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ABSTRACT

High-efficiency, lightweight, and flexible solar cells are sought for a variety of applications particularly when high power density and flexible
form factors are desired. Development of solar cells on flexible substrates may also offer production advantages in roll-to-roll or sheet-to-
sheet processes. Here, we report device efficiencies of 17.2% and 14.6%, under AM1.5G and AMO irradiances, respectively, for a flexible,
lightweight, CdTe-based solar cell. To advance the efficiency relative to the highest previously reported AM1.5G value of 16.4%, we used an
indium gallium oxide (IGO) emitter layer on a cadmium stannate (CTO) transparent conductor, which was deposited on 100-um thick
Corning” Willow® Glass. A sputtered CdSe layer was employed to incorporate Se into a CdTe absorber that was deposited by close-space
sublimation, and CuSCN was used as a hole transport layer between the CdTe and the back metal electrode. The IGO and CTO layers
remained intact during the high temperature film processing as seen in cross-sectional imaging and elemental mapping. This device configu-
ration offers great promise for building-integrated photovoltaics, space applications, and higher rate manufacturing.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0193628
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Cadmium telluride-based (CdTe) photovoltaics (PV) is a com-
mercialized technology that has achieved records of 22.3% and 19%, at
the cell' and module levels, respectively. CdTe PV has an industry
leading levelized cost of electricity,” and an energy payback time less
than half of that of silicon modules.” As of 2021, CdTe PV had ~5% of
the total global PV market and 40% of the US utility scale market,”*
corresponding to 30 GWpc of installed capacity.”” High efficiency
CdTe modules for utility scale and residential applications are fabri-
cated on rigid glass substrates that are typically 2-3 mm thick in auto-
mated factories. CdTe also has promise for applications where a
lightweight and flexible format is preferred, such as in aerospace appli-
cations. While large scale production methods remain to be deter-
mined for these cases, CdTe has already demonstrated good
performance in space where radiation hardness is required.”

While research on lightweight polymer,”® ceramic substrates,’
and liftoff techniques'” is being pursued to achieve high specific power
(W/kg), efficiencies to date are below 14%. Though a variety of
approaches to achieve high specific power are being examined, the
simplest way of transferring the high efficiencies obtained for rigid
CdTe solar cells to a lightweight format may be to maintain the super-
strate configuration and use thin glass substrates that are compatible
with the high temperatures (~600 °C) that are currently necessary. In
fact, the standing record efficiency of 16.4% for a lightweight, flexible
CdTe device was obtained using 100-um thick Corning” Willow®
Glass as a substrate,”" with a SnO,:F/Sn0,/CdS:0/CdTe/ZnTe:Cu/Au
device stack. The current state-of-the-art rigid device, however, relies
on a graded bandgap CdSe,Te,_, (CST) region at the front of the
device, as opposed to CdS. When CdSe is substituted for CdS and
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processing is optimized, the CdSe interdiffuses with the CdTe and is
nearly completely consumed, leaving a low bandgap (~1.39 eV) layer
at the front, which remains photoactive.l‘5 The Se also diffuses into the
bulk CdTe and is thought to passivate a deep-level, non-radiative
recombination center in the CdTe bandgap that is assigned to the X3
(112) grain boundary (GB) in the polycrystalline absorber. It has been
proposed that Se segregates to the GB and substitutes for Te dimers,
thereby pushing the GB deep levels toward valence band edge, result-
ing in higher carrier lifetime.'” Thus, introduction of Se into CdTe not
only increases the carrier lifetime, leading to higher open-circuit volt-
age, but also extends the response into the red region due to the pres-
ence of a lower bandgap'’ and significantly improves the blue
response as a result of the near-complete consumption of the buffer
layer due to the higher solubility of Se in CdTe as compared to S."*

The conduction band offset (CBO) at the front interface is also
critical in high efficiency devices since interface recombination near
the illuminated electrode is often a dominant limiting factor.'”
Magnesium zinc oxide (MZO) and indium gallium oxide (IGO) are
the only two buffer materials in the literature that have shown the abil-
ity to tune the CBO with the absorber.'”'” The MZO buffer has
resulted in devices with higher efficiencies, in the range of 19%,'° but it
is unstable in oxygen-containing environments, especially during cad-
mium chloride (CdCL,) treatment.'® IGO is more robust during ther-
mal processing and allows CdCl, treatments to be done in air
ambient.”” Zinc oxide has also been introduced as a possible buffer
material."”

