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Codesigning Alloy Compositions of CdSe,Te,_, Absorbers
and Mg,Zn,_,O Contacts to Increase Solar Cell Efficiency

Imran S. Khan, Tursun Ablekim, Deborah L. McGott, Brian Good, Craig L. Perkins,

Wyatt K. Metzger, and Andriy Zakutayev*

Thin-film solar cells such as CdTe are a major commercial photovoltaic
technology, with more than 25 GW installed worldwide and levelized costs of
electricity competitive with fossil fuels. Further progress may result from
integrating CdSe,Te;_, absorbers with Mg,Zn,_,O contacts, but the device
efficiency is difficult to maximize due to coupled dependence on chemical
composition of both alloys. Herein, a high-throughput approach is demonstrated
to codesign chemical compositions in alloyed Mg,Zn,_,0/CdSe,Te,_, thin-film
solar cells, using combinatorial libraries of PV devices with orthogonal compo-
sition gradients in CdSe,Te,_, absorbers and Mg,Zn,_,O contacts. It is found
that the solar cell performance is a strong and coupled function of both elemental
compositions, with efficiency up to 17.7% (Voc =836 mV, fill factor = 69%,
Jsc = 30.6 mA cm?) at atomic compositions of Mg/(Mg + Zn) ~18% and
average Se/(Se + Te) ~~4%. These performance trends among >100 devices are
explained by >100 ns lifetime of photoexcited charge carriers at the Mg,Zn; ,O/
CdSe,Te, _, interface where strong Se accumulation is also observed. This study
reports the optimal compositions of the commercially relevant Mg,Zn; ,O/
CdSe,Te;_,, solar cells and demonstrates a general approach to codesigning
performance of alloyed thin-film solar cells and other optoelectronic devices.

1. Introduction

CdTe-based solar cells have become one of the leading
photovoltaic (PV) technologies, with more than 25 GW world-
wide installation, 37% of the USA utility-scale deployment
in 2019, and laboratory cell efficiency reaching 22.1%.M
However, the Shockley—Queisser limit of 33%? for single-
junction CdTe (bandgap, E, = 1.5 eV) devices suggests that there

I. S. Khan, T. Ablekim,"! D. L. McGott, B. Good, C. L. Perkins,
W. K. Metzger,"! A. Zakutayev

National Renewable Energy Laboratory

Golden, CO 80401, USA

E-mail: andriy.zakutayev@nrel.gov

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/s0lr.202200394.

Hpresent address: First Solar, Perrysburg, OH 43551, USA

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution-
NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited and is not used for commercial purposes.

DOI: 10.1002/s0lr.202200394

Sol. RRL 2022, 6, 2200394 2200394 (1 of 6)

is still room for further improvement. One
way this can be achieved is by alloying
CdTe with CdSe to lower the absorber
bandgap. The bandgap of CdSe,Te;_,
dilute alloys decreases with increasing Se
content due to the bandgap bowing effect,”
which improves carrier collection resulting
in increased short-circuit current (Jsc).l*
Despite the CdSe,Te;_, reduced absorber
bandgap, the Vo is sustained because
Se addition improves carrier lifetime.”!
The CdSe,Te;_, alloys are often synthe-
sized by subjecting a bilayer CdSe/CdTe
to CdCl, treatment, whereupon the ele-
ments interdiffuse.

The integration of Mg, Zn; ,O as a front
contact has significantly increased effi-
ciency in different PV technologies!
including CdTe.”) Mg,Zn; ,O has a tun-
able bandgap and conduction band posi-
tion as a function of Mg content,’®! both
higher than ZnO (E;=3.24eV). There
are varying reports on the Mg,Zn; ,O
band gap (4.0-4.2eV) at maximum Mg
composition (x = 0.36-0.46) at which phase
segregation occurs, as it depends on the deposition technique,
deposition rate, and substrate temperature.®?! Mg, Zn,_,O has
also been studied using different combinatorial methods, such
as pulsed laser deposition,!'”! chemical vapor deposition,*!! and
sputtering,) where we demonstrated Mg,Zn; ,O conduction
band tuning and integrated it with wide-bandgap CuGa;Ses
absorber to increase Voc close to ~1V. The Mg,Zn; O/
CdSe,Te;_, device interface was also recently studied, demonstrat-
ing improvements in Jsc and efficiency due to widened bandgap
and better carrier collection at low wavelengths.™™*!

