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1. Introduction

Performance and limits of 2.0 eV bandgap
CulnGas, solar absorber integrated with CdS
buffer on F:SnO, substrate for multijunction
photovoltaic and photoelectrochemical water
splitting devicest

Nicolas Gaillard, €2 *2 Wilman Septina,® Joel Varley,” Tadashi Ogitsu,”
Kenta K. Ohtaki, ©2 ¢ Hope A. Ishii, &2 ¢ John P. Bradley,® Christopher Muzzillo,
Kai Zhu, @2 ¢ Finn Babbe® and Jason Cooper®

We report on the electrical properties of 2.0 eV bandgap (Eg) CulnGaS, (CIGS) solar absorbers
integrated on SnO,:F (FTO) substrates and interfaced with CdS buffer layers for multijunction solar cells
and photoelectrochemical water splitting devices. The averaged short-circuit photocurrent density
measured on nine ITO/ZnO/CdS/CIGS/FTO cells was 10.0 mA cm™2, a value corresponding to 70% of
the optical limit for a 2.0 eV-bandgap absorber. However, the averaged power conversion efficiency was
low (avg.: 2.4%) and for the most part limited by modest open circuit voltage values (avg.: 587 mV).
Solid-state analyses performed at low temperatures revealed poor energetic alignment at the CdS/CIGS
top interface. An activation energy (1.1 eV) for the dominant recombination mechanism significantly
lower than the CIGS bandgap was measured, implying that recombination takes place near the CdS/
CIGS interface. This finding is supported by the large difference found between the quasi Fermi level
splitting of the bare absorber (1.17 eV) and the open circuit voltage of the device. Complementary
theoretical calculations identified Fermi level pinning as a possible cause for the poor interface
energetics through Cd incorporation on both the Cu and the group-lll sites, resulting in a large
conduction band offset (~0.9 eV) at the CdS/CIGS interface. This work underlines the need for new
Es-tunable buffers coupled with optimized CIGS surface energetics (e.g. ordered vacancy compounds)
for future chalcopyrite-based multijunction solar cells and photoelectrochemical water splitting devices.

techniques®® and substrates® are being developed, it is unclear
how long it will take for III-V MJSC to be competitive for utility-

For over four decades, major investments in III-V materials
growth and integration have boosted the power conversion effi-
ciency (PCE) of multijunction solar cells (MJSC) to 47.1%," how-
ever the costs associated with substrates and processing still
relegate this technology to niche applications in the current
photovoltaic (PV) market. Although lower cost manufacturing
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scale energy production. Replacing III-Vs entirely with inexpen-
sive material classes could radically change the future of PV,
assuming cost savings outweigh efficiency penalties. Amongst all
mature PV technologies, bandgap (Eg) tunable, direct absorber,
thin film Cu(In,Ga)(S,Se), (CIGSSe) chalcopyrites have emerged as
potential candidates for low cost/high efficiency MJSC applica-
tions. When compared to III-V technologies, chalcopyrites can be
processed using economical high-throughput vacuum processing,
and recent developments in molecular ink-based techniques’
could potentially further reduce their manufacturing cost. Also,
outstanding PCE has been demonstrated with chalcopyrites,
including 23.35% with single junction CIGSe PV® and 25.9% with
mechanically stacked perovskite/CIGSe tandems.”

It is worth noting however that the bandgap tunability of
chalcopyrites is not being exploited in most applications, aside
from slight bandgap gradings. Narrow-Eg 1.2 eV CIGSe remains

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the primary material in all high efficiency chalcopyrite-based
technologies, whereas wide-E; absorbers (e.g. 1.67 eV CuGaSe,:
CGSe) are still a laboratory curiosity despite their potential for
M]JSC applications. Research has shown that integrating both
narrow and wide-Eg chalcopyrites into monolithic tandems is
extremely difficult,® since the deposition temperatures required
to manufacture the top absorber (>350 °C) would inevitably
degrade the heterojunction of the bottom cell.’ In addition, the
vast majority of studies focused on the development of wide-Eg
chalcopyrites used reflective molybdenum-coated soda lime
glass (SLG) substrates’®™"* making the devices unsuitable for
MJSC applications. Attempts to transpose deposition techni-
ques initially developed for Mo-SLG substrates to transparent
conductive oxides has exposed some limitations."?

In contrast, photoelectrochemical (PEC) water splitting is a
field in which chalcopyrites have drawn significant attentions
over the past two decades."*® In this application, a photo-
voltage of at least 1.6 V is required to drive the oxygen and
hydrogen evolution reactions, with the solar-to-hydrogen (STH)
efficiency being directly proportional to the photocurrent den-
sity produced by the device. To date, single junction PEC cells
made of metal oxides (e.g., 3.4 eV GaN," 3.7 eV SrTiO;,>° or
3.2 eV Ti0,,>") can only split water with STH efficiency of 1-2%
due to their light absorption being restricted to ultraviolet,
whereas STH efficiencies as high as 16.2% have been reported
with III-V multijunction PEC cells.*” Although III-V-based PEC
cells have shown limited durability in acidic electrolytes,*
alternatively coupling III-V PV with electrolyzers (PV-E) may
prove to be a viable route for long term solar power water
splitting,**** assuming again that material costs can be signifi-
cantly reduced. Regardless, chalcopyrite-based tandems could
fill the gap between the low-cost, poor-efficiency single junction
metal oxide PEC cells and the high efficiency, yet costly III-V
PEC or PV-E tandems. As a PEC cell, chalcopyrites appear to be
quite stable under PEC water splitting conditions, with dur-
ability exceeding several hundreds of hours in strong acids.>*?”
Also, STH efficiency of 10% has been reported for 1.2 eV CIGSe
co-planar PV-E devices,'® and higher efficiencies can be
achieved with chalcopyrite-based tandems,”® assuming such
device can be successfully manufactured.

