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Over 13% Efficient, Ambient Air-Processed Cuin(S,Se),
Solar Cells via Compositional Engineering of Molecular Inks

Sunil Suresh, Daniel Abou-Ras, Towhid H. Chowdhury, and Alexander R. Uhl*

A dimethylformamide (DMF) and thiourea (TU)-based ink deposition route is
used to fabricate narrow bandgap (~1.0 eV) Culn(S,Se), (CISSe) films with
Cu-poor ([Cu]/[In] = 0.85), stoichiometric ([Cu]/[In] = 1.0), and Cu-rich ([Cu]/
[In] = 1.15) compositions for photovoltaic applications. Characterization of KCN-
or (NH,),S-treated Cu-rich absorber films using X-ray diffraction and scanning
electron microscopy confirms the removal of copper-selenide phases from

the film surface, while electron backscatter diffraction measurements and
depth-dependent energy-dispersive X-ray spectroscopy indicate remnant copper-
selenides in the absorber layer bulk. Contrary to best practice for vacuum-
processed cells, optimum [Cu]/[In] ratios appear to be stoichiometric, rather than
Cu-poor, in DMF-TU-based CISSe devices. Accordingly, stoichiometric film
compositions yield large-grained (~2 pm) absorber layers with smooth absorber
surfaces (root mean square roughness <20 nm) and active area device
efficiencies of 13.2% (without antireflective coating). Notably, these devices
reach 70.0% of the Shockley—Queisser limit open-circuit voltage (i.e., 526 mV at
E, of 1.01 eV), which is among the highest for ink-based CISSe devices.

1. Introduction

Widescale implementation of photovoltaic (PV) technologies
hinges on the interplay between power conversion efficiencies
(PCEs), operational stability, and manufacturing costs.!"]
Combining two or more solar cells with different bandgaps
(the highest on the sun-facing side) in a tandem configuration
effectively utilizes a wider range of the solar spectrum, and
can boost device efficiencies by over 40%.! For example, high
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PCEs (>25.0%) can be achieved by 2-termi-
nal tandem devices when the bandgaps of
the top and bottom films are about ~1.6
and 0.94 eV, respectively.l’! For the bottom
cell, low-bandgap Culn(S,Se), (CISSe) are
particularly interesting as the bandgap
can be tuned by changing the elemental
x=[S]/[S+Se] composition of the
absorber (1.04eV for x=0, and 1.53eV
for x = 1).¥ Furthermore, high absorption
coefficients of CISSe permit solar cells
with thin film PV absorbers, which can be
fabricated by mnonvacuum-based ink-
deposition routes (IDR).®) IDRs are
scalable, inherently low cost, and allow
high throughput manufacturing with high
material utilization, offering an intriguing
alternative to vacuum-based deposition
processes.[®!

Currently, the highest efficiency CISSe
PV devices up to 19.2% are fabricated by
coevaporation process.”) There, in the
commonly employed three-stage process,
the absorber transitions from Cu-poor ([Cu]/[In] < 1) to Cu-rich
({Cu]/[In] > 1) compositions, and back to Cu-poor to maintain an
overall Cu-deficient film composition ([Cu]/[In]~ 0.95). The
Cu-poor/Cu-rich transition is accompanied by structural and
morphological changes that include an increase in grain size,
recrystallization (stress relaxation), and a decrease in stacking
fault density and planar defects.® In 2019, Feurer et al. reported
that Urbach energies decreased from ~20 to 16meV by
increasing the Cu concentration in the absorber films (from
[Cu]/[In] ~ 0.88 to 0.95).7 Record PCEs of 19.2% were demon-
strated for CISSe devices with a near stoichiometric absorber
composition, having an external quantum efficiency (EQE) deter-
mined minimum bandgap (E,) of 1.0 eV. Notably, however, in
terms of film processing, the absorber growth process for vac-
uum- and IDR-based absorbers is fundamentally different, i.e.,
a single-step deposition (elemental evaporation rates and sub-
strate temperature are adjusted to tailor grain growth and
bandgap gradients) versus two-step process (nearly all the constit-
uent elements (Cu, In, and S/Se) mixed in atomic compositions,
deposited, and thermally treated in a chalcogen environment for
grain growth). For this reason, more research needs to be carried
out to use inks with controlled stoichiometry and optimized heat
treatment processes to facilitate grain growth, reduce residual
impurities, film porosity, and improve film morphology.”’