Finding the optimum composition in Mg, Zn; ,O and
CdSe,Te;_, is complicated as Mg in Mg,Zn;_,O and Se in
CdSe,Te;_, both change the conduction band alignment and
interface defect density, which can have significant impacts on
interface recombination, barrier heights, and Voc '
Modeling studies”**) may provide some insight into understand-
ing experimental results, however often have limitations in
predicting the future device performance. This coupled
absorber/contact codesign problem can be addressed using
high-throughput experimental (combinatorial) methods,® by
creating PV device libraries with orthogonal composition
gradients in the CdSe,Te;_, and Mg,Zn;_,O layers. In the past,
combinatorial methods have been used to study compositionally
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graded CdTe,M CIGS,*® Cu,ZnSnChy,*” CuSbCh,2% absorb-
ers or ngan,xO,[lz] Zn-Ni-Co-0,Y! Cu,Zn; ,S,*? and
Cds®¥ contacts in thin-film solar cells. However, the reports
on codesign of absorbers and contacts are limited to early-stage
development of all-oxide solar cells!**! or organic PV.**! Applying
such codesign approaches to commercially relevant inorganic
chalcogenide solar cells is missing from literature.

Here, we codesign Mg,Zn,_,O/CdSe,Te;_, solar cell
performance by finding the optimum alloy compositions in
Mg.Zn,_,O contact and CdSe,Te;_, absorber layers. The
bandgap tunability range for Mg,Zn; ,O without forming
secondary phases and Se accumulation at the CdSe,Te;_,/
Mg.Zn; _,0O interface are shown. The device performance data
facilitated identifying the optimal composition range for
Mg,Zn; O and CdSe,Te;_, at Mg/(Mg+ Zn)~18% and
average Se/(Se+Te)~4% respectively, which resulted in
solar cell device with Vpc=836mV, fill factor=69%,
Jsc=30.6mAcm™ and efficiency up to 17.7%. The device
performance trends are explained based on the changing
contact/absorber bandgaps and increased charge carrier life-
times at Mg,Zn,_,O/CdSe,Te;_, measured by time-resolved
photoluminescence (TRPL).

2. Methods

To codesign Mg,Zn;_,O /CdSe,Te;_, thin-film solar cells, we
fabricated PV device libraries that had orthogonal composition
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gradients in CdSe,Te;_, absorbers and Mg,Zn,_,O contacts
using the combinatorial approach. For Mg,Zn; ,O material
characterization and growth optimization, thin-film samples
with compositional gradients were deposited by combinatorial
radio frequency magnetron sputtering from ZnO and Mg tar-
getsl'"l on 50 x 50mm Eagle XG glass substrates. For
CdSe,Te;_, device fabrication, CdSe and CdTe were deposited
by sequential thermal evaporation without breaking vacuum,
on commercially available 3 x 3” TEC12D glass with bilayer
SnO, and 120nm of Mg,Zn; ,O described earlier, with
CdSe,Te,_, gradient orthogonal to the Mg,Zn,_,O gradient.
The resulting samples were subject to CdCl, and CuCl, treat-
ments, followed by thermal evaporation of Au backcontacts.
This resulted in combinatorial libraries with 128 Mg,Zn; ,O/
CdSe,Te;_, devices of unique Mg,Zn;_,O and CdSe,Te;_, com-
position combinations.