In this paper, we report on our efforts to integrate wide-Eg
chalcopyrite PV on SnO,:F (FTO) substrates for CIGSSe-based
MJSC and PEC water splitting applications. Our recent pub-
lished results have demonstrated that bandgap tunable
CuGa(s,Se),>’ (CGSSe) and Cu(In,Ga)S,*° (CIGS) can be success-
fully integrated on FTO while preventing the formation of
resistive SnS, back interface. With our process, co-evaporated
CIGSe precursors are first post-treated with elemental sulfur at
350 °C (dosing stage), and then annealed at 500-550 °C under
inert atmosphere (alloying stage). For precursors deposited at
temperatures typical for three-stage processes (>500 °C), only
Cu-rich films ([Cu]/([In] + [Ga]) > 1) could be sulfurized, yet the
sub-bandgap transmission (%7Tg_pzg) of the resulting potas-
sium cyanide (KCN)-etched wide-Eg chalcopyrite was too low
(%Tr<pc < 30%), making the absorbers impractical for tan-
dem applications.>® Our subsequent study demonstrated that
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Cu-poor CIGSe could be fully sulfurized, but only if the pre-
cursors deposition temperature was kept below 350 °C.*° The
resulting 2.0 eV CIGS photocathodes (800 nm thick) exhibited a
saturated photocurrent densities (5 mA ¢cm™?) corresponded
only to 38% of the optical limit. Further optical analysis
revealed that this sub-par performance originated from lower
optical absorption prosperities in CIGS compared to baseline
wide-Eg chalcopyrite absorbers (e.g. CGSe).

This present paper builds upon the results reported in
ref. 30 and focuses on the integration of thicker (1200 nm)
2.0 eV CIGS absorbers on FTO and interfaced with CdS buffer
layers. After a short overview of CIGS materials microstructural
and chemical properties, we present the PV performances of
ITO/ZnO/CdS/CIGS/FTO solar cells. The averaged short-circuit
photocurrent density ( Jsc) measured on nine cells was 10 mA cm™ >
(STH efficiency limit®* = 12.3%), confirming the potential of
2.0 eV CIGS for efficient PEC water splitting. Also the quasi
Fermi level splitting measured on the bare absorber layer
(1.17 £ 0.05 eV) showed high potential for the material. However,
the average PCE was found to be only 2.4%, and was for the most
part hindered by low open circuit voltage (Voc) values that averaged
587 mV. Subsequent solid-state characterization at cryogenic tem-
peratures revealed two important limitations with CIGS absorbers.
First, a significant photocurrent suppression was observed at
reduced temperatures, a behavior also reported for other sulfur
containing chalcogenides (e.g:, Cu,ZnSn(S,Se),) and typically attrib-
uted to an energy barrier at the back contact.**** In contrast, our
study shows that the photocurrent suppression in CIGS originates
from the absorber itself via early freeze-out of the dominant
acceptors. More importantly, our experimental data suggest Fermi
level pinning (FLP) at the CdS/CIGS interface. Complementary
theoretical modeling demonstrates that Cd incorporation in
2.0 eV CIGS sub-surface can account for the FLP, with the particular
value sensitive to the deposition and growth conditions and
spanning a range of 0.63-1.06 eV depending on how Cu-poor the
absorber surface is prior to buffer deposition. Our measurements
also exhibited a large (>900 meV) conduction band offset at the
CdS/CIGS interface, confirming the need for new buffer materials
with energetics that match that of wide-Eg chalcopyrites, such as
bandgap tunable Mg,Zn; ,O recently proposed my members of
our collaborative team.>*