Herein, an  N,N-dimethylformamide (DMF)-thiourea
(TU)-based molecular IDR is presented for the fabrication of
narrow-bandgap (=1.0 eV) CISSe PV absorber layers. We report
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the influence of Cu content on phase formation, morphology,
optoelectronic properties, and device performance. Conductive
Cu,_,Se phases were observed at both the surface and bulk of
Cu-rich films, resulting in the deterioration of device performance.
KCN or ammonium sulfide (NH,),S, AS) solutions (LD50:rat-5""!
and 350 mgkg™ "™ respectively) were used to remove the con-
ductive and detrimental Cu,_,Se phases. Subsequently, devices
with stoichiometric absorber films demonstrated improved photo-
luminescence (PL), an effective minority lifetime () of ~6ns,
open-circuit voltage (Voc) of 526.1 mV, and active area efficiencies
of up to 13.2% without antireflection (AR) coating.

2. Results and Discussion

Molecular ink precursor solutions were prepared by adding TU,
Cu()Cl, and In(III)Cl to DMF solvent in the sequence men-
tioned and stirred until complete dissolution before adding
the next reagent."? Molecular inks with varying [Cu]/[In] ratios
(0.85, 1.0, and 1.15) were used to prepare the Cu-poor, stoichio-
metric, and Cu-rich precursor films, respectively (experimental
details in Supporting Information). KCN (10wt% in H,O,
60s) or ammonium sulfide (28 wt% in H,0, 600s) treatments
were used to remove potential phases from the film surface.
For simplicity, CISSe films fabricated under Cu-poor, stoichio-
metric, and Cu-rich conditions are denoted by their composition,
in combination with the etchant used. For example, the Cu-rich,
KCN-treated samples are denoted by 1.15 (K), and the untreated
samples are denoted by 1.15 (U).

Figure 1 shows the top view scanning electron microscopy
(SEM) images of the untreated, and AS- or KCN-treated

(a)

AS Treated
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CISSe films with varied [Cu]/[In] ratios. Cu-poor films exhibited
small polyhedral/triangular shaped grains with irregular grain
boundaries (GBs) (Figure 1a), which resulted in a rough surface
(root mean square [rms] roughness ~80 nm, as determined by
profilometry measurements). Comparatively, stoichiometric
and Cu-rich absorber layers exhibited significantly larger grains
(see Figure 1b,c), consistent with reported Cu,_,Se liquid phases
during selenization that can provide a capillary force to merge
small grains through Ostwald ripening.['*! KCN, or AS postsele-
nization treatments were used to selectively remove the surface
Cu,_,Se precipitates. As further shown in Figure 1b,c, the sur-
face Cu,_,Se precipitates could successfully be removed using
either etchant solution. Notably, 60 s of KCN treatment was suf-
ficient for Cu,_,Se removal from film surface, while 600 s of AS
treatment was required to effectively remove the Cu,_,Se
precipitates from absorber film surface (see Figure S1,
Supporting Information). Buffiere et al. attributed the difference
in the removal rates to the higher stability constant of the result-
ing Cu complex formed with KCN when compared to AS.['¥
Notably, the surface of the 1.15 (AS, K) films (Figure 1b,c)
appeared to be dimpled on account of the removal of large-
grained Cu,_,Se precipitates (>3 pm?), while no such dimples
were detected at the surface of 1.0 (AS, K) absorber films.
Energy dispersive X-Ray spectroscopy (EDX) was conducted
using accelerating voltages of 7 and 20 kV to determine the com-
positional information of the absorber films at different depths.
EDX values taken at 7kV (beam interacts with the top ~200 nm
of the film) confirmed the [Cu]/[In] composition of the untreated
films around 0.86, 1.03, and 1.14 for Cu-poor, stoichiometric,
and Cu-rich films, respectively (see Table S1, Supporting

