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Rear Surface Passivation for Ink-Based, Submicron

Culn(S, Se), Solar Cells

Sunil Suresh, Abraha T. Gidey, Towhid H. Chowdhury, Sachin R. Rondiya, Li Tao, Jian Liu,

Bart Vermang, and Alexander R. Uhl*

A N, N-dimethylformamide and thiourea-based route is developed to fabricate
submicron (0.55 and 0.75 um) thick Culn(S,Se), (CISSe) thin films for
photovoltaic applications, addressing challenges of material usage,
throughput, and manufacturing costs. However, reducing the absorber film
thickness below 1 pm in a regular CISSe solar cell decreases the device
efficiency due to losses at the highly-recombinative, and mediocre-reflective
Mo/CISSe rear interface. For the first time, to mitigate the rear recombination
losses, a novel rear contacting structure involving a surface passivation layer
and point contact openings is developed for solution processed CISSe films
and demonstrated in tangible devices. An atomic layer deposited Al,O; film is
employed to passivate the Mo/CISSe rear surface while precipitates formed
via chemical bath deposition of CdS are used to generate nanosized point
openings. Consequently, Al,O; passivated CISSe solar cells show an increase

gas lifecycle emissions.[!! For the con-
tinued deployment of PV technologies
on a global scale, low manufacturing
costs and enhanced power conversion
efficiencies (PCEs) are urgently needed.
For the latter, stacking solar cells with
cascading bandgaps (E,) presents the
prospect of overcoming the single-
junction Shockley-Queisser efficiency
limit of 29.4%.12] Theoretically, PCEs of
~46% can be achieved by two-junction
tandem devices when the rear, and
front sub cell exhibit bandgaps of 0.94
and 1.6 eV, respectively.’] Here, for the
rear cell, the well-established chalco-
genide thin-film Culn(S,Se), (CISSe)

in the open-circuit voltage (Vo) and short-circuit current density when
compared to reference cells with equivalent absorber thicknesses. Notably, a
Vo increase of 59 mV contributes to active area efficiencies of 14.2% for rear
passivated devices with 0.75 um thick absorber layers, the highest reported
value for submicron-based solution processed, low bandgap CISSe solar cells.

1. Introduction

Photovoltaic (PV) technologies can convert abundant solar en-
ergy into electricity economically and with low greenhouse

PV technology offers tunable bandgaps
(from 1.0 to 1.53 eV by adjusting the
[Se]/[S]+[Se] ratios), low carbon foot-
print, and device efficiencies up to
19.2% (via sputtering/co-evaporation
deposition).[! Notably, CISSe PV films
can be prepared by solution processing
methods that disruptively reduce capital
equipment expense and energy consumed per square meter
of absorber deposited.”) When integrated with wide bandgap,
solution-processable perovskite solar cell technologies, all thin-
film perovskite/CISSe tandem devices — attractive as they can be
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manufactured on thin, lightweight, and flexible substrates in a
cost-effective manner—promise a path toward high-performance
photovoltaics at affordable costs.[>¢!

Compared to a standard ~2 pm absorber film, the use of sub-
micron CISSe absorber layers further increase the production
throughput (lower deposition time), reduces material use (rela-
tively rare indium), and lowers manufacturing costs.”! Besides,
using submicron thick absorber films increases the mechani-
cal flexibility of the resulting solar cell device, allowing for in-
tegration in a broad range of consumer-oriented applications in-
cluding building integrated PV and wearable electronics. How-
ever, issues surrounding a highly recombinative rear interface
(increased absorber surface-to-volume ratio), and reduced so-
lar spectrum utilization (i.e., thinner absorber films combined
with a mediocre-reflective Mo back contact), limit device PCEs
to <10%.!°1 Moreover, the thickness of submicron absorber films
being in the same order of magnitude as the minority carrier dif-
fusion length results in photo-generated carriers to be more ex-
posed to the highly recombinative rear interface.[#-11]