To characterize the resulting Mg, Zn, _,0/CdSe,Te;_, device
libraries, spatially resolved characterization methods were used.
For the Mg, Zn; ,O material characterization, each 50 x 50 mm
sample library was characterized at 4 x 11 grid of points with
spatially resolved measurements of composition using X-Ray
fluorescence (XRF), structure using X-Ray diffraction (XRD),
and bandgap using optical absorption spectroscopy. The
Mg,Zn; ,0/CdSe,Te;_, device libraries were characterized by
current—voltage, external quantum efficiency, time-resolved pho-
toluminescence, and cross-section scanning electron microscopy
(SEM). Experimental combinatorial data were processed using
our COMBIgor software package®® and are available through

2.0kV 8.3mm x13.0k

2.31pm x40.0k 750nm

Figure 1. a,b) Device material stack schematics. c) Elemental depth profile from AES in the material stack. d) SEM cross-section image for the

MgZn;_,0/CdTe;_,Se, device.
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high-throughput experimental materials database (HTEM
DB).””) More details about experimental methods are provided
in Supplemental Information.

3. Results and Discussion

Figure 1 shows the material stack schematic and cross-
sectional SEM. The anneal step to form CdSe,Te; _, from bilayer
CdSe/CdTe makes a ~5 pm-thick visually uniform absorber
layer. However, the auger electron spectroscopy (AES) elemental
depth profile indicates that Se stays within the first micrometer of
the absorber. Chlorine was not monitored by AES depth profile.
Literatures report that Cl replaces Te and segregates within a few
unit cells of the grain boundaries.”® In addition, less than a
nanometer-thick Cl layers in the form of CdCl, accumulate at
the front interface, at grain boundaries, and at the back con-
tact.”! The ~140 nm-thick Mg, Zn; _,O contact layer is clearly
identifiable in SEM although the AES profile indicated some level
of interdiffusion. Mg composition in Mg,Zn; _,O measured by
XRF varies from Mg/(Mg + Zn) = 2.0% to 28.5% in the 2” x 2”
glass substrate test libraries (Figure S1, Supporting Information).
XRD data reveal ZnO (0002) peaks only for this composition
span, with no MgO-related peaks to indicate phase segregation
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(Figure S2, Supporting Information). The bandgap determined
from optical absorption measurements increases from 3.35 to
4.0eV as the Mg composition varies from 2.0% to 28.5%
(Figure S3, Supporting Information). Total Se composition in
CdSe,Te;_,, Se/(Se+Te), determined by XRF, ranges from
2.0% to 10.7% (Figure S4, Supporting Information), which is
a lower limit for interfacial Se concentration. By examining
the long-wavelength QE cutoff (Figure S5, Supporting
Information), the optical bandgap for CdSe,Te;_, at the interface
can be estimated to range from 1.46 to 1.39 eV. Using literature
values,*” this results in an estimated y=5-33% composition
variation at the CdSe,Te;_, interface. AES depth profiles on
select samples are in agreement with the interface Se composi-
tion estimated from the QE cutoff, supporting the Se accumula-
tion at the interface due to the solar cell layer stacking sequence
where CdSe diffuses into CdTe during CdCl, annealing.
Figure 2 maps the current density—voltage (J—V) data for 113
out of the 128 devices as a function of Mg composition in
Mg,Zn; O and total Se composition in CdSe,Te;_,, while
the remaining 15 shunted devices not shown in the plots. The
highest Vo is obtained with 3-8% Se/(Se + Te) and 9-25%
Mg/(Mg + Zn), while the Vi is lower for low Mg and Se content
(Figure 2a). Vo maximum region is more apparent in Figure S6,
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Figure 2. Solar cell device data contour maps: a) Vo, b) Jsc, ¢) fill factor, and d) efficiency for different compositions of Mg,Zn,_,O and CdSe,Te,_,. The

black dots are actual device points, while the color map is interpolated.

