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1 | INTRODUCTION

Single-junction photovoltaic (PV) devices have reached a level of
maturity, permitting the realization of solar modules with efficiencies

Abstract

As single-junction solar cells are approaching theoretical limits, multijunction solar
cells are becoming increasingly relevant, and low-cost wider bandgap light harvesters
in tandem with silicon are the next frontier in thin film photovoltaic research.
Cu-based chalcogenide compounds have achieved great success as standard
absorbers, but performance for bandgaps above 1.5 eV is still lacking. Additionally,
the use of transparent back contacts remains challenging for this class of materials. In
this work, we report on the fabrication of wide bandgap CuGaSe, absorbers by a
combination of metallic sputtering and reactive thermal annealing grown on transpar-
ent fluorine-doped tin oxide-coated glass substrate. The annealing temperature is
carefully tuned in regard to material and photovoltaic device properties. The intro-
duction of an ultrathin Mo interlayer at the CuGaSe,/back interface favors a higher
contact's ohmicity and results in an important improvement of all figures of merit. A
record conversion efficiency of 5.4% is obtained, which is the highest value reported
for this class of absorber on transparent back contact. Fundamental material charac-
terization of the as-grown CuGaSe, films reveals a better homogeneity in Cu distri-
bution throughout the absorber's thickness when using a Mo interlayer, along with
an enhanced crystalline quality. The sub-bandgap transparency of the final device
remains perfectible, and improvement pathways are proposed using transfer matrix-
based optical modeling, suggesting to use more specular interfaces to enhance opti-

cal transmission.
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well above 20% at a forecasted cost below 0.306.Wp~? by the year
2020.' Whereas crystalline silicon (c-Si) remains by far the dominant
technology, the advent of thin film technologies above 20% efficiency,
including perovskite and Cu (In,Ga)(S,Se), (CIGS) absorbers, brings

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.

524 wileyonlinelibrary.com/journal/pip

Prog Photovolt Res Appl. 2023;31:524-535.


https://orcid.org/0000-0002-4686-9778
mailto:athomere@irec.cat
mailto:marcel.placidi@upc.edu
https://doi.org/10.1002/pip.3656
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pip
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpip.3656&domain=pdf&date_stamp=2022-12-13

THOMERE ET AL

new opportunities for the field in terms of emerging applications, such
as building-integrated photovoltaics (BIPV) and Internet of Things
(IoT). The tunability of these materials' bandgap permits their utiliza-
tion as top cell in tandem with a c-Si bottom cell, and it appears that
affordable multijunction designs represent the future of large-scale
PV installations. In that context, chalcopyrite CIGS solar cells are an
attractive option as their bandgap can be tuned in a wide range by
controlling the cations (In and Ga) and/or anions (S and Se) ratios.
However, although the record conversion efficiency is 23.35% for a
mixed compound Cu (In,Ga)(Se,S),,2 increasing the bandgap to values
above 1.6 eV often means pursuing high Ga content materials, and
the Ga-related defects have proven markedly more detrimental than
In-related defects.>* Pure Ga CuGaSe, (CGSe) has an ideal 1.68 eV
bandgap for tandem application,® and the highest reported efficiency
for this material is 11.9%, utilizing an opaque Mo back electrode.®
However, exploring this bandgap range while using opaque metallic
back contacts can appear pointless as the optical transmission is lost
in the back electrode. The realization of wide bandgap chalcopyrite
absorbers on transparent substrates remains challenging with the
highest reported efficiency value for CGSe-based cells on an indium
tin oxide (ITO) substrate being 5%’ and 4.3% on fluorine-doped tin
oxide (FTO).8? If this class of material is to become a serious con-
tender for tandem application, a breakthrough in terms of perfor-
mance is therefore needed in the upcoming years.

The fabrication of standard, narrow bandgap CIGSe solar cells on
transparent substrates has been pioneered by Nakada et al. through-
out the 2000s,%** using both ITO and FTO as back contacting elec-
trodes; it was however reported by the same group that ZnO:Al,
another commonly used transparent conducting oxide (TCO), did not
lead to the formation of an ohmic contact with a chalcopyrite
absorber. It was found that the insertion of an ultrathin Mo layer at
the absorber/TCO interface markedly improved the solar cells' perfor-
mance, which can be ascribed to the formation of a MoSe, interlayer
acting as hole-selective material. Our group recently observed a simi-
lar trend working on lower band gap CIGS devices,'? as well as with a
wider bandgap (1.4 eV) CIGSe material with a 68% Ga content,*®
which seems to indicate that observations made on the low Ga con-
tent are to some extent transferrable to the higher Ga counterpart
despite the modified band profile.