Record PCEs of 26.8% have been reported for c-Si solar cells,
attributed to innovations such as surface and contact passiva-
tion — that is, by reducing recombination of charge carriers.['?!
Similarly, for chalcogenide solar cells, rear surface recombina-
tion losses can be mitigated by the application of an Al,O; sur-
face passivation layer at the Mo/CISSe rear interface. For p-type
CISSe absorber films, Al,O; has been shown to reduce rear in-
terface recombination by chemical (reducing the interface trap
density) and field-effect passivation (high density of negative
charges repel and reduce the surface minority charge carrier
concentration).['] Further, Al,O; is an electrical insulator, and
consequently, point openings are necessary for electrical connec-
tion for the solar cell device. The size and distance (pitch) between
the point openings are determined by, among other parameters,
the minority carrier diffusion length.'¥) When compared to c-
Si solar cells, thin film CISSe solar cells exhibit rather short mi-
nority carrier diffusion lengths (~1 pm) and lifetimes (few ns).l”!
Thus, scaling from the Si solar cell technology, for carrier diffu-
sion lengths of 0.5-1 um, point openings with 300-500 nm di-
ameter and pitches between 1.5 and 2.5 um are necessary for ef-
ficient carrier collection.!”]

In the present study, submicron thick CISSe absorber films
were fabricated using an N, N-dimethylformamide (DMF) and
thiourea (TU) - based molecular-ink processing route.'>1¢l An
ultrathin Al, O, film with nanosized point openings between the
rear contact and the CISSe absorber layer was used to reduce the
rear interface recombination losses. The Al,O, rear passivated
devices with 0.75 um thick absorber films demonstrated a four-
fold increase in the photoluminescence (PL) peak intensity, an
average minority lifetime () of 14 ns, and an open-circuit volt-
age (V) of 578.4 mV. Notably, active area efficiencies of 14.2%,
and 12.0% were obtained by rear-passivated devices with 0.75 and
0.55 um thick absorber, respectively, which represents the highest
reported values for low bandgap CISSe solar cells with absorbers
of equivalent thicknesses and ink-based deposition processes.

2. Results and Discussion

The effects of rear surface passivation on ink-based CISSe so-
lar cells were studied by utilizing a modified rear interface de-
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vice architecture, that is, a soda lime glass (SLG)/Mo/Al O, film
stack compared with a standard SLG/Mo. Tunneling electron mi-
croscopy studies by Vermang et al.,['”] have shown the Al, O, rear
passivation layer to withstand the harsh Cu(In,Ga)(S,Se), pro-
cessing conditions (550 °C with Se). Further, nanosized open-
ings are required to facilitate electrical contact while adequately
passivating the rear surface.l®! For this, a multistep approach in-
volving 1) deposition of a nanoparticle (NP)-rich CdS layer (by
chemical bath deposition (CBD)) on SLG/Mo substrate, 2) atomic
layer deposition (ALD) of an Al,O, layer on the CdS NP-rich
SLG/Mo substrate, and 3) CdS NP removal from the surface of
SLG/Mo/Al, O, film stack by ultrasonic agitation in 10 v/v% HCI
was utilized (see Figure 1).

Figure 2a depicts the laser scanning confocal microscope im-
age of a NP-rich CdS film deposited on a SLG/Mo substrate. Us-
ing this technique, an average CdS NP diameter of 445 + 50 nm
was calculated. Consecutive experiments were conducted to con-
firm satisfactory NP removal after being coated by an ALD-AlL, O,
layer. Notably, the highly conformal nature of ALD limited the
Al, O, layer thickness to <10 nm, as the NPs embedded in thicker
layers could not be removed by our method (see Figure Sla,b,
Supporting Information). In addition, >15 nm Al, O, layers were
observed to blister (due to outgassing,’! see Figure S1c, Support-
ing Information), when subjected to harsh film processing condi-
tions (500-600 °C, under Se vapors). Thus, an ALD-Al, O, thick-
ness of 6 + 1 nm of was selected for the rear passivated solar
cell devices. Figure 2b presents the laser scanning confocal mi-
croscopic image of the surface of a — SLG/Mo/ 6 nm AL O, —
film stack, after CdS NP removal. As seen in Figure 2b, the point
openings are spaced randomly and are spherical in shape, hav-
ing an average diameter of 405 + 20 nm, consistent with previ-
ously deposited CdS NPs. The corresponding depth profile of a
single nano-sized opening obtained along the indicated line is
depicted in Figure 2c. From equivalent analysis of similar sam-
ples, the depth of nanosized openings was determined to be 12
+ 4 nm, which indicated etching into an ultrathin CdS layer
(see Figure S2, Supporting Information). Furthermore, a simi-
lar sample was analyzed by scanning electron microscopy (SEM)-
energy-dispersive X-ray (EDX), and the top-view Mo-M, Al-K, and
O-K images (see Figure 2d—f) corroborate the formation of the
nanosized openings through the Al,O, surface passivation layer.