2. Methods

Thin film absorbers synthesis

The 2.0 eV 1200 nm-thick Cu-poor CIGS thin film materials
used in the present study were obtained by converting 1.4 eV
CIGSe precursors co-evaporated on FTO substrates (Hartford
Glass, 15 Q sq.”') with the close-space sulfurization (CSS)
process recently reported by our group.’® In short, FTO sub-
strates were cleaned in an Alconox solution (2 wt%)/DI-water
(18 MQ)/acetone (ACS grade, 99.5%)/DI-water/methanol (ACS
grade, 99.5%) sequence each for 10 minutes. The substrates
were then dried with compressed nitrogen (pre-purified) and
rapidly loaded in a co-evaporation chamber. The CIGSe
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precursors deposition was carried out at a base pressure of
5 pTorr using a two-stage process comprising a Cu-poor step
(stage #1, 150 °C, 8 minutes duration) and a Cu-free growth
phase (stage #2, 350 °C, 8 minutes duration). The transition
between the Cu-poor stage #1 and Cu-free stage #2 was estab-
lished by simply turning the Cu source off as soon as the
desired Cu thickness, measured by an Electron Impact Emis-
sion Spectroscopy monitoring system (EIES, Inficon) instru-
ment, was achieved. Newly formed CIGSe precursors were then
placed with elemental sulfur (150 mg) into a cylindrical weigh-
ing bottle (Kimble-Chase, borosilicate, 92 mL nominal volume,
fritted glass seal) under nitrogen atmosphere in an in-house-
built glove-box with O, concentration less than or equal to
0.1%. The weighting bottle was then placed into a tube furnace
preheated at 350 °C for 60 minutes. The same process was
repeated a second time at 500 °C for 10 minutes in absence of
sulfur. This two-step dosing-alloying approach led to over 95%
substitution of Se with S in CIGSe. Sequencing the sulfurization
process permitted to prevent the formation of undesirable
resistive SnS, interfacial layers between the CIGS absorber
and the FTO substrate, as demonstrated by TEM/EDX analysis
of the back interface. We invite the reader to review ref. 30 for
more details about the CSS process.

Solar cells integration

No KCN etching was performed on the absorbers prior to device
fabrication. An 80 nm CdS buffer layer was deposited onto the
CIGS/FTO samples by chemical bath deposition (CBD). In the
CBD process, CdSO, (0.015 M), NH,OH (7.2 M), and thiourea
(1.5 M) dissolved in deionized water were poured into a water
bath previously heated at 85 °C. Samples were then immersed
in the solution for 8 min. The CdS-coated CIGS/FTO samples
were then annealed in air for 7 min in a laboratory oven
(FisherScientific Isotemp 500 Series) set at 120 °C. Finally, the
solar cells were completed with RF-sputtered of undoped ZnO
(room temperature, 100 nm) and In,03/SnO, 90/10 wt% (ITO,
200 °C, 500 nm). The total area of each cell (0.12 ¢cm?) was
defined by the diameter of circular holes of the shadow mask
used during the ITO deposition. No metallic grids nor anti
reflective coatings were used in this experiment.

Solar cells characterization

Indoor current density-voltage (/-V) curves of the solar cells
were measured at 25 °C using a temperature-controlled stage
under simulated AM1.5 irradiation provided by a 1000 W solar
simulator equipped with a Xe bulb and an AM1.5 filter (New-
port, 91192-1000). The solar simulator was calibrated using a
spectroradiometer (ITL 900) such that its output power matched
that of AM1.5¢ in the 250-650 nm range (40.8 mW cm 2).
For outdoor testing, the solar cell’s temperature (<30 °C)
was maintained using a 40 mm fan and J-V were measured
when the current of an NREL-certified Si photodiode reached
its calibrated value for AM1.5. External quantum efficiency
(EQE) was measured with neither electrical nor light biases
using a PVMease QEX7 instrument equipped with a 75 W Xe.
The monochromatic beam was focused to a 1 mm x 2.5 mm
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area and chopped at 80 Hz. Temperature-dependent JV (J-V-T)
and capacitance-voltage (C-V-T) were measured using a cryo-
stat cooled with liquid-He and equipped with a Lake Shore
335-temperature controller. For J-V-T, the devices were illumi-
nated using a white LED lamp which illumination (1 sun) was
adjusted until the devices short-circuit current density (Jsc)
matched that measured with the 1000 W solar simulator.
C-V-T measurements were performed in dark at 10 kHz and
AC voltage of 50 mV using a Biologic SP-200 potentiostat
equipped for impedance analysis. The DC bias voltage was
swept from 2.5 to —2.5 V, and carrier concentration was
extracted using a dielectric constant of 13.6.

Optical, microstructural and elemental analyses

The optical transmittance and reflectance of CIGS integrated
on FTO was measured with a UV-visible spectrometer equipped
with 100 mm integrating sphere (PerkinElmer, Lambda 750,
InGaAs detector). Generated photoluminescence (PL) signals
were spectrally resolved in a grating monochromator and
detected using a Si detector array (Andor, iDus 4200A). A 405 nm
CW laser was used for sample excitation. Microstructural and
chemical analyses were carried on an electron transparent thin
section of a complete CIGS solar cell prepared using a Helios
NanoLab 660 dual-beam focused ion beam instrument (FIB-SEM,
FEI/Thermo Fisher) equipped with an X-max N80 SDD-EDX detec-
tor (Oxford Instruments). Scanning transmission electron micro-
scope (STEM) images and energy dispersive X-ray spectroscopy
(EDX) measurements were collected at 300 kv on a High-base
Titan G2 (Scanning) Transmission Electron Microscope (FEI/
Thermo Fisher) equipped with a solid-state Si(Li) EDX detector
(Genesis 4000, EDAX).