In the present work, we aim at fabricating pure Ga, wide bandgap
CGSe-based solar cells on transparent FTO substrate for a potential
application as semitransparent devices or to tandem devices in combi-
nation with c-Si or with a well-established narrow bandgap thin film
material, such as CIGSe E; = 1.1 eV. Unlike the previous record for
CGSe solar cell, which relied on co-evaporated films,” the CGSe
absorbers are fabricated using a combination of metallic precursor
deposition by direct current (DC) sputtering and reactive thermal
annealing In-Se atmosphere. This process is comparable to the one
reported for the current CIGSe efficiency record,? albeit without sul-
furization step nor Indium element, resulting in a much wider bandgap
in the present case. In a first step, the FTO/CGSe interface is opti-
mized, and the presence of an interfacial Mo is found instrumental in

increasing the cells' performance, a result consistent with Nakada
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et al.'s observation.’® It should be noted that Choi et al.” did not
include such Mo interlayer. In a second step, parameters of the anneal-
ing process are varied, and their individual influence is assessed. It nev-
ertheless appears that while a high annealing temperature is preferable
to improve the films' crystallinity, temperatures of 600°C degrade the
devices, which are ascribed to a degradation of the back FTO elec-
trode. The optical analysis of the fabricated devices indicates a total
optical transmission of about 30% below the absorber's bandgap, an
encouraging value for semitransparent applications yet still too limiting
for a tandem application. Using transfer matrix-based optical modeling,
we demonstrate that reducing the surface roughness is a possible
pathway to markedly improve the optical transmission of CGSe solar
cells. The record device presented here reaches an efficiency of 5.4%
without antireflective coating, a value higher than the state of the art

for this material fabricated on TCO transparent substrate.”®

2 | RESULTS AND DISCUSSION

21 | Backinterface optimization

The importance of optimizing the back contact in chalcopyrite-based
absorber for specific applications has previously been reported,'®*#>
though the natural occurrence of an ohmic back contact when working
with Mo substrates has greatly streamlined the work in that regard
when dealing with standard PV applications. In the present study, two
important modifications are made as compared to standard CIGSe
devices: a pure Ga wide bandgap CuGaSe, absorber and the use of a
transparent FTO substrate. Hence, optimizing the ohmicity of the back
interface becomes critical to achieve good conversion efficiencies.

As widely reported,'®!” the good quality of the Mo/CIGSe inter-
face is ascribed to the formation of a thin MoSe; layer, acting as a hole
transport material. Alternative promising interlayers have been
proposed,'® but MoSe, has so far the best proven track record for the
fabrication of chalcopyrite absorbers on a TCO substrate.*®*®
Whereas functioning CuGaSe, solar cell devices have previously been
reported on a TCO substrate,® the change in band profile as compared
to narrower bandgap compounds and its subsequent influence on the
back contact ohmicity is yet to be reported. In the first part of this
work, we therefore compare the cases of CuGaSe, absorbers fabricated
on bare FTO and FTO/Mo (15 nm), with the assumption that the latter
case leads to a full selenization of the ultrathin Mo layer. In these exper-
iments, no intentional Na doping has been performed, and the FTO is
acting as a barrier preventing Na diffusion from the glass substrate.?

The results of the characterization by current-voltage analysis of
both types of devices are presented Figure 1. The absorber for both
sample series was grown in the same experimental run.