Following our previous results on comparing the efficiency of
DMF-TU-based CISSe devices with different [Cu] contents,!**] a
[Cu]/[In] ratio of 1.0 which was shown as the optimum ratio for
CISSe devices, was adopted here. Stoichiometric ([Cu]/[In] #1.0)
DMF-TU-based inks were coated on the standard SLG/Mo, and
rear modified SLG/Mo/Al, O, film stacks (see Figure S3, Support-
ing Information), and thermally treated to build the desired ab-
sorber layer thicknesses of 0.55 and 0.75 pm. The molecular ink
preparation, precursor film deposition, and precursor film an-
nealing for the absorber layer was carried out in a fume hood,
under ambient air conditions. Notably, NaCl (0.1 at. %) was
added to molecular precursor inks to avoid the “roll-over” ef-
fect typical of devices with insufficient sodium in the absorber
film,l”) since Al,O; layers act as a barrier for Na diffusion from
the SLG substrate. NaF is extensively used in vacuum-processing
(via post-deposition treatments), however, it has limited solubil-
ity in dimethyl formaldehyde (DMF), which is the solvent used
in this work.!'®] Consequently, due to NaCl solubility in DMF,!*°]
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Figure 1. Schematic representation of the process used to create nanosized openings through the surface of the Al,O; passivation layer. In this process,
a CdS particle-rich (yellow spheres) layer is grown on the surface of SLG/Mo, which is subsequently coated with an ultrathin layer of Al,O5 (white layer).
The particles are then removed (ultrasonic agitation) to create nanosized openings in the Al,O; layer.

availability, and wide usage in solution processing routes,[® NaCl
was selected as a sodium source in this work.

In the following, CISSe samples are denoted by the film thick-
ness, in combination with the nanopatterned passivation layer
used. For example, Al,O, passivated 0.55 um absorber films
are denoted by 0.55A, and the untreated reference sample by
0.55U. For comparison reasons, both the untreated reference and
the Al,O, passivated samples were prepared from the NaCl (0.1
at. %) doped DMF-TU molecular precursor inks. It is expected
that excess sodium present on the surface after selenization is
washed away by the aqueous solutions during the CdS deposi-
tion step.?’] X-ray diffraction peak intensities of the CISSe films
on Mo were comparable to those of CISSe films with Al, O, passi-
vation (Figure S4a, Supporting Information), indicating sodium-
saturated growth conditions in both cases.[?%! Corroborating the
latter, an uncoated reference cell without additional NaCl led to
equivalent device characteristics (see Figure S4b, Supporting In-
formation).

SEM imaging (see Figure 3a—d) determined the average CISSe
absorber layer thicknesses for the 0.55U, and 0.75U to be 0.56 +
0.02 and 0.78 + 0.02 um, respectively. Furthermore, large-grained
(~0.55 pm) absorber layers with a smooth film surface (root mean

b)

Nanopatterned Al,O4

square roughness (o,,,) <30 nm, as determined by profilom-
etry measurements) were observed in both the absorber films.
Further, the morphology of the rear passivated CISSe absorber
(Figure S5, Supporting Information) was similar to the reference
absorber layers of equivalent thickness. Notably, grains for the
0.75U films extended along the thickness of the absorber film.
Besides, the grain size was not affected by the thickness of the
absorber film, which pointed to sufficient Se supply.l2!-?2]