Sol. RRL 2022, 6, 2200394 2200394 (3 of 6)

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH


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

ADVANCED
SCIENCE NEWS

; !RRL

www.advancedsciencenews.com

=z

0 TSel(Se+Te) [%at] = ~7.3% in CdSe, Te,, T
~ -5+ -+
g Mg/(Mg+Zn) [%at] in Mg,Zn4_,O
< 0k —01% 1
E 2.7%
= 1 8.2% 1
g -1 12.5%
3 — 16.2%
= 201 —207% T
g — 29.2%
3 251 +
-30 _1:l | | | | | | | T
T T T T T T T T T
00 01 02 03 04 05 06 07 O
Voltage (Volts)
(C) 100 —
Se/(Se+Te) [%at] = ~7.3% in CdSe,Te,,
S ———— :
>
2 T —0.1%
3 60— 2.7%
= - 8.2%
E 40— || [Increasing Mg 12.5%
3 1 HHnvezmo — 162%
[ ] 1-x
§ 50| —227%
3 — 29.2%
7 Mg/(Mg+Zn) in Mg,Zn;.,O
0 —

rr—r 17717 71T 7T 1T T
300 400 500 600 700 800 900
Wavelength [nm]

1000

www.solar-rrl.com

—
O
-

0+ t + t
Se/(Se+Te) [%at]
in CdSe, Tey.,
— 10.7%
7.5%
— 5.3%
— 3.9%
— 22%

54

-10 +-

-20 A

Current Density (mA/cmz)
>
t

-30 Mg/(Mg+Zn) [%at] = ~4.0% in Mg,Zn;.,O L
T T T T T T

T
00 01 02 03 04 05 06 07 08
Voltage (Volts)

C

100 —
Mg/(Mg+Zn) = ~4.0% in Mg,Zn,.,O
£ 80—
3 i
g 60
k3] 7] — 10.7% ing S€,
£ 75% e
£ 40 — 5.3%
.g i — 3.9%
S 59 — 2.2%
(€] | Se/(Se+Te) [%at] in CdSeTey.,
0

I L L IO R B
300 400 500 600 700 800 900
Wavelength [nm]

I
1000

Figure 3. a,b) Current-voltage data and c,d) external quantum efficiency for representative Mg,Zn,_,O/CdSe,Te;_, solar cells with different Mg,Zn, _,O

and CdSe,Te;_, compositions.

Supporting Information, where the color scale range has been
limited. Figure 3 shows J-V data for representative devices with
different Mg,Zn; _,O and CdSe,Te;_, compositions. For 4% Mg
in Mg,Zn; O, Voc increases monotonically with increasing Se,
despite decreasing bandgap in CdSe,Te;_,. This suggests that
the increasing Voc is due to better material properties such as
interfacial alignment and/or reduced recombination.

The Jsc values are more significantly impacted by both com-
positions, with peak at ~16% Mg and total Se/(Se + Te) of 4-6%
(Figure 2b). For a fixed total Se composition of 7.3%, the Jsc
improves with increasing Mg in Mg,Zn; O, due to increased
carrier collection at short (blue) wavelengths (Figure 3c) as the
bandgap of Mg,Zn; ,O increases. For fixed Mg composition
of 4.0%, Jsc improves with increasing Se in CdSe,Te;_, due
to bandgap lowering and hence improves carrier collection at
longer (red) wavelengths (Figure 3d). The fill factor of the devices
is most impacted by Mg,Zn; ,O composition. Greater Mg
results in reduced fill factor, which may be associated with higher
Mg,Zn; ,O film resistivity at high Mg compositions.”"!

Together, Voc, Jsc, and FF are impacted differently by the
Mg,Zn; O and CdSe,Te;_, compositions (Figure 2).
Although higher compositions are beneficial for Jsc, the effi-
ciency is reduced by lower Voc and FF. The result is a compli-
cated efficiency map, with peaks occurring at multiple locations,
as shown in Figure 2d and highlighted in Figure S6, Supporting
Information. Table S1, Supporting Information lists solar cell
parameters for some of the better performing devices. The
highest observed Voc was 842mV, at compositions of
Mg/(Mg + Zn) ~9% and total Se/(Se + Te) ~3.8%. The highest
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observed Jsc was 30.6 mA cm ™2, which also corresponded to rel-

atively high efficiency of 17.7% despite a modest FF of 69%. This
occurred at compositions of Mg/(Mg+ Zn)~18% and total
Se/(Se + Te) ~4%, with interface Se/(Se + Te)=~23% from
AES data. Optimizing device fabrication parameters such as
Cl heat treatment and Cu backcontact at the best absorber—
contact combination space could lead to further improvement
of efficiency above 18%.