The peak voltages are similar in both cases, with a V3 =~ 650mV.
This is expected when comparing two similar absorbers as the quasi-
Fermi level splitting should be identical and could in this case be
ascribed to a limitation at the p-n interface due to the cliff-like band
alignment between CGSe and cadmium sulphide (CdS). The larger data
spread for the bare FTO case may indicate a generally lower material
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FIGURE 1 Photovoltaic parameters of
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homogeneity with the possibility of phase segregation or locally poor
material nucleation, strongly affecting the open-circuit voltage when
present. Additionally, the density of short-circuit current data spread
appears very similar between both configurations, with a
AJsc ~2.5mA.cm~2; however, the overall values (peak and median) are
significantly higher in the presence of an Mo interlayer, indicating that
loss mechanisms occur when CGSe is fabricated on the bare FTO sub-
strate. The study by Choi et al.” indicates comparable results with an
appreciable difference in the current density between CGSe absorbers
grown on bare ITO and absorbers grown on a thick Mo electrode. The
J-V curves and corresponding parameters of the highest efficiency
cells in both series are reported Figure 2. The discrepancy in current
density values between CGSe absorbers grown on FTO/Mo and bare
FTO UJsc=13.4mA.cm~2 against 10.6 mA.cm~2 respectively) can be
explained by different hypotheses; the most straightforward one
would be that in the absence of MoSe,, acting as an electron reflector,
back contact recombination becomes predominant and significantly
reduces the current. However, this behavior is hardly supported by
numerical modeling, as illustrated in the Supporting Information
Figure S1, which shows the case of a CGSe solar modeled using Solar
Cell Capacitance Simulator (SCAPS) with and without a back electron
reflector. Considering an absorber thickness of 1600nm as deter-
mined by X-ray fluoresence (XRF) analysis, a carrier diffusion length of
500nm, and a realistic absorption profile with data from Paulson
et al.,?° the back contact is not expected to have an influence on the
photogenerated carriers as those never diffuse to that point, and the
calculated quantum efficiency between both cases is nearly similar. In
that context, holes “extraction through the back contact is the only
relevant parameter to consider. Another possibility consistent with

the observed differences in the current values from the devices grown

on bare FTO and on FTO/Mo back contacts is related to bulk recom-
bination, preventing photocarriers generated in the flat band region to
properly diffuse toward the p-n interface. This interpretation, com-
mon in thin film based solar cells, will be later discussed in the context
of External Quantum Efficiency analyses. Finally, the possible forma-
tion of a secondary phase at the absorber/back contact interface from
the devices made on bare FTO back contacts may act as a barrier
impairing holes” extraction, thus partially reducing the current. This
latter hypothesis is also consistent with the observation made when
comparing the Fill Factor (FF) of both configurations in Figure 1 and
Figure 2. Despite a similar data spread in both cases (Figure 1), possi-
bly related to an inhomogeneity of the material independent from the
back contact, the peak and median FF values are 5% higher in abso-
lute in the presence of a Mo interlayer. Variations of the FF indepen-
dently from the voltage are likely to be ascribed to resistive effects; in
this case, series resistance, which beyond certain values, starts affect-
ing the Jg, as it is observed here, with R increasing from 4 to 157 Q.
cm~2 with and without interfacial Mo, respectively. The presence of
this back interface barrier is also consistent with the comparatively
low 4.5 eV work function for FTO.%! Therefore, even in the absence
of a secondary interfacial phase, the CGSe/FTO contact is not
expected to be optimum for holes' extraction. We therefore believe at
this stage that the difference in Js. between both conditions should
be ascribed to a combination of increased bulk recombination and
increased series resistance at the CGSe/FTO interface, though both
hypotheses will require deeper investigations.

As a conclusion to Figure 2, no appreciable difference exist in
terms of voltage when using an Mo interlayer, but J,. and FF are
markedly improved yielding a record efficiency of 4.4% without anti-

reflective coating (ARC). This observation is consistent with an
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FIGURE 2 J-V curves and 1
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improvement of the contact's ohmicity; indeed, the bare FTO sample Energy (eV)
has a more pronounced crossover between the illuminated and the 80 ? 3"5 ? 2"5 ? 1"5
dark curves, a strong indicator of the presence of a barrier at the back ——FTO
interface. No significant differences are observed in terms of diode 70 FTO-Mo 1
quality factor n nor in the reverse saturation current Jo; the latter ;‘\c; co b |
point is specifically ascribed to recombination®? and would necessitate -
a more thorough analysis with, for example, temperature-dependent % 50 - .
characterizations. The ideality factor remaining below 2 indicates that :1(::)
the recombination pathway is dominated by bulk/space charge region UEJ 4o ]
recombination rather than being multistep. 42 30 L i
Figure 3 displays the external quantum efficiency (EQE) curves of C(:;
both samples. In the absence of a Mo interlayer, one observes a clear 20 - T
decline in the carrier collection in the low-energy region, which can be 10l 10.85 mA.cm i
ascribed to either back interface recombination (an interpretation pre-
: . . : ! .