To examine whether the Al, O, rear passivation mediated a re-
duction in the rear surface recombination, time-resolved photo-
luminescence measurements (TRPL) were conducted on CdS-
coated rear surface passivated (0.55A, and 0.75A), and refer-
ence samples (0.55U, and 0.75U). In thin CISSe absorber films
(<800 nm), charge carriers are generated throughout the whole
absorber thickness, and consequently, photoluminescence mea-
surements are sensitive to the recombination at the Mo/CISSe
interface.*13] Figure 4a shows that all the films had a character-
istic bi-exponential PL decay (Table S1, Supporting Information),
with varying time scales. For the samples with 0.55 pm absorbers,
the average minority carrier lifetime increased from 6.3 + 0.2 ns
(extracted following method in,/?l) to 12.2 + 0.3 ns, from refer-
ence to passivated devices. Likewise, increased minority carrier

c) Pomt—Openlng Depth Profile

-12

150 300 450 600 750 900
Distance (nm)

Figure 2. a) A plain light microscopic image of CdS NPs on a SLG/Mo substrate. The particles are randomly dispersed over the surface of the SLG/Mo
substrate and have an average diameter of 445 nm. b) Laser scanning confocal microscopic image of the nanosized openings (greenish blue circle)
through the Al,O5 layer (orange background). c) Depth and lateral profile of a nanosized opening showing the nanosized opening to have an average
diameter of 415 nm. d—f) Mo, Al, and O distribution maps from EDX measurements using Mo-M, Al-K, and O-K X-ray lines, respectively.
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Figure 3. a,b) Side-view, and c,d) Top-view scanning electron microscope images of untreated, 0.55 um, and 0.75 um-thick CISSe absorber films, respec-

tively.

lifetimes of 14.3 + 0.1 ns were obtained by the 0.75A device (ver-
sus 9.2 + 0.1 ns for 0.75U), which indicated that the rear surface
passivation schemes indeed improved the carrier lifetimes of the
CISSe absorber layer. A fourfold increase in the photolumines-
cence peak intensity was obtained for the passivated devices (see
Figure 4b) when compared with the respective reference devices.
First principles calculation by Hsu et al.,[** showed that Al,O,
passivates a Cu(In,Ga)(S,Se), surface by 1) reducing ~35% of the
interface defect density, and 2) reducing the rear surface minority
carrier concentration due to field effect passivation. Thus, a sig-
nificant reduction in the surface recombination velocity (and thus
rear interface recombination losses) is expected for the Al,O,
rear-passivated CISSe surfaces, when compared with the stan-
dard Mo/CISSe interface.”] The enhanced TRPL lifetimes, in
combination with increased PL peak intensities would thus point
to the effective rear surface passivating capabilities of the Al,O,
layer.®11] Further, PL data showed emission peaks at ~0.999 eV
for all the absorber film samples.

Motivated by these favorable results, reference solar cell de-
vices were fabricated in the Mo/CISSe/CdS/i-ZnO/ITO/Ni/Al de-
vice architecture, with the passivated devices additionally exhibit-
ing a nanopatterned Al, O, layer between the Mo and CISSe layer.
Measurements of the charge carrier density and width of the
space charge region were obtained from capacitance-voltage (C-
V) profiling. Figure 4c shows the apparent charge carrier den-
sities from capacitance-voltage measurements, extracted using
conventional methods.[*] A widely reported, U-shaped charge
carrier concentration profile was observed for all CISSe solar
cell devices.?°1 With passivation, the charge carrier densities de-

Adv. Energy Mater. 2024, 14, 2303309 2303309 (4 of 9)

creased from 7.8 + 0.3 x 10" to 7.1 £ 0.5 X 10" cm™ and from
6.2 + 0.3 x 10 to 5.2 + 0.2 x 10" cm™ for the 0.55U and
0.75U devices, respectively. Consistent with the decreased free
carrier densities for the 0.55A and 0.75A devices, the depletion
width of the reference device increased from 293 + 12 to 296 +
8 nm and 282 + 18 to 297 + 14 nm, for the 0.55U and 0.75U
devices, respectively. A wider space charge region improves the
long wavelength charge carrier collection; however, lower charge
carrier densities result in reduced electric fields across the space
charge region.””] Admittedly the [Na] content may affect the car-
rier density in the CISSe thin films, however, similar charge car-
rier densities concentrations for the passivated and reference so-
lar cell devices may suggest identical [Na] in the absorber films.[®!
Besides, none of the solar cell devices were fully depleted, as the
width of the space charge region was lower than the thickness of
the corresponding absorber layers. Figure 4d depicts the temper-
ature dependence of V. values for reference and rear passivated
solar cell devices.