KCN Treated

Untreated

[Cul/iin]
~0.85

(b)

[Cul/lIn]
~1.0

(©)

[Cul/lIn]
~1.15

Figure 1. Top-view scanning electron microscope images of untreated, and AS or KCN Cu-poor (top row, a) stoichiometric (middle row, b) and Cu-rich

films (bottom row, c), respectively.
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Information), which is in good agreement with our ink compo-
sition and the accuracy of the measurement. Furthermore,
EDX values indicated near-stoichiometric compositions ([Cu]/
[In] = 1.0) for KCN- or AS-treated stoichiometric, and Cu-rich
samples, suggesting sufficient Cu,_,Se phase removal from the
film surface, corroborating SEM results. However, EDX values
taken at 20kV (information depth around ~1 pm!™)) showed that
the [Cu]/[In] ratios exceeded 1.0 for both KCN- and AS-treated
Cu-rich absorber films (see Table S1, Supporting Information).
This indicates remnant Cu, ,Se in absorber layer bulk, which
could not be removed with either KCN or AS surface treatments.
Further, all films showed low sulfur content with [S]/[S]+ [Se]
ratios varying from 0.01 (stoichiometric), to 0.05 (Cu-poor), to
0.08 (Cu-rich), revealing sufficient selenization.

X-Ray diffraction (XRD) data of all absorbers showed character-
istic CISSe reflections ((112), (220/204), and (312), not shown
here).'® Figure 2a shows the (112) reflection of the untreated,
and KCN- or AS-treated absorber films with varying [Cu]/[In] ratios.
A (112) peak shift to lower reflection angles can be attributed to the
substitution of sulfur with selenium after film selenization (from
27.86 for pure CulnS,, JCPDS 65-2732 to 26.73 for pure CulnSe,,
JCPDS 87-2265). The (112) reflection at 26.75 (Figure 2a) for the 1.0
(U) and 1.0 (K) absorbers confirmed the low sulfur incorporation of
<5.0at% in the films, corroborating EDX results.
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A shoulder was detected at the high-angle side of the main
(112) reflection for 1.0 (U) and 1.15 (U), attributed to Cu,_,Se
(PDF 04-014-3323).'”) Accordingly, the shoulder disappeared
after KCN or AS treatment for both the 1.0 and 1.15 absorber
compositions, suggesting the selective removal of Cu,_,Se
phases from the absorber films. Notably, it appears that
AS-etched films with [Cu]/[In] ratios >1 show a slight shift of
the (112) reflection toward higher diffraction angles. This could
be related to an AS-mediated sulfur incorporation into the
absorber." Further studies in this direction are ongoing.
Furthermore, we note that the 1(112)/1(204)/(220) aspect ratios
for absorber films used in this study were about ~2.65, irrespec-
tive of their chemical composition, which suggested that
the films also did not exhibit a significantly preferred crystal
orientation."®  For comparison, 1(112)/1(204)/(220) = 2.5
(ICPDS 40-1487) in randomly oriented CulnSe, (CISe) films.

