 (IGO) 2
emitters with varying In-to-Ga ratios prepared by cosputtering. In agreement with predictions,
an IGO emitter with a 4.03 eV bandgap (x = 0.36) allowed fabrication of devices with
efficiencies of 16%. Increasing the performance to higher values will be enabled by increasing
the transmission through the IGO-coated substrate and decreasing the bulk and back interface 0.0
recombination. These findings demonstrate IGO materials as effective emitters in high-

efficiency CdTe-based solar cells.
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dTe has emerged as the leading thin-film photovoltaics

(PV) technology because of its unique combination of
long-term stability, low-cost manufacturing, and high effi-
ciency. From 2011 to 2016, the record cell efficiency increased
dramatically from 16.3 to 22.1% with the implementation of
several advances, resulting in follow-on increases in large
module performance up to 19.0%." In particular, the
introduction of Se into the front of the device extended the
wavelength in the quantum efficiency while also increasing the
carrier lifetime.”” The recent experimental advances have
transformed the outlook for the device evolution, with many
investigators now working toward efficiencies beyond 25%.*~°

Device research is now progressing on several fronts,
including efforts to increase absorber carrier concentrations”””
and lifetimes” and the fabrication of electron- and hole-
selective contacts with low interfacial carrier recombination
rates. The rear contact, which extracts holes, has received
substantial attention over the years because it is readily
accessible.'” The superstrate configuration in which the device
is manufactured and the p-type conductivity of the vapor-
deposited CdTe dictates that the rear hole contact is fabricated
last.

Improvements in the front emitter’s performance have
clearly been made in the record devices, but details of the
materials and processes are not available in the open literature.
Synthetic control tuned to final low-recombination perform-
ance is very difficult to achieve because of the technical
challenges associated with fabrication. Growth of a high-
efficiency CdTe-based absorber layer is typically done at
temperatures near 600 °C, and the postdeposition CdCl,
activation treatment is typically done near 400 °C.
Consequently, any buffer layers interposed between the

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

transparent conducting oxide-coated glass substrate and the
semiconductor layer must be thermally stable and relatively
unreactive. The structure of the emitter contact used in the
record 22.1% device is not openly known, but it is likely based
on a stack comprising transparent conducting oxide (TCO,
e.g, F-doped SnO,) overlaid with an undoped buffer layer, as
has historically been the case.

Recent modeling has shown that band and Fermi level
alignment between the front interface emitter and the absorber
is necessary for low front interfacial recombination currents
and high efficiency.'”'” When the conduction band and Fermi
level of the emitter are relatively high in energy as compared to
those of the absorber, the conduction band offset (CBO) is
assigned to be positive and the band bending that drives the
majority carrier holes away from the front interface is increased
in the absorber. To date, only one buffer material system,
consisting of combinations of MgO and ZnO (i.e,
Mg, Zn,_,0O), has been communicated in the literature with
the ability to tune the CBO and reduce front interface
recombination to achieve efficiencies as high as 19.5%."

A recent modeling paper by Dive et al. suggested that the
materials in the In,0;—Ga,0; system could possibly be a
second potential candidate materials system for CdTe emitter
fabrication.'* Although the component oxides, In,0; and
Ga,0;, have bandgaps between 2.9 and 3.6 eV'*~'® and 4.5—
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4.9 eV'?7** and would form negative and large positive CBOs
with CdTe, respectively, an alloy of composition
(In,Ga,_,),0; (IGO) should allow the CBO and bandgap to
be continuously varied. In fact, recent numerical modeling
indicates that a high efficiency emitter for CdTe should be
achievable with the InGaO; composition with a bandgap of ~4
eV, but no experimental work has verified the modeled results.

Here, we present an experimental examination of IGO
materials for use as emitters in CdTe-based solar cells. The
composition and bandgap of the film was varied by
cosputtering the IGO films from In,O; and Ga,O; targets.
We show that the open circuit voltage (Vc) is low at high
indium fraction and increases and saturates at 0.833 V when x
reaches 0.4S5. The fill factor, on the other hand, peaks at x =
0.36. These results are consistent with a conduction band edge
that increases in energy with decreasing indium fraction.
Device efficiencies greater than 16% were achieved when the
indium fraction was 0.36, which corresponds to a bandgap of
4.02 eV. By analyzing the current density—voltage (J—V) and
external quantum efficiency (EQE) curves, we determine that
the device performance is not limited by the front interface.