viously dismissed) or poor carrier diffusion length, thus a decreasingly
efficient carrier collection as electrons are generated further from the
p-n junction. This tends to indicate that the Mo interlayer not only
does improve the quality of the back interface but also may have a
positive influence on the absorber's bulk properties. Hence, whereas
series resistance does indeed affect the FF of the devices without Mo
interlayer, the lower Jsc appears more related to a poor collection of
minority carriers due to a low diffusion length rather than relating
solely on a resistive effect. When comparing those EQE curves with
those reported in Choi et al.,” where CGSe grown on a bare ITO and
CGSe grown on a Mo electrode without TCO are realized, one can
notice an important difference. In our results, the EQE difference
depends on the incident energy as previously mentioned, whereas the
EQE difference from Choi et al.” appears more homogeneously dis-

tributed in energy. In the case of our work, a TCO layer is present in

0 ; , , , , .
300 400 500 600 700 800 900 1000
Wavelength (nm)

FIGURE 3 Compared normalized external quantum efficiency of
samples with different substrates fluorine-doped tin oxide (FTO)
and FTO/15 nm Mo

both samples, thus blocking all Na diffusion from the soda lime glass
(SLG) substrate.'® Therefore, the different observations made in our
work compared to the work from Choi et al.” are in our opinion likely
to be related to a difference in alkali diffusion from the substrate.
Future investigations ought to carefully consider this aspect for com-

parisons to remain relevant.
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The bandgap difference between both EQE curves of Figure 3 is
evaluated by a Tauc plot and the first derivative method of the EQE,
both of which can be found in Supporting Information Figure S2. The
difference is found to be 0.03 and 0.04 eV, respectively, which corre-
sponds to a 15 and 19 nm shift in bandgap, depending on the chosen
method. Considering an optimistic accuracy of +5nm for the mono-
chromator of the EQE measuring system, this translates into a band-
gap difference beyond the error bar of about 5-10nm. Such
difference is far from sufficient to explain the discrepancy in short-
circuit current between both samples. It remains nevertheless appre-
ciable and is ascribed to the existence of a Cu-poorer phase with a
slightly larger bandgap in the absence of Mo. The homogenization of
the Cu distribution in the presence of interfacial Mo is addressed in
the following part.

To confirm this hypothesis, further characterization of the two
absorbers grown on bare FTO and on FTO/15 nm Mo has been per-
formed by X-ray diffraction (XRD) and Raman scattering measure-
ments. The corresponding patterns of the XRD analysis are shown in
Figure 4. Both absorbers present roughly similar diffractograms, an
expected result for absorbers of similar overall composition. However,
the chalcopyrite peaks from the absorber grown on bare FTO tend to
appear at higher angles and have a higher full width at half maximum.
In addition to this broadening of the peaks, the peak located in the
region between 45.5° and 46° shows an additional contribution in the

form of a shouldering at lower angles. These observations are consis-
tent with the presence of two chalcopyrite phases in the absorber
grown on the bare FTO back contacts, being one of these phases
characterized by a lower Cu content. This observation confirms the
previously made hypothesis regarding the lower homogeneity in Cu
distribution for absorbers grown on bare FTO.

The Raman spectra measured from both the front and back sur-
face of the absorbers are shown in Figure 5. The spectra are charac-
terized by an intense peak close to 183 cm~! and several less intense
and strongly overlapped peaks. Most of the peaks were assigned to
the CGSe chalcopyrite phase and are in accordance with the previous
studies.?>?* Also, some additional peaks were found at 166 and
199 cm~ Y. The former peak is attributed to the presence of the
ordered vacancy compound (OVC) phase in accordance with Xu
et al.,?> which is known to be beneficial when forming at the front sur-
face of the chalcopyrite-based solar cells.?® On the other hand, the
peak at 199 cm~* was assigned to a detrimental Cu-Au polymorph of
the CGSe compound, by analogy with CulnSe, compound.?* Finally,
in the case of the spectrum measured on the back side of the sample
on FTO/Mo substrate, a clear peak of MoSe, phase can be observed
at 241 cm~1,?’ confirming the selenization of the Mo interlayer. The
comparison of Raman spectra of the absorbers grown on bare FTO
and FTO/Mo substrate allows to conclude that there is insignificant
change in the amount of secondary phases (OVC and Cu-Au