Raman spectra (Figure 2b) showed that the CISSe films exhib-
ited characteristic A1 (173-177 cm™ ") vibrational mode, which
corresponds to the motion of the anions (Se and S) with the cat-
ions (Cu and In) at rest.*>*! Besides, minor peaks at ~210 cm™"
(E mode, all the samples) and ~228 cm™" (B2/E mode, stoichio-
metric) were detected.!">*!! Notably, the A1 band appears stron-
ger in the Cu-poor (~175 cm™') and Cu-rich (=176 cm™ ") films
than in stoichiometric samples (=174 cm™ '), due to the relatively

173cm™ 209 cm™ 228 cm™ 260 cm™
A, E B,E Cu,,Se

Untreated
—— AS treated
—— KCN treated

Q@(

~——

3252 256 260 264 268
i cm™

| 252 256 260 264 268

| 252 256 260 264 268
: -1

150 175 200 225 250 275
Raman Shift (cm™)

Figure 2. a) XRD reflection patterns of the untreated (black) and AS- (red) or KCN- (blue) treated absorber films. Shoulder peaks remnant of Cu,_,Se
(PDF 04-014-3323) were detected in the 1.0 (U), and 1.15 (U) films. The shoulder peaks disappeared after AS or KCN treatments. b) Raman spectra for
untreated (black), and AS (red) or KCN (blue) treated absorber films. The inset enlarges Raman modes of Cu,_,Se at 260 cm ' detected in the untreated

Cu-rich and stoichiometric films.
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higher S-content in the respective absorber films (i.e., lower
atomic mass of S with respect to Se).[>*?!

Similar behavior was noted for the E and B,/E modes, with the
peak shift to higher wavenumbers (w.r.t. to stoichiometric
CulnSe,) being ascribed to the variation in [S]/[S] + [Se] content
in absorber film surface.l'*?% Furthermore, in addition to the Al
and E vibrational modes, peaks at ~260 cm ™', corresponding to
the A1 vibrational mode of Cu,_,Se phases, were detected in the
1.0 (U) and 1.15 (U) samples (Figure 2b, inset).* Consistent
with XRD and SEM data, the Cu,_,Se vibrational modes were
not detected in the KCN- or AS-treated stoichiometric and
Cu-rich films, suggesting the complete removal of the
Cu,_,Se phases from film surface.

To elucidate the grain microstructure of the untreated and
KCN- or AS-treated stoichiometric and Cu-rich CISSe layers,
electron backscatter diffraction (EBSD) maps were collected in
top-view configuration (see Figure 3). The CISe phases are
depicted in red, Cu,Se phases are depicted in blue, GBs in black,
and unidentified phases in white. The phase distribution maps
extracted from the EBSD data (see Figure 3a,b) show that Cu,Se
phases are detected for both film compositions (stoichiometric
and Cu-rich).

Furthermore, the Cu,Se binary phases were predominantly
found at the GBs, confirming the SEM results (see Figure 1b,c).
Notably, CISSe layers exhibited significant area fractions
of Cu,Se phases, even for the surface-treated devices.
Furthermore, the area fractions of Cu,Se decreased after both
AS and KCN surface treatments to a similar extent, independent
of the reagent used (see Table 1). Importantly, for the surface
treated devices, Cu,Se grains were not detected in top-view
SEM and EDX characterization, but their detection by EBSD
at 20keV (with information depth of ~1um) suggests the
formation of binaries in the bulk—in agreement to 20keV
EDX. Further, no preferred orientations were detected for any
CISSe absorber layers (see Figure S2, Supporting Information,
for disorientation angle distributions), corroborating the XRD
results. Also, from the EBSD data, the average grain size of
the 1.0 (U) and 1.15 (U) films was determined to ~2.5 and
4.4 pm, respectively. This result is consistent with studies that
have shown that Cu,Se formed inside the bulk of a Cu-rich
CISSe absorber layer may not be removed.”’

(a) Untreated

AS Treated
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Table 1. EBSD-determined real phase fractions of CISe and Cu,Se phases.