As seen in Figure 4d, the open-circuit voltage and tem-
perature follows a linear relationship in the low-temperature
(100-280 K) and near-room-temperature (280-320 K) regimes.
A linear fit in the near-room-temperature (280-320K) was
employed to extrapolate the recombination activation en-
ergy (E,) of the dominant recombination mechanism (fol-
lowing the method in,[?®)). For E, values lower than the
bandgap of the CISSe absorber layer, the dominant recom-
bination is suggested to occur in the interface regions of
the device.!®) The losses in the E, are attributed to band
misalignment (e.g., conduction band), fermi level pinning,
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Figure 4. a) Time resolved photoluminescence data, and b) Photoluminescence spectra of CdS-coated, 0.55U, 0.55A, 0.75U, and 0.75A samples, respec-
tively. For the completed solar cell device. c) Comparison of depth profiles of apparent charge carrier density (Nc.y) extracted from C-V measurements. d)
Extraction of activation energies from temperature dependent Vo measurements for completed solar cell devices. e) Extraction of minimum bandgap
from EQE for reference (0.55U, 0.75U), and rear passivated (0.55A, 0.75A devices), and f) J-V characteristics of 0.75 um-thick CISSe solar cell devices,

with different device architectures.

or bulk and interface defects. In contrast, for E, equal Eg,
dominant recombination occurs in the bulk absorber film. The
differences between PL peaks (indicative of the bandgap ener-
gies), and E, were 36.8, 6.9, 27.7, and 8.9 mV for the 0.55U,
0.55A, 0.75U, 0.75A devices, respectively. A larger difference be-
tween E, and E, for the reference devices (w.r.t to the passivated
device) suggests that dominant recombination occurs at the in-
terface regions of the absorber layer, while the passivated devices
were limited by the recombination losses in the bulk absorber.
This suggested a reduction in the interface trap states in the pas-
sivated absorber films.[?8] Further, due to the design of our exper-

Adv. Energy Mater. 2024, 14, 2303309 2303309 (5 of 9)

iment that focused on the alteration of the rear contact only, we
suggest that the reduced interface recombination suggested by
our TRPL, PL, and temperature dependent V. measurements,
is indicative of the successful rear surface passivation of our
CISSe absorbers with the Al, O, passivation layers. Furthermore,
the PL-determined bandgap energies were corroborated by exter-
nal quantum efficiency (EQE)-determined bandgap energies es-
timated as 1.001, 1.001, 1.004, and 1.002 eV for the 0.55U, 0.55A,
0.75U, and 0.75A, respectively (see Figure 4e).

Figure 4f shows representative current density—voltage
(J-V) curves for an un-patterned Al,O, rear surface passivated
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Figure 5. Box plots of the average total area device parameters of the 0.55U, 0.55A, 0.75U, and 0.75A solar cell devices (avg. of 10 cells). The mean
values of the respective parameters are provided in the box plots and highlighted as pink boxes.

CISSe solar cell device (absorber thickness 0.75 pm). The low fill
factor (FF) (16.1%), and high series resistance (51.3 Qcm?)
suggests a charge transport barrier at the back contact (Al, O, is
a large bandgap (E, = 7 eV) insulating layer). Figure 4f further
shows the J-V characteristics of a CISSe device with a 0.75 ym
thick, undoped (no NaCl added to the molecular precursor ink)
absorber film, and nanopatterned Al,O; layer at the rear inter-
face. The device exhibits low FF (38.1%), and a “roll-over” effect,
typical of solar cells with insufficient sodium in the absorber
film.*%] This corroborates that Al,O; surface passivated CISSe
solar cells require 1) an array of point openings through the
Al,O, for appropriate contacting, and 2) an additional supply
of sodium. Besides, a reference cell without additional NaCl
showed equivalent solar cell characteristics (see Figure S4b,
Supporting Information), which was expected as soda lime glass
substrates contain plenty of sodium.