In this contribution, we are utilizing the latest in device science to
advance the efficiency of lightweight, flexible CdTe PV solar cells. We
implemented a cadmium stannate transparent conductor (Cd,SnQO,,
CTO) as the front electrode on Corning® Willow® Glass, employed
IGO as the buffer layer, used a graded CST absorber at the front, and
utilized CuSCN as a back contact with the dual function of acting as a
hole transport layer and a source of Cu for doping.””" Device efficien-
cies of 17.2% and 14.6% were measured under AM1.5G and AMO irra-
diance, respectively.

Devices were fabricated on 3” x 3" coupons of 100 um thick
Corning Willow Glass. The front electrode was prepared by depositing
~300nm of CTO by sputtering at room temperature in 10 mTorr of
80% Ar and 20% O,. The CTO films were then subjected to a proxim-
ity anneal with a CdS source at 600 °C for 30 min under a vacuum of
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2 x 10~*Torr to improve the transparency, conductivity, and help to
maintain a 2:1 ratio for Cd:Sn in CTO film.”* Approximately 55 nm of
IGO was then deposited by co-sputtering at 250 °C under 4 mTorr
pressure of 2% O, in Ar to obtain a film with a bandgap of 4.1 eV and
a composition of approximately (Ing,sGag72),03. This composition
has been shown to produce a near-optimal CBO for devices prepared
on CTO.”” A ~130 nm thick layer of CdSe was subsequently deposited
by sputtering, and a 6-um thick CdTe absorber was grown by high
vacuum close spaced sublimation.'””* The device stack was then
CdCl, treated at 410°C for 30 min in ambient air. The CuSCN hole
transport layer was spin coated onto the rear of the device, followed by
a rapid thermal anneal.”””' The device fabrication was completed by
depositing ~60nm of Au as a back electrode, and the cell area was
defined to 0.085 cm?® by laser scribing. Prior to current density-voltage
(J-V) measurements, the devices were light-soaked for 10 min at 85°C
and, after soaking, an anti-reflection (AR) layer was applied.zo’z‘ -V
measurements were performed at room temperature using both
AM1.5G and AMO simulated irradiance. The former is for evaluation
of terrestrial deployment while the latter is relevant for deployment
above the Earth’s atmosphere, in space. The simulated AM1.5G irradi-
ance spectrum was obtained from a Class ABA LED MiniSol Model
LSH-7320 solar simulator from Newport, Inc., and the light intensity
was adjusted using a calibrated silicon solar cell provided by PV
Measurements, Inc. The AMO irradiance was produced by a G2V
Sunbrick large area AAA LED solar simulator. The AMO power den-
sity was calibrated using a GaAs certified reference cell from PV
Measurements, Inc.

The J-V plots for the champion cell (AR/Willow Glass/CTO/
IGO/CST/CdTe/CuSCN/Au) under simulated AM1.5G and AMO irra-
diance are presented in Fig. 1(a), while the external quantum efficiency
(EQE) data are shown in Fig. 1(b). Under AM1.5G illumination, the
device has an efficiency of 172% with V,=861mV, J
=27.8mA/cm ™7, and FF=71.7%, while the corresponding parame-
ters under AMO illumination are 14.6%, V,.=861mV, J
=323mA/cm 2, and FF=712%. Including CST in the device
extended the EQE to wavelength beyond 855 nm, which is the absorp-
tion onset of CdTe. Compared to the previous best CdTe device on
flexible glass,'' the major improvements are in the Vo, (+30 mV) and
Js (+2.2mA/cm?), leading to a 4.9% relative increase in the efficiency.
Based on EQE the bandgap is 1.39 eV, which is slightly lower than the
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FIG. 1. (a) J-V characteristics under AMO and AM1.5 illumination and (b) external quantum efficiency plots for the champion device presented here (red line) and that of the
record device (black line) taken from Ref. 11. The integrated short-circuit current is for the AM1.5G spectrum.
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TABLE . Statistics of measured device parameters for 15 different devices (AM1.5G
illumination).

Devices Vo (mV)Jo (mA/cm?) FF (%) PCE (%)

This work ~ Average 850*4 27.8%£0.3 692*1.6164*04
Champion 861 27.8 71.7 17.2

From Ref. 11 Record 831 25.5 77.4 164

best CdTe device at 1.47 eV. As discussed earlier, the improved Voc in
our devices can be attributed to Se passivating deep-defects and recom-
bination centers resulting in longer minority carrier lifetime."”
Additionally, we used IGO and CuSCN as front emitter and back con-
tact buffer, respectively; this helped to further improve the Voc. IGO
has favorable band alignment with the absorber,'” which minimizes
carrier recombination at the front, and CuSCN helps to minimize
recombination at the back interface.”’ The higher current for our devi-
ces is due to the overall improvements in EQE due to the use of CST."
Table I shows the statistics for 15 individual devices.