Computational methods

Hybrid functional calculations were performed with the Heyd-
Scuseria-Ernzerhof (HSE06) screened hybrid functional and
projector-augmented wave (PAW) approach as implemented
in the VASP plane-wave code.**” Filled p and d shells of Cu,
In, and Ga were treated as core electrons in the PAW potentials.
Defect formation energies were evaluated with the formalism as
described in ref. 38 using 64-atom supercells for CulnSe,
(C1Se), CGSe, CulnS, (CIS), and CuGasS, (CGS). The supercell
calculations of the bulk chalcopyrites adopted a Hartree-Fock
mixing parameter of 32%, a plane-wave energy cutoff of 400 eV,
a2 x 2 x 2 mesh of Monkhorst-Pack special k-points and the
lattice parameters summarized in ref. 30. Finite-size correc-
tions were incorporated using approach of Freysoldt et al.>°
using dielectric constants for the components parallel
perpendicular to the chalcopyrite c-axis (g),6,) for CISe
(15.2,16.0), CGSe (12.4,14.4), CIS (10.2,10.2) and CGS (7.6,8.9).
The formation energies were evaluated at different chemical
potential regimes in the phase diagrams for evaluated using
reference phase energies as taken from the Materials Project,*®
with the phase diagrams and reference energies included in
the ESL.¥

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
Bulk microstructural, chemical and optical properties

The microstructural and chemical properties of 2.0 eV CIGS
absorbers synthesized from 1.4 eV CIGSe precursors were
reported extensively in our previous communication.*® Briefly,
Raman scattering analyses demonstrated that sulfur incorpora-
tion was permitted by poor crystallographic ordering in
Cu-poor CIGSe precursors grown at low temperature (350 °C).
After sulfurization, 95% of selenium was replaced with sulfur,
leading to CIGS absorbers with bandgap energies ranging from
2.0 to 2.45 eV depending on the initial In and Ga content in the
precursors. TEM and EDX analyses performed on a 2.0 eV CIGS
thin film revealed uniform [Ga]/([Ga] + [In]) (GGI ~ 0.69) and
[S1/(S] + [Se]) (SSSe ~ 0.93) distributions in the absorber. New
TEM/EDX images of a fully integrated ITO/ZnO/CdS/CIGS/FTO/
SLG solar cell used in the present study are presented in Fig. 1.
The CIGS absorbers fabricated with the CSS process are made
of rather small grains (50-200 nm across) and contain voids, as
evidenced by the white regions in the bright field TEM image in
Fig. 1(a). This morphology contrasts greatly with that of chal-
copyrite absorbers co-evaporated using conventional multi-
stage processes, where dense films made of large grains (up
to 1 um across) are usually observed,"” although in some cases
small grain size has been found not to be detrimental to CIGSe
solar cells efficiency.” Complementary TEM analysis in a
zoomed in region of Fig. 1(a) reveals that the dense regions
in CIGS are made of highly crystalline grains with clearly
defined boundaries, as presented in Fig. 1(b) and (c). The
elemental composition of CIGS measured by STEM/EDX point
analysis in Fig. S1 (ESIt) is presented in Table S1 (ESIY).
The averaged [Cul/([Ga] + [In]) (CGI), GGI and SSSe measured
in the bulk were 0.87, 0.73 and 0.94, respectively. The optical

G Wi, 7 ————— 20 nm

Fig. 1 Bright field STEM micrographs of (a) fully integrated CIGS solar cell and

the grain boundary in the box in (b) showing high degree of crystallinity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transmittance and reflectance of a CIGS film are presented in
Fig. 2(a). An optical bandgap of 2.0 eV, consistent with the GGI
of 0.73,>>*! was estimated. More importantly, optical transmit-
tance as high as 78% on average for photons with energy
lower than the bandgap was measured, a value significantly
higher than that measured on wide-Eg CGSSe synthesized
from Cu-rich CGSe precursors (%Tp.psc < 30%)>° or
CIGS made by sulfurizing Cu/In/Ga metal stacks or alloys
(%Tp<ps < 25%)."

The potential of an absorber for solar energy conversion can
be assessed by the quasi Fermi level splitting (qFLs) using PL
measurement at room temperature. In well-optimized narrow
bandgap chalcopyrite systems, qFLs and Vo differ typically
only by a few 10 meV. The investigated Cu(In,Ga)S, absorber
has a broad asymmetric PL peak centered around 1.4 eV with a
FWHM of 305 meV (Fig. S2, ESIt). This peak is strongly red
shifted from the expected bandgap of 2 eV, likely originating
from defect to band transitions. Similar red shifted PL has been
observed previously also for CulnS,.** Since no direct band to
band luminescence was observed, Planck’s generalized law™*
cannot be applied to extract the qFLs. As a work around, the
external radiative efficiency (ERE) was determined using a known
reference (see ESIT for more details). A qFLs of (1.17 £+ 0.05) eV
was calculated using the relationship between the radiative
efficiency and the maximum achievable Vo under Schockley-
Queisser conditions (Voc,sq) [Voc = Vocsq + ksT/q In(ERE)].** This
value corresponds to about 70% of the maximal reachable radia-
tive limit for a 2 eV absorber (1.67 €V)*® and should thus enable
good device performance. Next, PL was measured over two
decades of excitation density to extract an optical diode factor®”
of 1.38 (Fig. S2, ESIf). This value is slightly higher than that
observed for low bandgap Cu(In,Ga)Se, (1.15-1.3),"” however it
should not limit device performance.