Figure 5a—d presents the average device parameters for the
reference (0.55U, 0.75U), and nanopatterned Al,O; rear passi-
vated devices (0.55A, 0.75A), including short circuit current den-
sity (Jsc), Voe, fill factor, and PCE (see Table S2, Supporting In-
formation). Unless otherwise stated, the -V curves and PCE are
based on total cell area. For devices with 0.55 pm thick absorbers,
the average PCE increased from 8.9 + 0.1% to 11.3 = 0.1% with
added passivation, with the main enhancements gained in Vg
(504.5 + 2.0 mV versus 565.0 + 1.4 mV). Further, this 12% (rel.)
improvement in the V. contributed to increased fill factors (64.4
+ 0.2% versus 65.7 + 0.2%) with comparable series resistances
(1.4 Qcm? for 0.55U versus 1.9 Qcm? for 0.55A). Notably, the lat-
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ter suggests a well-defined and adequate contacting area for the
passivated devices and an only minor impact of the lateral dis-
tance between point openings on generated charge carriers.

Average PCEs of 10.9 & 0.1% were obtained by the 0.75U de-
vices, a 22.0% (rel.) increase when compared to 0.55U devices.
In addition to insufficient light absorption (optical losses), we ex-
pect the absorber layer thickness to increase the impact of the
mediocre reflective and passivated Mo/CISSe interface closer to
the space charge region of the device.['!! Consequently, the 0.55U
devices had an 18.0% (rel.) lower [, 2.2% lower V., and 1.3%
lower FF, compared to 0.75U. For the 0.75A devices (compared
to 0.75U), the average V. and FF increased from 515.9 + 1.9
to 573.4 + 3.1 mV and 65.3 + 0.1% to 66.3 + 0.1%, respectively.
Combined with improvements in Jg., the PCEs increased from
10.9 +0.1%to 13.4 + 0.1%, a 22% (rel.) increase when compared
with the 0.75U devices.

Figure 6a shows the active area (see Figure S7, Supporting In-
formation) -V curves of the best-performing CISSe devices in
this work with varying absorber film thicknesses. We report a
highest PCE of 13.7% (total area), obtained by a 0.75A device hav-
ing a Jsc, Voc, and FF of 349 mA cm™2, 578.4 mV, and 67.9%,
respectively (active area PCE = 14.2%, Jc = 36.1 mA cm™2). The
0.55A device demonstrated a highest total area PCE of 11.5%,
Jsc of 30.6 mA cm™2, V¢ of 566.1 mV, and FF of 66.5% (active
area PCE = 12.0%, Jsc = 31.8 mA cm™2). Calculated active area
Jsc values from EQE were 30.4, 32.1, 34.1 and 36.4 mA cm™2, for
the 0.55U, 0.55A, 0.75U, and 0.75A device, respectively, consis-
tent with the J-V results (see Figure 6b).
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Figure 6. a) Active area J-V characteristics of the best performing reference (0.55U, 0.75U) and rear-passivated (0.55A, 0.75A) devices. b) EQE data of

the respective champion devices.