¢
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L“', V FTO 45.0 455 46.0 2% 46.5 47.0 47.5
2>
‘»
C
9
=
4
\Y v ¢
\Y
¢ | R
\“\»
20 3 40 50 60
20
53.5 54IA0 54I.5 55;0 SSI.S 56.0
20

FIGURE 4 XRD diffractograms of samples with different substrates fluorine-doped tin oxide (FTO) and FTO/15 nm Mo
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532 nm laser of samples with different
substrates FTO and FTO/15 nm Mo. The
lower panels represent a zoomed range
near the main A; symmetry peak.
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polymorph) in both compounds at the back and front side, and the
most evident difference was attributed to the shift of the A; symme-
try peak assigned to the main chalcopyrite phase. In the case of the
bare FTO, a shift of the A; mode peak from 183 cm ™! at the back to
184 cm~? at the surface can be clearly seen. In the case of familiar
CulnSe, compounds, the observed shift was attributed to the change
of the Cu content inside the chalcopyrite phase,?® meaning a Cu-poor
composition of studied CGSe at the surface to more stoichiometric at
the back side. This difference in the positon of A; symmetry peak also
correlates with the double structure of some of the reflexes in the
XRD diffractograms, confirming the formation of two layers with dif-
ferent Cu content in the absorber deposited of the bare FTO sub-
strate. On the contrary, no shift of the peak can be seen in the spectra
measured on the back and front sides of the CGSe deposited at the
FTO/Mo substrate, allowing to conclude about higher in-depth homo-
geneity in Cu distribution of this absorber. This may have a positive
effect on the charge carriers' diffusion length and as result on the
observed improvement of short-circuit current.

To summarize on the interplay between CGSe absorbers and
TCO back contacts:

e Similar to what is known for the In-containing counterparts, an
ultrathin Mo interlayer at the TCO/absorber interface proves to be
very beneficial to pure Ga CuGaSe,-based solar cells, in all likeli-
hood by creating a hole transporting MoSe, layer during the high-
temperature treatment phase of the fabrication process.

o The analysis of the EQE curves and the device simulation results
indicate that the improvement of the current in the presence of
interfacial MoSe, is not related to a quenching of back contact
recombination as photocarriers should not be able to diffuse that
far in the film but is rather mainly due to an improvement of the
bulk material transport properties, which raises the question on
possible differences existing in the nucleation of CuGaSe, on FTO
and on Mo/MoSe,. This is demonstrated by the XRD and Raman
analysis showing a clear difference in the bulk of CGSe absorber
grown on FTO and FTO/Mo. The lower current density for devices
grown on bare FTO back contact could also be partly related to a
higher series resistance as shown from the lower FF values and
diode fitting. As no secondary phase was detected at the back
interface in the Raman analysis, it is likely that the additional hole
barrier existing in the case of a bare FTO back contact results from

a mismatch in Fermi levels between FTO and CuGaSe,.

22 |
design

Optical properties as top cell in a tandem

In order to analyze the potential use of the devices as top cells in a
tandem architecture, the optical properties of the cells, and particu-
larly their transparency below the bandgap of the absorber, have been
measured. The measured optical transmission of the complete stacks

with and without interfacial Mo is presented Figure 6. In the 800-
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FIGURE 6 Transmission with different substrates fluorine-doped
tin oxide (FTO) and FTO/15 nm Mo

1250 nm wavelength range, relevant if considering a ~ 1.0 eV band-
gap for the bottom cell, the experimental transmission for CuGaSe,
on a bare FTO substrate reaches a value of 30% and declines slightly
toward 26%. The devices including a Mo interlayer display an almost
similar optical transmission, albeit with a slightly lower value of 26%
in the 800-1000 nm range.

The current optical transmission falls short to the value needed
for a top cell application. One can note the absence of interference
fringes in the curves, which is an indication of rough interfaces and
light scattering. The optical modeling of an equivalent material stack
has been performed using an in-lab developed transfer matrix code
running on MatLab™ 2’ where light scattering effects can be modeled
following a methodology similar to Ogilvy.%° The calculated transmis-
sion curves for a material stack, including an ultrathin MoSe, inter-
layer at the FTO/CGSe interface, are presented in Figure 7.