(b) two adjacent CIGS grains located in the box in (a). (c) Zoomed image of

Mater. Adv, 2021, 2, 5752-5763 | 5755
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Fig. 2 (a) Optical transmittance and reflectance measured on CIGS integrated
on FTO (data corrected for FTO absorption). (b) External quantum efficiency and
(inset) [ x In(l — EQE)? vs. hv curve measured on a 2.0 eV CIGS solar cell

Solid-state properties of CdS/Cu(In,Ga)S,/FTO solar cells at
room temperature

The EQE of a CIGS solar cell measured under short-circuit
conditions is presented in Fig. 2(b). A maximum conversion
efficiency of 71% is achieved at 480 nm wavelength. The
electronic bandgap, calculated from the [Av x In(1 — EQE)J]’
vs. hv curve®® (Fig. 2(b), inset), was estimated to be ~2.0 eV,
consistence with the values measured by optical methods
(Fig. 2(a) and Fig. S3, ESIt). Finally, integrating the QE curve
over AM1.5¢ led to a Jsc of 10.56 mA cm ™2, representing 70%
of the theoretical limit for a 2.0 eV bandgap material
(15.1 mA em ™2, assuming the optical limit with no absorption
of the ITO/ZnO/CdS stack). Fig. 3(a) presents the statistical
distribution of Js¢, Voc and PCE measured under simulated
AM1.55 illumination on nine 2.0 €V CIGS solar cells. The current-
voltage (J-V) characteristic of the champion solar cell, as deter-
mined by PCE (2.9%), is presented in Fig. 3(b), while a compar-
ison of J-V characteristics measured on one representative cell
(PCE = 2.4%) under simulated AM1.5; and outdoor illumina-
tion is presented in Fig. S4 (ESIf). All devices yield rela-
tively high Jsc (min: 9.6 mA cm 2, max: 10.5 mA cm 2, avg:
10.0 mA cm ™ ?). However, PCE recorded on these solar cells were
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Fig. 3 (a) Statistical distribution of Jsc, Voc and PCE measured on nine
2.0 eV CIGS solar cells integrated on 1 FTO substrate. The black squares
represent the average value of each parameter. (b) Current vs. voltage (blue
line) and power vs. voltage (red line) characteristics of the champion solar cell.

relatively modest (min: 2.1%, max: 2.9%, avg: 2.4%) and for the
most part hindered by low V¢ values (min: 566 mV, max: 605 mV
avg: 587 mV) considering the absorbers’ bandgap. Only about
35% (VOC/VOC,SQ)45 of the maximum achievable Vy are utilized
compared to the upper limit of 70% determined from the qFLs of
the absorber, indicating a band misalignment at the absorber/
buffer interface. In comparison, Merdes et al. and Young et al. have
reported Voc values as high as 879 mv*® and 910 mv'" on 1.53 eV
CIGS (Voc/Vocsq = 70%) and 1.67 eV CuGaSe, (66%) solar cells,
respectively (both integrated on Mo substrates with CdS n-type
buffers). Although high-Ga content can limit Vi¢ in chalcopyrite
solar cells, the latter usually increases linearly with the bandgap for
GGI values up to ~0.3-0.4, and then saturates.'>*® Following this
reasoning, Voc values measured on 2.0 €V CIGS should be at least
comparable to, if not higher than, that commonly reported on
CulnS, solar cells (~730 mv).*

Solid-state properties of CdS/CIGS/FTO cells at cryogenic
temperatures

(i) General overview. To further elucidate the origin of low
Voc values measured on wide-Eg CIGS cells at room tempera-
ture, complementary solid-state characterizations were gath-
ered at cryogenic temperatures on a representative solar cell
(PCE = 2.37%, Jsc = 9.7 mA cm ™2, Voc = 580 mV, FF = 43.35%)
and compared to that of a CIGSe absorber provided by NREL
(1.2 eV bandgap, Mo substrate, PCE = 14.8%). The latter was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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integrated as solar cell using CdS, ZnO and ITO processes
identical to those employed in the fabrication of the CIGS solar
cell. The J-V-T characteristics measured at 150 K, 200 K, 250 K
and 300 K on the CIGSe solar cell are presented in Fig. 4(a).
Typical behavior reported at low temperatures on efficient
chalcopyrite solar cells®’ was observed on the CIGSe device,
including temperature-independent Jsc, shunt (Rsy) and series
(Rs) resistances, as well as the increase of V¢ with decreasing
temperature (see Table S2, ESIT for complete cell characteris-
tics). A notable feature is the early saturation of forward current
(roll-over) observed at 150 K. Several models have been
proposed to explain such behavior, including the presence of
a defect layer either at the absorber sub-surface®® defects
associated with the CdS buffer layer,>>>> as well as the for-
mation of a Schottky barrier at the CIGSe/Mo back contact
interface.>®

The temperature-dependence of the CIGS solar cell electrical
properties differs significantly from that of the CIGSe device
(Fig. 4(b), refer to Table S3, ESIt for complete cell character-
istics). A clear photocurrent suppression was observed with
reduced temperatures, with Jsc dropping from 9.37 mA cm™>
(300 K) to 4.49 mA cm™? (150 K). Also, Vo was observed first
to increase from 300 K (495 mV) to 200 K (640 mV)
before decreasing at 150 K (602 mV). Finally, Rs increases
significantly as temperature is reduced, from 10.57 Q cm® at
300 K to 41.43 Q cm® at 150 K (Fig. 4(c)). For comparison,
Rs values measured on the CIGSe device increased only by
0.2 Q cm” in the same temperature range. We note that Rgy
measured on the CIGS solar cell were nearly constant between
300 K (202 Q cm?) and 150 K (230 Q cm?), yet about 5 times
lower than those measured on CIGSe.