Capacitance-voltage measurements (see Figure 4c) suggested
the passivated devices to have similar, or marginally lower charge
carrier concentration when compared with the respective refer-
ence devices. Hence, the V- improvements may not be ascribed
to the changes in the charge carrier density values. To better un-
derstand the improved V. for the passivated solar cell devices,
the reverse saturated current (J,) was calculated (using methods
described in,[") to be 3.4 x 107, and 1.1 x 10% A cm~2 values
for the 0.55U and 0.75U devices, respectively and 1.3 x 10~ and
4.8 x 1077 A cm™2 for the 0.55A, and 0.75A devices, respectively.
This significant reduction in the reverse saturation current by
1 order of magnitude indicates a reduction in the recombina-
tion losses with passivation, which is consistent with observed
increases in the minority lifetime and a fourfold increase in the
PLresponse for the passivated device (see Figure 4a,b above). The
EQE data for the highest efficiency devices with varying absorber
film thicknesses is shown in Figure 6b. Compared to 0.75U,
the EQE response decrease in the near-infrared region for the
0.55U may stem from incomplete absorption of incident light
due to thinner absorber films. Notably, the spectral response im-
proved in the 500 to 1200 nm wavelength range for the passi-
vated devices when compared with the respective reference de-
vices. The improvements to the J- may thus be ascribed to in-
creased average minority carrier diffusion length (due to field ef-
fect passivation) and a reduction in the rear interface defect den-
sity (chemical passivation), rather than to marginal optical bene-
fits through improved reflection (ultrathin Al,O,). This theory is
further corroborated by the increased minority carrier lifetimes
and space charge region width from TRPL and C-V measure-

ments, respectively, that indicated improved carrier collection.
Notably, our champion cell V. of 578.4 mV exceeds values of
the currently reported highest efficiency DMF-TU-based device,
see Table 1), pointing to the excellent charge carrier management
in our rear surface passivated devices.I>®! To the best of the au-
thors knowledge, our champion device active area efficiencies of
12.0%, and 14.2% are the highest reported efficiencies for submi-
cron (0.56 and 0.78 um, respectively) non-vacuum-based CISSe
devices (Table 1).15! Further improvements are expected by apply-
ing well-order rear contacting structures (e.g., using lithography
to generate well-controlled grids of nanosized point contact open-
ings), bandgap gradients, and application of anti-reflective coat-
ings (typical +5% improvement with MgF, to yield 14.9% PCE).

3. Conclusion

In conclusion, a facile rear surface passivation scheme was de-
veloped and implemented for solution-processed CISSe solar
cell devices for the first time. A 6 nm layer of ALD-AL, O, was
used to passivate the Mo/CISSe rear interface, while nanosized
spherical precipitates formed during CBD of CdS were used to
generate point contact openings. We believe that the presented
rear surface passivation method is particularly beneficial for ink-
based chalcogenide deposition processes, which are inherently
prone to the formation of thin absorbers and extensive MoSe,.
By carefully tailoring the Al,O, film thickness, and optimizing
the contacting area at the rear interface, record active area ef-
ficiencies of 14.2% (without MgF,) were obtained for solution

Table 1. Active area solar cell performance for devices with solution processed Culn(S,Se), absorbers with various absorber film thicknesses.

Device tabsorber [MM] PCE [%] Voc [mV] FF [%] Jsc [mAcm™?] Jsc (EQE)
[mAcm™2]
This Work 0.56 12.0 566 66.8 31.8 32.3
This Work 0.78 14.2 578 67.9 36.1 36.4
Xin et al.,[32] 1.2 14.5" 520 72.5 38.5 37.1
Ahn et al.,[*3] 3.0 14.4” 564 68.8 37.1 N/A
Uhl et al. [7] 1.2 13.8" 518 70.3 37.9 36.4
Clark et al.,[] 2.2 13.4" 512 71.0 36.9 37.0

*Device with anti-reflective coating
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processed CISSe devices with 0.75 pm absorber films, exhibiting
Voc of up to 578.4 mV for a 1.0 eV bandgap absorber (>25% PCE
improvement to baseline device). Furthermore, ink-deposition-
based routes for chalcogenide film fabrication are typically asso-
ciated with high absorber roughness and the formation of addi-
tional porous, fine-grained layers due to residual impurities.[2134]
A limiting factor in development of perovskite/CISSe tandem so-
lar cells has been the relatively rough (o,,,, > 100 nm) CISSe top
surface, with lateral feature sizes in the order of ~500 nm. In
this work, void-free, large grained (=500 nm), smooth absorber
film surfaces (o,,,, < 30 nm) were obtained, challenging the tra-
ditional conceptions of inherently inferior material properties for
molecular-ink-based absorber films, and thus, paving the way for
highly efficient and cost-competitive, printed thin-film tandem
solar cells (i.e., CISSe/perovskite).

Supporting Information

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