Without considering surface roughness (Figure 7B), clear inter-
ference fringes are visible in the simulated transmission, and the
overall transmission is in the 50% region below the absorber band-
gap. When introducing a 100 nm RMS roughness from the front win-
dow to the absorber front interface (Figure 7A), a realistic value
considering this type of device, the modeled transmission below the
CGSe bandgap falls in the 30%-35% range, whereas interference
fringes almost fully disappear. Therefore, it appears that improving
the specular properties of front window interfaces is of major impor-
tance for the future design of CGSe-based top cells in a tandem
design. Methods, such as Bry-based etching, have already been

3132 with a final absorber

proven valuable in that regard for CIGSe,
RMS well below 50 nm being achieved. Whereas focusing on improv-
ing the PV properties of wide bandgap chalcopyrite is of course an
important aspect to design a top cell, the community is also advised
to concomitantly tackle the issue of sub-bandgap device optical

transparency and target values above 60%.

2.3 | CGSe absorber growth parameters and
optimization

In a second part, the influence of several parameters of absorber syn-
thesis was investigated, focusing specifically on the annealing tempera-
ture (500°C, 570°C, and 600°C) and pressure conditions (low pressure
“LP” at 1.5 mbar under Ar flux or high pressure “HP” 850 mbar in
static mode) of the one-step process described in the Section 5 below.
Several batches of solar cells were realized, and a representative set of
samples is presented here. As the FTO/15 nm Mo back interface was
demonstrated to be the most favorable one, all samples reported in
the following are fabricated with such back contact.

The figures of merit extracted from the J-V analysis of corre-
sponding solar cells are reported in Figure 8.

The first and most important observation relates to the tempera-
ture of the reactive annealing process; indeed, an optimum exists at
570°C, and samples fabricated at 500°C and 600°C do no permit to
obtain a PV conversion efficiency above 1%. As seen in the SEM
micrographs in Figure 9, a low annealing temperature expectedly leads
to a lower crystallinity, whereas conversely, the grain size is increasing
within the temperature. Nonetheless, the devices fabricated at 600°C
are barely functional in our sample series, which could appear coun-
terintuitive as those samples have the best morphology. The likeliest
hypothesis is that temperatures of 600°C and above significantly
degrade the FTO back contact/interface. A similar effect has been
previously observed in the case of other TCO back contacts (ITO),
which showed a detrimental influence on the solar cells' efficiency
when the deposition temperatures increased above 600°C due to the
appearance of the In-Se amorphous phase at the absorber/back con-
tact interface.'?

It should moreover be noted that the best results were obtained
when annealing in a single step at 570°C low-pressure conditions
(1.5 mbar) rather than at high-pressure conditions (500 to 800 mbar,
rising with temperature), and multistep annealing processes (not
reported here) combining both high-pressure and low-pressure steps
did not lead to any gain in performance. In optimized conditions, a PV
efficiency in the 3.5%-4.0% range can be consistently obtained, with
a very low data spread for the current density and voltage.

The process was repeated in several batches of similar conditions
at 570°C and 1.5 mbar and is deemed fairly reproducible. Finally, a
champion cell with a conversion efficiency of 5.4% has been obtained,
currently the highest value reported for this class of material on trans-
parent substrate (see J-V curve and corresponding EQE of this cell in
Figure 10).

3 | STRATEGIES FOR DEVICE
OPTIMIZATION

Whereas the present study compiles a set of results allowing to repro-
ducibly obtain wide bandgap CGSe solar cells on transparent sub-
strate with efficiencies at the state-of-the-art level, several challenges

remain and should be considered for future investigations.
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Firstly, we mostly reported on complete solar cell devices' analy-
sis, and whereas material characterizations of the CGSe films are also
presented, the exact interplay between performance, material proper-
ties, and growth conditions remain vastly uncharted. It appears that
high-temperature annealing of CGSe absorbers may be detrimental to
performance, a counterintuitive yet tangible conclusion to the results
presented here. Also, the loss mechanisms related to the bare FTO
interface compared to the interface including an ultrathin Mo layer
require additional work beyond the scope of the present one; whereas
various hypotheses are proposed here and are often supported by
consistent data, the fact that the highest voltage values remain mostly

similar raises unanswered questions regarding the voltage bottleneck.

