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Planar perovskite solar cells (PSCs) based on low-temperature solution-processed SnO, electron
transport layers (ETLs) usually suffer from energy losses within SnO, ETLs or at SnO,/perovskite
interfaces. Doping is an effective strategy to modify the properties of SnO, and reduce such energy
losses. Herein, Ce ions are incorporated into solution-processed SnO, and Ce-doped SnO, ETLs are
fabricated for planar PSCs via inkjet printing. The Ce-doped SnO, ETL shows enhanced conductivity and
improved energy level alignment with the perovskite layer, which can facilitate charge extraction
and transport capabilities. Ce doping also effectively passivates the surface defects of SnO,. The
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photoluminescence characterization reveals that the carrier recombination is suppressed within the
perovskite film. As a result, an improved power conversion efficiency (PCE) of 15.77% is obtained for
the planar PSC with a Ce-doped SnO, ETL, compared to that of 14.66% for the undoped device.
Furthermore, this work demonstrates a sustainable fabrication method which has great potential for the
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Introduction

Tin oxide (SnO,) has been utilized as an effective electron
transport layer (ETL) for perovskite solar cells (PSCs) because
of its high mobility, chemical and optical stability, and favor-
able energy band alignment with perovskite."”” The feasibility
of low-temperature solution fabrication process makes it com-
patible with roll-to-roll production processes and flexible
PSCs.* However, low-temperature solution-processed SnO, is
prone to suffering from defects and high electron transport
resistance at ETL/perovskite interfaces within planar PSCs."”
To date, one of the strategies for improving power conversion
efficiency (PCE) and stability of SnO, based PSCs is to reduce
energy losses within SnO, ETLs or at ETL/perovskite interfaces,
i.e., modifying the properties of SnO, and passivating the ETL/
perovskite interfaces.®

Doping of SnO, is a commonly used approach to adjust the
properties of SnO, and is easily compatible with a low-
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temperature solution processing. Metal-ion doping (e.g., Zn,
Al, La, Cu, Ga, Y, Sb, and Li) can usually improve the electronic
properties of SnO,, such as enhancing the conductivity and
enabling a better energy level alignment with perovskite, which
facilitates the electron extraction and transport capability and
inhibits charge recombination, leading to improved PCE and
stability.”> For example, Wang et al. doped SnO, with gado-
linium ions, which passivated oxygen defects at the SnO, sur-
face and optimized the energy level matching between the SnO,
ETL and the perovskite layer, and thus achieved an improved
PCE with a reduced hysteresis.'® Ren et al. reported that the
low-temperature solution-processed Nb-doped SnO, ETL out-
performed the pristine SnO, ETL, originating from improved
surface morphology, higher electron mobility, larger electrical
conductivity, and enhanced electron extraction.'” Zirconium
doping upshifted the energy levels of SnO, and Zr-doped SnO,
showed improved alignment of the conduction band maximum
(Ecem) with perovskite layers, in combination with enhanced
conductivity and decreased surface defect density, which
improved the electron extraction/transport properties, increased
the carrier lifetime, and suppressed the charge recombination
rate, contributing to the improved PCE of PSCs with marginal
hysteresis.'® In addition, organic or inorganic compounds as
functional materials were doped or introduced into SnO, ETLs,
such as sulfur-doped graphite carbon nitride,"® 3-(formamidi-
nothio)-1-propanesulfonic acid,>® black phosphorus quantum
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dots,** tetrabutylammonium iodide,** phytic acid dipotassium,*
graphdiyne oxide,** lead sulfide quantum dots,> poly(vinylpyr-
rolidone),”® NH,-Cl,>” and tyrosine.® These functional additives
not only modify SnO, ETLs to enhance the electron extraction and
transport capabilities, but also passivate SnO, ETLs or/and ETL/
perovskite interfaces for suppressing nonradiative charge recom-
bination, which can eventually contribute to improving the crystal
growth and quality of perovskite layers. Lee et al. incorporated
oxidized black phosphorus quantum dots (O-BPs) into SnO,_, to
passivate oxygen vacancies in SnO,_,, and thus unfavorable phase
formation at FAPbI,/SnO, interface was highly suppressed.*® Wang
et al. modified SnO, by using CoCl,-6H,0, leading to a favorable
energy level alighment and a significant suppressed interfacial
recombination at the ETL/perovskite interface.*