Phase Fraction [%)]

Phase 10 10[AS]  10[K 135  TIS[AS] 115 [K]
ClSe 92 94 96 91 94 95
Cu,Se 4.7 31 33 6.4 4.4 2.3
Zero solutions 33 2.9 0.7 2.6 1.6 2.7
Cu,Se/ClSe 5.1 33 3.4 7.0 4.7 2.4

Minority carrier lifetime measurements were conducted on
CdS-coated KCN-etched absorbers (see Figure 4a). All samples
showed characteristic biexponential PL decays with varying
time scales. KCN-treated stoichiometric absorbers showed
significantly longer lifetimes (7, = 6 ns, following method in
ref. [25]) when compared with Cu-poor absorber layers
(tavg = 3 1s) and Cu-rich absorbers (7., = 1ns). In addition, a
twofold and fourfold increase in the PL peak intensity was mea-
sured for the stoichiometric film (see Figure 4b) when compared
with its Cu-poor and Cu-rich counterpart, respectively, suggest-
ing superior material quality for the stoichiometric films.
Measurements of the charge carrier density and width of the
space charge region were conducted by capacitance-voltage pro-
filing (C-V). The apparent doping concentration was extracted
from the C-V measurements using methods mentioned in
ref.[26] as shown in Figure 4c. By increasing the [Cu]/[In] ratio
from 0.85 to 1.0, the carrier densities and space charge region
(SCR) widths (wd) are reduced and increased, respectively.
The highest charge carrier densities of 9.1 x 10" cm™ were
obtained for the 0.85 (K) devices, compared to the ~6.6 x 10"
cm™ for both the 1.0 (K) and 1.15 (K). Furthermore, the SCR
was wider in the 1.0 (K) device (=263 nm) than that of the 0.85
(K) and 1.15 (K) device (=250 and ~249nm, respectively).
Besides, the 1.0 (K) and 1.15 (K) samples showed similar doping
profiles, with additional Cu,_,Se phases not affecting the defect
concentrations in the bulk absorber film.””) EQE measurements
were conducted on select high-efficiency devices, to corroborate
absorber bandgap and short-circuit current values. The bandgap
energies were estimated as 1.05, 1.01, and 1.04 eV for 0.85 (K),

KCN Treated

[Cul/tin]| |
~1.0

(b)

[Cul/fin]
~1.15 | §

Figure 3. Plan-view EBSD phase-distribution maps (CISSe phase — red, and Cu,Se phase — blue) of a) untreated, AS or KCN treated, stoichiometric films,

and b) untreated, AS or KCN treated Cu-rich films respectively.
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Figure 4. a) Time resolved photoluminescence (TRPL) data for CdS-coated, 0.85 (K), 1.0 (K), and 1.15 (K) samples, respectively. Considering the
absorption coefficient of the CISSe layer the penetration depth of the laser was estimated at ~80 nm, suggesting laser-generated carriers were primarily
located in the depletion region. b) Photoluminescence spectra of KCN-treated, CdS-coated absorber films with varying Cu content. c) Comparison of
depth profiles of apparent doping density (Ncy) extracted from C-V measurements for KCN-treated, CdS-coated absorber films with varying Cu content.
d) Extraction of minimum bandgaps from EQE for completed solar cell devices.

1.0 (K), and 1.15 (K) films, respectively (see Figure 4d).
Subsequently, the low band energies of the absorber films, close
to that of pure CulnSe, (1.0 eV), demonstrated near-complete
sulfur substitution by selenium (from precursor to absorber).
This corroborates the PL data showing emission peaks at 1.05,
1.0, and 1.04 eV for 0.85 (K), 1.0 (K), and 1.15 (K).

Solar cell devices were fabricated in a typical cell architecture
(Mo/CISSe/CdS/i-ZnO/ITO/Ni/Al), and subsequently charac-
terized by current density-voltage (J-V) measurements. The
average device parameters, including short-circuit current den-
sity (Jsc), Voo, fill factor (FF), and PCE, are summarized in
Table 2. Unless otherwise stated, the -V curves and power
conversion efficiencies are based on active area. By increasing
the [Cu]/[In] ratio from 0.85 to 1.0, the average PCE of untreated
devices increased from 10.1% to 10.6%, with the main enhance-
ment gained from higher Vocs (from 495 to 521 mV). Further
increases in the [Cu]/[In] ratio (i.e., 1.15 (U) device) decreased
the average PCEs to around 4.4%, with the low shunt resistance
(R, 0.2 Q cm?) and FF (~42.8%), suggesting remnant highly
conductive Cu,_,Se phases at the surface and/or in the bulk of
the absorber layer. As Cu, ,Se was progressively removed
from the surface of the Cu-rich samples (using KCN or AS),
the electrical behavior of the solar cell improved (see Table 2).