Nevertheless, a set of stable conditions is presented, including an
ultrathin 15 nm Mo interlayer at the back interface, permitting to
reproducibly obtain conversion efficiencies above 4.5%, with a record
value of 5.4%. Our future work will include an improvement of data
homogeneity (metallic grid and improvement of the reactive annealing
source geometry) as well as more exhaustive characterizations and
methods, such as using mechanical liftoff to accurately characterize
the absorber's back interface.

The devices reported here use CdS as buffer layer. It is the most
widely used partner layer for chalcopyrite solar cells and can thus be
considered a reference in that regard. It is nevertheless not adapted to

the wide bandgap compound investigated here from a band alignment
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(A) J-V curves and photovoltaic parameters of the CuGaSe, champion cell with a substrate fluorine-doped tin oxide

(FTO)/15 nm Mo. (B) Corresponding external quantum efficiency (EQE) curve

viewpoint and represents a significant source of voltage loss. It is cur-
rently our leading hypothesis explaining that devices with and without
interfacial Mo reach a similar maximum voltage in record cells. The
replacement of CdS by a wider bandgap buffer layer, such as zinc sul-
phide (ZnS) would additionally, leads to a Jsc improvement thanks to
an increased absorption in the UV high-energy region. An optical
modeling of complete solar stacks comparing CdS and ZnS buffer
layers (Figure S3) reveals that the absorption in the CGSe layer using
such buffer layer would increase the current by +1.66 mA.cm~2.

Alkali doping has proven instrumental in the success of narrow
bandgap chalcopyrite solar cells, especially with the recent

incorporation of heavy alkali elements following the crystallization of
the absorber film.%® In the presented work, FTO acts as an efficient
barrier to the diffusion of sodium from the SLG substrate, and no inten-
tional Na doping was introduced. Preliminary experiments using prede-
position of sodium in the layers were not fruitful with the apparition of
pinholes in the sample. Future experiments will need to improve on
that aspect, not only by investigating predeposition methods for alkali
diffusion during growth but also by making use of post-deposition
treatments, such as those widely reported for narrow gap CIGS.>*
Finally, and whereas improving the PV performance of the
devices is of course the main problem to be tackled, the transparency
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of the solar cells ought also to be improved for tandem device applica-
tions. As discussed in Section 2.2, improving the specular properties
of the absorber and the front window is of high importance as an
excessive light scattering leads to a decline in the optical transmission
of the devices. In addition, we have previously suggested that transi-
tion metal oxides, such as MoOg3, hold more promises to obtain CGSe
solar cells highly transparent below the absorber bandgap,?’ and
experimental methods allowing the realization of such architecture
will have to be developed.

Considering the aforementioned limitations and necessary future
optimizations, we believe that realizing devices exceeding the 10%
efficiency threshold combined with a transparency above 50% below
the CGSe bandgap should be seen as a challenging yet achievable tar-
get for the community and would give relevancy for the wide bandgap

chalcopyrite family of material in the field of tandem solar cells.

4 | CONCLUSION

A route for the fabrication of wide bandgap, pure Ga, CuGaSe,-based
solar cells on a transparent SLG/FTO substrate is proposed using a
combination of metallic precursor sputtering and reactive thermal
annealing. The presence of an ultrathin interfacial Mo layer is found
essential in improving device performance by not only creating a ben-
eficial MoSe, hole transport interlayer but also improving the crystalli-
zation and Cu distribution homogeneity, an interpretation consistent
by both material and electrical characterization. It was additionally
found that reactive annealing temperatures of 600°C markedly
degrade the devices' performance, possibly due to a degradation of
the FTO substrate. The optimized process was repeated on several
batches of samples and appears reproducible. A champion cell effi-
ciency of 5.4% was obtained in optimized conditions, which repre-
sents the highest value reported up to now for this material on a
transparent electrode substrate. However, the optical transmission of
the devices below the absorber bandgap remains in the 30% range, a
value deemed insufficient for tandem application. Optical modeling
indicates that surface roughness can significantly reduce the optical
transmission of the device; thus improving the specular properties of
each interface would allow reaching markedly higher optical transmis-
sion values up to 60%. Whereas the results of the device efficiency
presented here exceed the state of the art for this class of material on
transparent substrates, they also offer an overview of its current limi-
tations, and a major research effort from the community will be
needed to turn wide bandgap chalcopyrite devices into a credible

alternative as top cell in tandem architecture.