IGO films with various compositions were prepared by
cosputtering from In,O; and Ga,0O; targets in an Ar/O,
environment onto substrates held at 250 °C. The composition
of the films was varied by adjusting the power on each target
(see the Supporting Information for details). All films were
transparent to the eye as-deposited.

A combination of spectroscopic ellipsometry and normal
incidence transmission measurements was used to determine
the absorption coefficient from the imaginary part of the
refractive index of the films grown on soda lime glass. Tauc
plots were constructed from the absorption coeflicient data to
determine the direct bandgaps. The composition of the film
was determined using energy-dispersive X-ray spectroscopy.

Figure la shows the measured bandgap (Eg) data plotted as
a function indium fraction (x) in (In,Ga,_,),0O;. The values we
measured for pure In,05 (3.30 eV) and Ga,0; (4.77 V) films
are in the middle of the ranges that have been reported for
In,0; (2.9-3.6 eV'*') and Ga,0, (4.5-4.9 eV'*7>*). The
dotted curve in Figure la shows that the data are nicely fit
between the pure compound limits by an expression that
considers band bowing during alloying (eq 1).

E, = EgGaZO3(1 —x) + Eénlo%c - b(1 — x)x (1)

Here, the best fit was found when b, the bowing coefficient,
was 1.18 eV. Figure la also shows data from other
investigations. In comparison to other experimental efforts,
our data have the same general trend of variation in the indium
fraction with somewhat lower bandgaps, particularly at the
higher indium contents. A key difference may be that our
samples were prepared by cosputtering at a relatively low
substrate temperature of 250 °C, whereas most other
experimental work to date has employed pulsed laser
deposition (PLD) on substrates heated to 650 oc. ™
Although the PLD approach yields crystalline films that exhibit
X-ray diffraction spectra, our cosputtered samples are
amorphous in the as-deposited state.

Figure 1b shows the resistivity of 150 nm IGO films on soda
lime glass as a function of In fraction. For the as-deposited
films, the resistivity of only three films could be measured,
though the resistance of the film with x = 0.45 was near the
upper limit of the four point probe system. After the films went
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Figure 1. (a) Bandgap of (In,Ga;_,),0; as a function of x. The +
symbols show the values measured in this work in comparison to
other reports (refs 21—24). (b) Resistivity of 150 nm IGO films as a
function of x after deposition and completing the deposition thermal
cycle completed without source material.

through the high temperature thermal cycle used during
vacuum deposition (see the Supporting Information), the
resistivity of all films decreased by orders of magnitude.
Although these values may increase after CdCl, activation, the
resistivity after undergoing the deposition thermal cycle
suggests that the doping in the IGO films can be sufficiently
high for the device performance to follow that of the
models."'*

For devices, 75 nm thick IGO films of selected compositions
(x =0.28, 0.36, 0.45, 0.55, and 0.71) were deposited onto clean
F-doped SnO, (FTO) coated glass. A 150 nm layer of CdSe
was sputtered onto the IGO at room temperature followed by
deposition of 3.5 um CdTe using a closed space sublimation.
The devices were CdCl, activated, Cu doped using a CuCl,
solution, and finished with Au (see the Supporting Information
for details.)

Figure 2 shows the PV response parameters for the devices
as a function of the IGO bandgap, and Figures 3b and 4 show
the J—V and EQE curves of the best devices for each emitter
composition, respectively. From Figure 2, we see that for the
lowest bandgap IGO emitter investigated here (E, = 3.46 eV, x
= 0.71), the average Vi is very low at 0.617 V. When the
bandgap is increased to 3.69 and 3.80 eV, the average Vi
increases to 0.701 and 0.826 V, respectively. A further increase
in bandgap leads to only a small increase in V¢, which appears
to saturate at 0.833 V. The J—V results suggest the band
alignment at the front interface improves with increasing IGO
bandgap. Although the fraction of bandgap increase accom-
modated by an increase in the conduction band has been
estimated to be between 25 and 66% using density functional
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Figure 2. (a) Open circuit voltage (Vo ), (b) fill factor, (c) efficiency, and (d) short circuit current density (Jsc) of Tec 10/75 nm (In,Ga,_,),0;
(IGO)/3.6 ym CdSe,Te,_,/CuCl,/50 nm Au devices for varying IGO bandgaps/x values.
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Figure 3. (a) Conduction band portion of band diagram near the
front interface of devices with varying conduction band offsets
(CBOs) shown at open circuit. (b) The current density—voltage (J—
V) curves of the best devices with each IGO composition.

theory,"#*>** the change in V¢ of ~0.210 V observed with a

bandgap increase of 0.34 eV is consistent with the conduction
band change accounting for half of the overall bandgap change.
The saturation in V¢ suggests that the conduction band of the
IGO with a bandgap of 3.80 is approximately equal to the
conduction band of the CdTe, at ~4.4 eV down from the
vacuum level.