(ii) Early freeze-out of dominant acceptors in CIGS. To
the best of our knowledge, the remarkable difference in
temperature-dependence of Rs between selenide-based and
sulfur-based chalcopyrite absorbers has not been reported yet.
However, similar trends were measured on closely related
kesterite materials. Redinger et al. measured nearly constant
Rs (<1 Q em?, 150-300 K) on pure selenide Cu,ZnSnSe, solar
cells (0.93 eV), but observed diverging Rg values (2.7 Q cm” at
300 K to 200 Q cm? at 150 K) on sulfo-selenide Cu,ZnSn(S,Se),
(CZTSSe) devices (1.23 eV).** The authors reported photocur-
rent suppression, similar to what we observed on the CIGS
device. Also, Mitzi et al. measured 200 times Rg increase for
CZTSSe cells (1.04 eV) from 340 K to 125 K, compared to only
3 times on pure selenide CIGSe ones (1.16 eV).>* The model
commonly used to explain the Rs increase with reduced tem-
perature is the presence of an energetic barrier at the absorber/
back contact interface acting as a blocking diode and polarized
in a direction opposite to that of the solar cell p-n junction.®”
With the p-n junction under forward bias, the conductivity of
the blocking diode (limited by its reverse saturation current) is
reduced as the temperature is lowered, which in turns increases
the solar cell total series resistance.

The electrical properties of the CIGS/FTO back contact were
further investigated to clarify if the blocking diode model
applies to this interface. For this analysis, the ITO/ZnO/CdS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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under AM1.5¢ simulated illumination on CIGS (red circles) and CIGSe (blue
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top layers of the CIGS cell were etched in a 10% HCI solution for
5 minutes and replaced by 100 nm-thick (area: 0.015 cm?) gold
ohmic contacts®®™®° evaporated directly onto the etched CIGS
absorber. As presented in Fig. 5(a), all J-V-T characteristics
measured in dark between 300 K and 140 K on Au/CIGS/FTO
are linear and intersects the origin, revealing that an ohmic
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dependence of CIGS resistance with that of CIGS solar cell series resistance.

contact, rather than a blocking barrier, is formed at the CIGS/
FTO back interface. However, a more rigorous analysis of the
CIGS solar cell Rg temperature dependence evidenced a barrier
height ¢y against hole injection of about 30 meV at the CIGS/
FTO interface (Fig. 6). Nonetheless, this value is too low to
constitute a blocking barrier and have any significant impact
on the cell’s electrical properties.®> Additionally, one can rule
out the contribution of the top transparent window layers and
buffer, since Rs measured on the CIGSe solar cell integrated
with identical CdS, ZnO and ITO layers did not exhibit any
temperature dependence (see Fig. 4(c)). Finally, the FTO in-
plane resistance was measured in the same temperature range
to evaluate its possible contribution to the CIGS solar cell
Rs. Here, two indium ohmic contacts (~1 cm?), distant by
~1.5 cm, were directly soldered onto a clean FTO substrate. As
shown in Fig. 5(b), all J-V-T curves measured on the In/FTO/In
stack exhibit an ohmic behavior and are virtually identical in
the 300-140 K range. This demonstrates that the FTO back-
contact resistance (as well as that of the In/FTO contacts) does
not change with temperature and, as such, cannot be the origin
of the CIGS solar cell Rg temperature dependence.
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We conclude that the change in Rs measured on the CIGS
solar cell originates from the absorber itself. Fig. 5(c) presents
the temperature-dependence of CIGS resistivity calculated
using the J-V-T data measured on Au/CIGS/FTO (Fig. 5(a)).
The absorber’s resistivity increases by nearly two orders of
magnitude between 300 K (3.2 x 10° Q cm) and 140 K
(250 x 10° Q cm). Comparatively, the resistivity of FTO,
calculated from the J-V-T measured on the In/FTO/In stack
(Fig. 5(c)), remained unchanged (7.4 x 10~* Q cm at 300 K;
6.9 x 10~* Q cm at 140 K). Also, we compare in Fig. 5(d) the
temperature-dependence of Rs to that of the CIGS resistance
(calculated directly form the J-V-T data presented in Fig. 5(c)).
The influence of the bulk resistance on the R is clearly
observed, with Rg increase coinciding with that of CIGS resis-
tance at temperatures below 250 K. Above this temperature, the
contribution of CIGS is negligible and the solar cell Rg is domi-
nated by resistances outside of the junction (10.57 Q cm?). These
results suggest a carrier freeze-out mechanism with reducing
temperature from larger ionization of the dominant acceptors in
the absorber,®* as evidenced by the depth profiles of apparent
doping density measured as function of temperature (75-300 K)
and presented in Fig. S5 (ESIf). Unlike CIGSe, for which a
constant Ney measured at 0 V was observed throughout the entire
temperature range (~5 x 10" cm ™, Table S4, ESIt), a two-order
of magnitude reduction in doping density was measured in CIGS
(~3 x 10”7 em™ to ~3 x 10" cm™3, Table S4, ESIf). Other
temperature-dependent contributions from non-ohmic barriers
may be also present, such as between grains in the absorber
layer®” or at the absorber-buffer interface as presented in the next
section.