5 | EXPERIMENTAL SECTION
5.1 | Solar cells fabrication

The solar cells presented were fabricated with the following material
stack: SLG/FTO/(ultrathin Mo)/CGSe/CdS/ZnO/ITO. The SLG/FTO

PHOTOVOLTAICS I TB

purchased from  Sigma-Aldrich  (reference
#735183-5EA). The role of a thin interlayer of Mo (~15 nm nominal)

deposited by DC magnetron sputtering is discussed in this article and

substrate  was

compared with a precursor deposited directly on the bare FTO. The
thickness of the Mo was chosen after optimization of the contact
transparency/ohmicity interplay in a process described by Salem

1.2 The metallic stack of the precursor was also deposited by DC

et a
magnetron sputtering in two layers as CuGa/Cu. Using X-ray fluores-
cence, the final thickness was calibrated to be 760 nm, and the final
composition was Cu 44.2%/Ga 55.8%, which is a Cu-poor composi-
tion with a ratio Cu/Ga = 0.79. A one-step reactive annealing under
Se atmosphere was carried out by placing the metallic precursor in a
graphite box with 200 mg of Se powder. The box was inserted in a
tubular furnace programed for a one-step annealing with a ramp of
50°C/min until temperatures between 500 and 600°C either with a
constant flux of Ar and 1.5 mbar pressure or in a static mode without
flux with a pressure varying from 450 to 850 mbar within the temper-
ature during 30 min. The samples were let to naturally cool down at
the end of the process. Before depositing the buffer layer, a potas-
sium cyanide (KCN) etching (2%) of 10 min is realized on the
absorbers in order to remove potential Cu,Se, phases at the surface.
The CdS layer was deposited by chemical bath deposition (CBD) at
80°C and the window layer completed by DC sputtering with a 50 nm
i:ZnO and a 300 nm ITO layer. Each sample was mechanically scribed
with individual solar cells of dimension 3 x 3mm?. Front J-V curves
were measured under light conditions using a Sun 3000 class AAA
solar simulator (Abet Technologies) calibrated to one sun by using a Si
(Newport) reference cell. The EQE spectra of the elaborated solar cells
are measured by Bentham PVE300 system calibrated with Si and Ge
photodiodes. The fitting of the dark J-V curves was made using a
1-diode model code developed in-lab.

5.2 | Material characterization
The as-deposited CIGSe films and complete solar cells were observed
by SEM with a ZEISS Series Auriga microscope using 5 kV accelerating
voltage and 5 mm of working distance, to assess their morphology. The
morphological features presented in the following section were based
on the SEM analysis of hundreds of micrometers (width) in different
cross-sectional preparations to avoid biased results. The films were
analyzed by XRD using a Bruker D8 Advance, with a scanning rate of
0.6°/min~ %, a step size of 0.010°, and a 20 range from 10° to 60°,
using the Cu Ka radiation (1.5406 A) operating at 40 kV and 40 mA.
Raman spectroscopy analysis was carried out using a Horiba
Jobin-Yvon FHR640 monochromator coupled with the charge-
coupled display (CCD) detector. The spectra were measured in back-
scattering configuration through a specific probe designed at Institut
de Recerca en Energia de Catalunya (IREC). A solid state 532 nm exci-
tation laser was used with the power density below 150 W/cm? to
avoid any substantial heating of the samples. The spectra were
acquired at six different points of a 1.25 x 2.5cm? sample at the front

and back surfaces of the absorber.
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5.3 | Numerical modeling

The electrical simulation of wide bandgap solar cells is performed
using SCAPS 3.308, and a set of material parameters were reported
elsewhere.?’ The optical modeling is made using a self-developed
code functioning in MATLAB™ and simulating the complete optical

profile of a material stack of known complex optical indices with the

I.29

transfer matrix approach. Unlike Tiwari et al.“” where only the specu-

lar component of the light was considered, light scattering effects are

taken into account using the Beckmann-Spizzichino method.3%3°
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