Even though the maximum efficiency for our device is higher
than the reported record by 0.8% points, there is still more room for
improvement. For example, the FF in our device is lower than that of
the record device (71.7% vs 77.4%), suggesting that tuning of the IGO
composition or improved composition control in the CTO (vide infra)
may be required to improve the band alignment in the front of the
device. Fill factors in excess of 76% have been demonstrated on rigid
glass with IGO on fluorine-doped SnO, (FTO).”” Another area for
improvement would be reducing the amount of light absorbed in the
CTO. The sharp falloff in EQE in the short wavelength region coin-
cides with the onset of absorption in our CTO film. The previous
record device constructed with FTO shows significant photoresponse
at wavelengths as short as 310 nm [Fig. 1(b)]. It is clear from the previ-
ous work that the IGO layer can transmit such short wavelengths."’
While the lower short wavelength response with our CTO amounts to
an ~0.3mA/cm 2 loss in Ji. with AM1.5G irradiance, an additional
0.3 mA/cm 2 is lost under AMO. Thus, the J,. for this device could be
significantly larger.

To investigate the front of the device in more detail, scanning
transmission electron microscopy and energy dispersive x-ray spec-
troscopy (EDXS) data were collected from the CTO/IGO/CST portion
of the device after a thin lamella was prepared by the lift-out method
using focused ion beam milling.”® The electron image in Fig. 2 is typi-
cal of other locations in the sample and shows a conformal IGO layer
~55nm in thickness, well-formed CdTe grains, a few voids, and some
pitting in the CTO layer adjacent to the IGO. The elemental maps for
Cd, Cl, Se, Ga, and In are also displayed in Fig. 2 The EDXS map for
Cd is fairly uniform in intensity on either side of the IGO layer,
although a small reduction in intensity can be seen on the CTO side of
the layer at the CTO/IGO interface. The Cl map shows that CI has dif-
fused through the 6 um thick sample and accumulated at the IGO/
CST interface.”””* The Se map shows a reduction in concentration
from the interface consistent with the formation of a graded CST layer.
The In and Ga signals are localized within the IGO films, suggesting
that the film is fairly stable under the deposition and processing condi-
tions used here. EDXS line scan data for several elements are also
shown in Fig. 2. Here, we see that, unexpectedly, the O to Cd increases
and the Cd to Sn ratio approaches unity in the CTO layer as the CTO/
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FIG. 2. STEM cross-sectional image of the device stack, EDXS mappings of cad-
mium, chlorine, selenium, gallium, and indium and EDXS line-scan data.

IGO interface is approached. Thus, the CTO composition deviates
appreciably from the intended Cd,SnO, stoichiometry. Note that
EDXS measurements performed with excitation normal to the film
would not reveal this variation. Since the composition of the elements
in the IGO layer appears uniform, we can speculate that the variation

Appl. Phys. Lett. 124, 080601 (2024); doi: 10.1063/5.0193628
© Author(s) 2024

124, 080601-3

€0:90:81 G20Z Isnbny Gz


pubs.aip.org/aip/apl

Applied Physics Letters

in the CTO film is not due to reaction with the sputtered IGO layer. It
is more likely that the sputtered Cd,SnO, film disproportionates to
CdSnOj; and CdO with the latter evolving when the sample was heated
in vacuum prior to the sputter deposition of the IGO. Production of a
surface layer of CdSnO; could move the conduction band as much as
0.4 eV higher in energy,””” which would disrupt the optimization of
the front band alignment. Optimization of the CTO/IGO interface
during processing is a key area for targeting further improvements in
the device performance.

In conclusion, we have advanced the efficiency of lightweight,
flexible CdTe PV to 17.2% and 14.6%, under AM1.5G and AMO irra-
diance, respectively, by employing the latest advances in device fabrica-
tion using 100-um thick Corning” Willow” Glass as a superstrate. The
transparent conductor was CTO, produced by sputtering in conjunc-
tion with a proximity anneal with CdS, and the front buffer layer was
comprised of an IGO alloy, prepared by co-sputtering. The graded
CST layer at the front was prepared by first depositing CdSe by sput-
tering followed by CdTe deposited by close-space sublimation and
CdCl, processing. CuSCN was used as a Cu doping source and a hole-
transporting back-buffer layer. STEM imaging and EDXS analysis
revealed key features of the front interface, including In and Ga con-
centrations that remained constant across the IGO layer. This device
configuration offers great promise for building-integrated photovol-
taics, space applications, and higher rate manufacturing.
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