Subsequently, higher shunt resistances (=~0.7 and
~0.8kQ cm?), lower series resistances (~1.7 and 1.8 Qcm?),
and FFs (see Table 2) allowed for average PCEs of about
10.3% and 9.8% for the 1.15 (K) and 1.15 (AS), respectively.

Sol. RRL 2023, 7, 2300437 2300437 (5 of 7)

Table 2. Summary of active area device parameters of the CISSe solar cells
(avg. of 15 devices) with the absorbers fabricated from Cu-poor,
stoichiometric, and Cu-rich molecular precursor inks, respectively.

Device Jsc Voc FF PCE Rshunt Reeries

[mAcm™?  [mV] [%] [%] kQcm? [Qcm?
0.85[U] 334403 49542 613+06 101+£01 1.1+£02 1.9+0.]1
0.85[K] 346401 504+1 625403 109401 14401 12402
0.85 [AS] 344+£02 505+1 621+05 108+01 15+01 13+02
1.0 [U] 334403 52142 613+£04 106401 22402 1.1+0.]1
1.0 [K] 368404 524+2 661+05 128402 25401 04=£0]1
1.0[AS] 371403 522+4 649+08 126+02 24+01 05+0.1
115[U] 24942 414+7 428+3  44+02 02401 41+04
115[K] 342407 487+1 61.0+£1 102403 07+03 1.7+0.]1
1.15[AS] 33.0+£09 488+6 608+1 98+02 08+02 18+0.1

Notably, all the surface-treated devices (including Cu-poor
samples) outperformed baseline devices of their respective film
compositions, suggesting beneficial surface modifications
beyond Cu, ,Se removal. KCN may act as a potassium source
with benefits similar to K postdeposition treatments,’?® while
AS treatments may lead to sulfur substitution at the film sur-
face." Increased sulfur toward the absorber surface may
decrease the conduction band offset toward the buffer layer,

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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thereby enabling efficient charge collection and higher FF
values.”” For the 1.0 (K) devices, higher FF (from 61.3% to
66.1%) and Jsc (from 33.4 to 36.8mAcm ?) led to average
PCEs of 12.8%. Average PCEs of 10.9% were obtained by the
0.85 (K) devices, an 8% (abs.) increase when compared to the
0.85 (U) devices. For the 0.85 (AS) and 1.0 (AS) devices, the
FF improved from 61.1% and 61.3% to 62.2% and 64.9%,
respectively. Combined with the improvements to the Jsc, the
PCE increased from 10.1% to 10.8% and from 10.6% to
12.6%, respectively, for devices with the AS-treated Cu-poor
and stoichiometric absorber layers.

Figure 5a-c shows the J-V curves of the best-performing PV
devices with varying copper content.”) We report a highest PCE
of 13.2%, obtained by a 1.0 (K) device having a Jsc, Voc, and FF
of 36.3mAcm™! 2, 526.1mV, and 69.1%, respectively. KCN-
treated, Cu-poor devices, demonstrated a highest PCE of
11.6%, Jsc of 34.6mAcm 2 Voc of 507.4mV, and FF of
66.1%. Compared to the 1.0 (K), the highest efficiency 1.1.5
(K) (=10.8%) device had 8.2% (abs.) lower Vi, followed by
FF (6.9% deficiency) and Jsc (5.2% deficiency).