(iii) Evidence of Fermi level pinning at the CdS/CIGS inter-
face. The V¢ temperature-dependence of both CIGS and CIGSe
solar cells were further analyzed to determine the dominant
recombination path in each structure. As showed in Fig. 7(a),
the activation energy E, (1.14 eV) of the dominant recombina-
tion process in CIGSe, as defined by the linear extrapolation of
Voc(T) to 0 K,°* equates the absorber Eg (1.2 eV), revealing that
Shockley-Read-Hall recombination dominates in the absorber
bulk. However, the same analysis performed on the CIGS cell
and presented in Fig. 7(b) evidenced an activation energy
(1.10 eV) significantly lower than the absorber bandgap, sug-
gesting dominant recombination at the absorber/buffer inter-
face. Analogous E, trends between narrow-Eg selenide- and
wide-Eg sulfide-based chalcopyrites were also reported by
Thompson et al., with E, ~ Eg for 1.18 eV CIGSe (E, = 1.21 €V)
and 1.41 eV CIGSe (E, = 1.42 eV), but E, < Eg for 1.53 eV CulnS,
(Ex = 1.10 eV), with all solar cells integrated with CdS buffer
layers.®® Shukla et al also reported an activation energy
(1.47 eV) significantly lower than the CIGS absorber bandgap
(1.7 €V).** The large disparity between Eg and E, can occur due
to a defective interface and/or non-ideal alignment of energy
bands at the CdS/CIGS heterojunction (a “cliff-like” conduction
band offset, CBO). Another fundamental difference observed
between the CIGSe and CIGS solar cells is the saturation open
circuit voltage (Vsar), a parameter representing the maximum
quasi-Fermi level split (QFLS) achievable before freeze-out of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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300 K and 150 K on (a) 1.2 eV CIGSe and (b) 2.0 eV CIGS solar cells.

the recombination mechanism dominating at room tempera-
ture. For CIGSe, Vsar is achieved at 90 K, with a value (990 mV)
corresponding roughly to 75% of Eg/q. In contrast, Vsar mea-
sured on CIGS (636 mV) represents only 33% of Eg/q and is
achieved at a much higher temperature (200 K), suggesting
possible pinning of the Fermi level (FLP) at the hetero-
interface.®® Shukla et al. reported a Vsar at the same tempera-
ture on 1.7 eV CIGS solar cells co-evaporated on Mo, although
their value (approx. 1 V) corresponded to 58% of Eg/q.
Theoretical calculations were conducted to further under-
stand the origin of this apparent FLP at the junction between
CIGS and CdS. We first consider the influence of possible
degradation of the CdS/CIGS interface in Fig. 8 through inter-
facial impurities, which summarizes the formation energies of
incorporated Cd defects calculated in the parent compounds of
CulnS, and CuGas, in the Cu-poor growth conditions (Fig. 8(a))
most relevant to the synthesized 2.0 eV CIGS absorbers. For
both CulnS, and CuGas,, we find that Cd may favorably
incorporate on both the Cu site, acting as a shallow donor,
and the group-III site, acting as an acceptor. Cadmium inter-
stitials are predicted to be significantly higher in energy. Thus
at the interface, Cd incorporation would be expected to lead to
self-compensation that would pin the interfacial Fermi level
near where the Cdc, and Cdy, concentrations are equivalent,
assuming their concentration exceeds that of electrically-active
native defects. This pinning level is shown as the dashed lines
in Fig. 8(b and c), which we find to occur between ~ 0.3-0.75 eV
above the valence band maximum in CulnS,, and ~0.75-1.2 eV
in CuGas,, for conditions spanning more S-rich/III-poor to
S-poor/II-rich limits. Approximating this Fermi level window
in the 2.0 eV band gap CIGS absorber from the 0.73 GGI-
weighted average, this would suggest the interfacial Fermi level
would be pinned within a window of 0.63-1.06 eV for Cu-poor

Mater. Adv,, 2021, 2, 5752-5763 | 5759
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Fig. 8 (a) Representative chalcopyrite phase diagram, calculated for
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highlighted in (a). The Fermi level that would result from self-
compensation from Cd incorporation is included as the dashed lines in
(b and c).

conditions spanning the S-rich/III-poor to S-poor/III-rich limits.
The entire range of interfacial Fermi-levels achievable is sub-
stantially lower than the band gap, with the lowest values
predicted in the more Cu- and III-poor limit most consistent
with the measured Vgar (636 meV). This suggests a severe
detrimental impact to the achievable Vo with interfacial Cd
incorporation in the sulfide absorbers.