Although the V¢ saturates when the emitter bandgap is
3.80 eV, the fill factor (FF) continues to increase to 71.9%

External Quantum Efficiency/

800

1000

600

Wavelength (nm)

Figure 4. External quantum efficiency (EQE) curves of the best
devices with each IGO composition. Also shown is the transmission of
light into the absorber layer for an emitter layer bandgap of 3.80 eV
(black, no symbols).

when the IGO bandgap is 4.02 eV. The increase in FF means
that the bias-dependent recombination decreases. The increase
in bandgap due to a higher Ga fraction moves the conduction
band and Fermi level closer to the vacuum level and farther
from the Fermi level of the p-type CdTe absorber. When the
p—n junction is formed, this leads to an increase in band
bending in the absorber at the front interface. The increased
FF observed for lower IGO bandgaps is consistent with an
increase in band bending in the absorber. Once the Fermi level
of the emitter is higher in energy than the conduction band of
the absorber, though, the overall band bending in the absorber
becomes constant; however, as the band diagrams in Figure 3a
show, the local band bending near the front interface continues
to increase with the conduction band offset. As a result,
increasing the IGO bandgap from 3.80 to 4.02 eV continues to
improve FF. At some emitter bandgap, the large conduction
band offset impedes electron flow from the absorber into the
emitter, thereby trapping holes in the absorber where they
recombine. This may be occurring when the bandgap increases
to 4.10 eV.
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Looking at the J—V curve shown in Figure 3b, we see the
slight change in slope that occurs just above V¢ that may
signal the emergence of a so-called S-kink when the bandgap is
4.10 eV, which is indicative of a barrier that prevents the
extraction of electrons.'' In the J—V curve, the bias at which
the collected current begins to decrease provides information
on the height of the barrier. At all biases, the following
condition must be met

] = ]ph - ]Bulk - ]Front - ]BaCk (2)

where ], is the photogenerated current density and Jpu Jrrony
and Jg,q are the recombination current densities due to
recombination in the bulk, at the front interface, and at the
back interface, respectively. Because ], is constant for each
device, the loss in fill factor indicates that one of the
recombination mechanisms turns on at an earlier bias, and
because the back interface is the same in all device, the loss in |
must be due to bulk or front interface recombination. From the
band diagram point of view, too large of a conduction band
offset between the emitter and absorber prevent electrons from
leaving the absorber, thereby leading to recombination in the
bulk at early biases.'"'* Consequently, the maximum power
point should shift to lower bias as the bandgap of the emitter
increases, as observed here.

This sudden drop in FF for a bandgap increase of 0.08 eV
suggests that an emitter bandgap of 4.02 eV is very close to the
“optimum” conduction band offset based on the modeling
results.'' However, the performance of devices that use an
MZO emitter does not always follow this model. Many groups
have observed a so-called S-kink and significant drop in FF for
MZO bandgaps/compositions that should only create a small
barrier on the order of +0.1—0.2 eV. For some devices, the S-
kink appears to be related to the carrier concentration and
Fermi level position in the MZO even when only a small
positive CBO exists”>*® when the doping level in MZO is
controlled by oxygen vacancy concentration. Others have
noted that the S-kink in the MZO devices can also be due to
metastability in the MZO due to the formation of MgO during
process,ing.27’28 Thus, both mechanisms depend on device
processing, especially when CdCl, activation is done in air. We
note that the devices reported here were CdCl, activated in air
and illuminated with an LED solar simulator with a 400 nm
low wavelength cutoff but do not show any S-kink-like
behavior until the bandgap of the emitter is 4.10 eV. This is in
direct contrast to a device fabricated using the same deposition
steps with an “ideal” bandgap Mg,;Zn,,O emitter”” and
processed under the same conditions, which shows a strong S-
kink (see the Supporting Information). However, for IGO, the
structure change from hexagonal to monoclinic is expected to
occur for x & 0.3,”> and the FF drop occurs when x is between
0.36 and 0.28. Although X-ray diffraction measurements of the
IGO films after undergoing the deposition thermal cycle did
not show any peaks, the film may consist of crystallites with
insufficient long-range order to yield a diffraction pattern. In an
attempt to determine the location of the additional
recombination, we performed steady state photoluminescence
(PL) measurements of the completed devices (see the
Supporting Information). Interestingly, these results more
closely follow the FF than the Vi trends. This drop in PL
response as the emitter bandgap increases from 4.02 to 4.10 eV
suggests that more photogenerated carriers recombine near the
front interface with the wider bandgap emitter. Consequently,
although theory predicts that this bandgap would result in a