The improvement in the electrical characteristics of the 1.0 (K)
and 0.85 (K) devices can be attributed to higher carrier lifetimes
(see Figure 4a), superior film quality (fourfold increase in PL
response, Figure 4b), smoother absorber surfaces, and the lack
of surface dimples after film treatment (see Figure 1c). Further,
the external quantum efficiency data for the highest efficiency
devices with varying Cu ratios are shown in Figure 4d. The over-
all increase in the spectral response (600-1200 nm wavelength
range) for devices with [Cu]/[In] ~1.15, to 0.85, to 1.0, is in line
with increased minority carrier lifetimes and SCR width from
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TRPL and C-V measurements, respectively, indicating improved
carrier collection. Calculated Jsc values from EQE were 34.1,
35.5, and 33.7 mA cm 2 for the 0.85 (K), 1.0 (K), and 1.15 (K)
device, respectively, consistent with the J-V results. Notably,
our champion Vo of 526.1 mV exceeds values of the currently
reported highest efficient DMF-TU-based device (active area
PCE ~14.5%, 38.5mAcm™? Jsc, 520mV Vo, 73% FF, with
MgF,) with similar bandgaps (E; = 1.01 eV), indicating excellent
material quality.”) Further improvements are expected from
additional layer optimizations (e.g., bandgap gradients, alkali
postdeposition treatments,?>*! surface passivation®***)) and
application of MgF, AR coatings.

3. Conclusion

In conclusion, it was shown that the [Cu]/[In] ink stoichiometry in
IDRs can affect a myriad of parameters including the grain size,
roughness, phase purity, minority carrier lifetime, charge carrier
concentration and depletion width, and ultimately device perfor-
mance. Cu-poor stoichiometries ([Cu]/[In] <1) lead to roughest
film surfaces (rms roughness >20nm) and smallest grain sizes
(<400 nm), while near stoichiometric ink compositions ([Cu]/
[In] ~1) yielded large-grained (=2 pm) absorber layers with smooth
absorber surfaces (rms roughness <20nm, see Figure S3,
Supporting Information). XRD, Raman, and SEM measurements
confirmed that KCN and AS surface treatments selectively
removed remnant Cu,_,Se phases from the film surface, while
EBSD and depth-dependent EDX indicated remnant Cu,_,Se in
the bulk absorber layer, particularly for Cu-rich compositions.

[Cul/lin] ~ 1.0

IS
©

e Untreated
— AS treated
| s KCN treated

N
o

1 KCN treated
Voc (mV)  |526.1

Jsc (mA/cm-2/36.3

1|FF (%) 69.1

Efficiency (%)[13.2

1
N
o

Current Density (mA/cm?)
{0

40 . , ;
-600 -300 0 300 600
Voltage (mV)

(c) [Cu)/[In] ~ 1.15 (d)
~ 40 Untreated 100
% — _
g e AS treated . +36 “‘E
2 20 | === KCN treated 80 S
E N <
S ~
g ol [KONuested) X 601 24
7} 1[Voc (mv) 486.1 w 8
S Jsc (mA/em-2) |34.5 ] e
= T 1 7 w— g 409 & =
< -20+ Efficiency (%) |10.8 S 12 5
g 20 5
5 & —0—1.15 (K 2
2 J,t@ ®) £

0 r v r
-600 -300 0 300 600
Voltage (mV)

Q A T T T T 0
320 480 640 800 960 1120 1280
Wavelength (nm)

Figure 5. a—c) J-V characteristics of the best performing untreated (black), AS (red) or KCN (blue) treated devices with varying [Cu]/[In] ratios. The inset
table in the respective figures provide the electrical performance data of the champion device for the respective film compositions (active area, all KCN
treated). d) EQE measurements of the respective champion devices alongside integrated current densities.
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Thus, by carefully tailoring the absorber film composition and opti-
mizing surface treatments processes, active area efficiencies of
13.2% (without MgF,) were obtained for low-bandgap (1.01 eV)
CISSe devices with high open-circuit voltages up to 526.1 mV.

Supporting Information

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