We also note that this same analysis performed for the
CIGSe absorbers suggests an analogous pinning level of
0.56-0.90 eV for the Cu-poor and Se-rich/III-poor to Se-poor/
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II-rich limits that is essentially independent of the GGI (see
Fig. S6 and Table S5, ESI{). This window of Fermi levels falls
much closer to the band gaps and the measured Vgar (990 mV)
in low-gap CIGSe absorbers supports the observation that the
achievable V¢ in CIGSe is robust to substantial interfacial Cd
incorporation beyond the typical picture of Cd¢, donors incor-
porated onto vacant Cu sites during CdS deposition.

The nature of CBO at the buffer/absorber interface also plays
a critical role in the device performance. Unlike CdS/CIGSe
interfaces, for which small “spike-like”®® (<50 meV) or nearly
flat®” CBO are generally observed, the “cliff-like’®® CBO brings
E¢ in CdS closer to Ey in CIGS and facilitates interface recom-
bination. From calculated natural band alignments in ref. 69
and the analysis of the CIGS band edges with composition,** we
estimate a cliff-like CBO of ~0.5-0.6 eV for 0.73 GGI CdS/CIGS
heterojunction. If we also consider the possible formation of
off-stoichiometric Cu-deficient phases, or ordered vacancy
compounds (OVCs) in the sulfide interface, this can also
influence the resulting band offsets with CdS. The OVC com-
pounds tend to slightly increase the band gaps relative to the
parent CIGSSe chalcopyrite phases in conjunction with an
overall lowering of the band edge positions on an absolute
energy scale, thus diminishing the expected cliff with Cds.”®
Taking a GGI-weighted value for the CBO of the Culn;Sg relative
to CulnS, (—0.42 eV) and CuGasSg relative to CuGas,
(—0.79 eVv),”® we obtain an estimated cliff-like CBO of —0.68 eV
for a possible OVC alloy relative to the parent CIGS alloy.
Taken with the CdS band edge positions, this would suggest
the OVC formation would favorably improve the band align-
ment in the sulfide absorbers, leading to a significantly reduced
cliff-like CBO of ~0.1-0.2 eV. While this estimate assumes full
miscibility in the OVC and no bowing effects, it gives a reason-
able quantitative approximation for how these deficient phases
would impact the overall band diagram of the device. Most
importantly, it suggests that any OVCs, if present, would be
beneficial from the standpoint of improving the band align-
ment of the sulfide absorber with the CdS buffer layer. With the
current OVC-free CdS/CIGS interface, we estimate a CBO
(~Eg-E,)"" of approx. 0.9 eV (Fig. 9), a value larger than the

| CBO > 0.6 eV

___________________________ W 30 meV

CulnGaS, FTO
CdS (20eV)
(240 eV)

_

Fig. 9 Tentative band diagram of the CdS/CIGS/FTO structure derived
from solid-state measurements at cryogenic temperatures (not to scale).
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~0.6 eV determined from the theoretical natural band offsets
that neglect potentially important interfacial details such as
strain and local atomic structure. Nonetheless, the results
support the poor conduction band alignment of CdS with
2.0 eV CIGS and emphasize the need for OVCs or Es-tunable
buffers, such as MgZn;_,0** or Zn(0,S),”” to reduce inter-

facial CBO.

4. Conclusions

We have reported on the solid-state properties of 2.0 eV CIGS
solar absorbers integrated on FTO substrates and interfaced
with CdS buffer layers. In contrast with methods commonly
reported for the synthesis of CIGS (sulfurization of Cu-rich
metal stacks), our protocol permitted the fabrication of thin
film absorbers with high optical transmittance for photons
with energy lower than the bandgap (%Tr<zc = 78%), an
important attribute for tandem PV and PEC applications. The
averaged short-circuit photocurrent density measured on 9 cells
was 10.0 mA cm ™2, a value corresponding to 70% of the optical
limit for a 2.0 eV bandgap absorber. Also the quasi Fermi level
splitting of 1.17 eV measured on the bare absorber corresponds
to 70% of the maximal achievable value. However, PCE
recorded were low (avg.: 2.4%) and, for the most part, hindered
by modest Vo values (avg.: 587 mV). Subsequent analyses
performed at low temperatures revealed significant photocur-
rent suppression, a behavior typically attributed to an energy
barrier at the back contact. In the case of CIGS, we demonstrate
that the photocurrent suppression originates from the absorber
itself via early freeze-out of the dominant acceptors. Theoretical
calculations suggest that Cd may favorably incorporate on both
the Cu site, acting as a shallow donor, and the group-III site,
acting an acceptor, leading to self-compensation that would pin
the interfacial Fermi level. The resulting conduction band
offset (~0.9 eV) was found to be much higher than that
typically reported for high efficiency devices (~0-0.1 eV). Both
FLP and the poor conduction band alignment of CdS with
2.0 eV CIGS emphasize the need for new OVCs or Eg-tunable
buffers in future chalcopyrite-based MJSC.
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