CBO greater than +0.3 eV, and thus present a large barrier to
electron flow at the front interface,'***** we cannot rule out
the possibility that the fill factor loss we observe could be due
to a moderate barrier coupled with unoptimized doping in the
emitter or a structure change of the oxide, as is often observed
with MZO.

Although the overall trends in the Vyc and FF are
promising, other aspects of the devices could be improved.
Most striking is the low Jgc at ~26.5 mA cm™ We note that
similar devices prepared on a FTO substrate with higher
transparency (Tec 12D) exhibited Jgc values of 27.9 mA
ecm™” Turning to the EQE data shown in Figure 4 to
determine where Jsc is lost, we see that the long wavelength
edge goes to ~900 nm, indicating that the near-front-surface
bandgap value of 1.38 eV has been achieved, as expected for
optimal CdSe,Te,_, alloying. Jsc values of ~29.0 mA cm™>
have been achieved in similar devices without the use of an
antireflective coating.30 The EQE data shows a slight
downward slope in the long wavelength range. Although this
can be improved, it does not account for the full ~2.5 mA
cm™? loss in J, nor does the slight deviation for two narrower
bandgap IGO emitters at short wavelength. Most of the Jsc loss
appears to be due to reduce EQE for all wavelengths, with a
peak ~82%. However, this peak value is very close to the value
of the light incident on the absorber (Figure 4, black line),
suggesting that the internal quantum efficiency for wavelengths
up to ~700 nm is very high for these devices. In fact, for the
amount of light incident upon the absorber the integrated Jg is
26.9 mA cm™?, and the difference in the long wavelength range
between the incident light and measured EQE yields a J¢ loss
of 0.4 mA cm ™2, which agrees with the measured value. Clearly,
improving Jsc will require reducing the absorbance of the
FTO/IGO superstrate and the reflection off the device stack
by changing the superstrate or modifying the IGO deposition
parameters and/or thickness.

The Vo and FF are also lower than expected for a good
front interface. These values, though, are in line with what has
been measured for devices fabricated using the same methods
on Tec 12D superstrates.” There, the Vo and FF for the
device finished with just a CuCl,/Au back contact were 0.839
V and 70.6%, respectively. The Vi is 6 mV higher in that case,
but this may be due to the higher Jsc obtained for those
devices (27.9 mA cm™®) or sample-to-sample variation.
Incorporating a Cu,AlO, buffer layer led to a significant
increase in both V¢ and FF, so the low V. and FF observed
in those devices finished with CuCl,/Au were due to a
combination of the doping and recombination at the back
interface. Because the only difference in device stacks used in
our previous work and here is the replacement of the high
resistance transport (HRT) layer with an IGO layer, we expect
the absorber and back interfaces to be identical and, therefore,
conclude the V¢ of the devices presented in this manuscript
are also limited by recombination in the bulk or at the back
interface.

In summary, we present the first experimental evidence that
IGO materials can serve as an emitter layer in high efficiency
CdTe solar cells. The V¢ increases with IGO bandgap until a
saturation value of 0.833 V is reached. The FF increases with
bandgap and reaches a maximum value of 71.9 at 4.02 eV.
These results are consistent with improved band alignment at
the front interface and indicate an IGO bandgap of ~4 eV,
which occurs when the In fraction x is ~0.36, is near optimal
for devices. Although the internal quantum efficiency of the
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devices is high, the short circuit current is limited by
absorption in the FTO/IGO superstrate. Comparison with
other devices suggest that the values reported here are not
limited by front surface recombination, although recombina-
tion at the front does appear to affect the FF for the widest
bandgap emitter. Although several routes exist for increasing
the device efficiency further, the current configuration exhibits
an efficiency of 16.1%.
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