Carrier concentration estimated from capacitance—voltage
measurements (Figure S7, Supporting Information) indicate a
decrease in electron density in 10> cm > range by ~2x with
increasing Se content, consistent with the tendency of II-VI
semiconductors with Se or S anions toward n-type doping.
For total Se content fixed at ~7.0%, increasing Mg increases
the depletion width slightly (=20%), though it is difficult to con-
clusively state that this trend is caused by actual change in carrier
density (=40%) rather than variations in the CV measurements.
The vertical rise of the carrier concentration near the back of the
device is indicative of the full depletion through the entire thick-
ness of the absorber to the back contact. Indeed, the thickness at
which the carrier density increases (3.5-4.5 pm) is similar to the
nominal absorber thickness (=5 pm).

An increase in carrier lifetime is observed with increasing Se
in CdSe,Te;_, (Figure 4), which is also reported in other
studies.*”! The interesting observation is the increase in carrier
lifetime with increasing Mg in Mg,Zn; O, which to our knowl-
edge has not been reported. This can be seen for Se at 7%, where
the measured lifetime increases steadily and significantly with
increasing Mg content (Figure 4b). Earlier studies have indicated

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a) One-photon TRPL decay curves for selected samples and b) carrier lifetime data for selected Mg,Zn,_,O/CdSe,Te; _, devices shown by the

color corresponding to the legend on the right.

that the band offset at the Mg,Zn;_,O and CdSe,Te;_, interface
can alter the electron and hole populations at the interface and
consequently the recombination kinetics.['*** It is also possible
that the interface has fewer defects with increasing Mg content.
For example, recent studies have indicated that SnO, acts as a
catalyst for oxide formation such as tellurates that can enhance
passivation.’***! It is possible that Mg similarly alters oxide
formation, interfacial chemistry, and passivation.

The increasing lifetime (Figure 4) does correspond to greater
Voc as expected (Figure 2), yet the overall device performance
falters as Mg atomic content approaches 30% with increased
device series resistance and the appearance of barrier effects.
Barrier effects and resistance can be the result of overly thick
oxide layers and/or poor band offsets. Importantly, these data
indicate for the first time the degree to which modifying the
buffer composition in and of itself can be a strong proactive
approach to manipulate recombination. At the same time, it indi-
cates that this must be done within other constraints such as
avoiding overly large barriers that can impede overall perfor-
mance. Future studies can use combinatorial methods to explore
mechanisms and further enhance efficiency by optimizing addi-
tional parameters such as Cl heat treatment*® and back-contact
Cu doping for the best absorber—contact combination space.

4, Conclusions

In summary, CdTe absorber-based solar cell devices were fabri-
cated with orthogonal combinatorial gradients in Mg,Zn; ,O
and CdSe,Te;_, compositions. The performance of more than
100 solar cells fabricated with different Mg,Zn; ,O and
CdSe,Te;_, compositions was compiled, demonstrating
systematic changes in Vpc, fill factor, and Jsc, leading to a
complex efficiency contour map. Jsc improves with increasing
Mg in Mg,Zn; ,O due to increased transparency, with increas-
ing Se in CdSe,Te;_, due to bandgap lowering, according to the
quantum efficiency (QE) measurement results. For the 4% Mg in
Mg,Zn,_,0, Voc increases with increasing Se in CdSe,Te;_,
despite decreasing bandgap, likely due to better material

Sol. RRL 2022, 6, 2200394 2200394 (5 of 6)

properties indicated by increased carrier lifetime. All these
results indicate that bandgap engineering can not only influence
the light absorption but also lead to long lifetimes and blocking
barriers for the photogenerated carriers. Future work can build
on this by maintaining properties such as long lifetime while
attempting to fix corresponding shortfalls with enhanced emitter
doping, manipulating band alignment, and other interfacial
engineering.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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