The rare earth element Ce has been used to dope TiO, ETLs
to improve the performance of PSCs.>'* Chen et al. reported that
Ce doping enlarged the band gap, upshifted the Fermi level, and
reduced the surface defect density of the TiO, ETL, thus increas-
ing the open-circuit voltage (Voc) and final PCE of PSCs.*' Ce ions
are also incorporated into other functional layers within PSCs,
such as perovskite films,*>3® NiO, hole transport layers,>”~** and
indium oxide transparent electrodes,*® to enhance the efficiency
of PSCs. However, doping of Ce ions into SnO, ETLs has not been
reported yet.

Regarding the manufacturing process of these doped or
modified SnO, ETLs, almost all the processes involved the
use of spin coating which is not compatible with large-scale
manufacturing of PSCs. There are only very few published
reports focused on the scaling up of the fabrication of doped

O
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SnO, ETLs.*® As a low-cost, waste-free, contactless, and mask-
less deposition method with digital control on printed patterns,
inkjet printing has great potential for large-scale manufactur-
ing of PSCs.*! Herein, we modified SnO, by Ce doping for use as
ETLs, prepared through a scalable inkjet printing process.
Compared with the pristine SnO,, Ce-doped SnO, showed
increased conductivity and improved energy band alignment
with the perovskite layer. Ce doping also passivated the surface
defects of SnO,. The photoluminescence results exhibited the
suppression of the carrier recombination within the perovskite
film upon Ce doping. We fabricated planar PSCs using Ce-
doped SnO, ETLs and achieved an improved PCE for the doped
devices, compared to the undoped ones.

Results and discussion

To investigate the effects of Ce doping on the film quality and
properties of the SnO, thin films, SnO, doped with various Ce
concentrations was prepared via an inkjet printing process, and
the physical properties were analyzed. Fig. 1a and b show the
top-view scanning electron microscopy (SEM) images of pris-
tine SnO, and doped SnO, with a Ce content of 2.5 at% (molar
ratio of Ce to Sn ions). Other SEM images of 5 at%, 7.5 at%, and
10 at% Ce doped SnO, are displayed in Fig. S1 (ESIt). Note that
the large 100 nm-scale dome-shaped structures are the large
grains of the FTO substrates under the SnO, films (Fig. Sid,
ESIT). The resulting pristine and doped SnO, thin films were
compact and dense with no pinholes. There was no obvious
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Fig. 1
spectra of 2.5 at% Ce-doped SnO,.
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(a) and (b) Top-view SEM images, (c) XRD patterns, (d) Sn 3d XPS, and (e) O 1s XPS spectra of pristine and 2.5 at% Ce-doped SnO;. (f) Ce 3d XPS
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difference observed in the surface morphology between pristine
SnO, and Ce-doped SnO,. X-ray diffraction (XRD) patterns were
obtained for the pristine and doped SnO, thin films, shown in
Fig. 1c (and Fig. S2, ESIt). Both pristine and Ce-doped SnO,
showed an amorphous structure with no diffraction peaks
detected. This is also the reason that the SEM surface images
are lacking “crisp” well-defined features. The amorphous films
have a smooth morphology without sharp features.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted to investigate the chemical states of pristine and Ce-
doped SnO,. As seen in the Sn 3d XPS spectrum of SnO,
(Fig. 1d), the two peaks at 495.7 eV and 487.3 eV were assigned
to Sn 3d3/, and Sn 3ds),, respectively. The O 1s XPS spectrum of
SnO, exhibited a peak at 931.2 eV (Fig. 1e). Upon Ce doping, the
peaks in both Sn 3d and O 1s spectra moved to lower binding
energy regions, indicating a possible chemical interaction
between Ce and SnO,.'®** The results also suggested the
presence of Sn*" oxidation states in SnO, and Ce doped SnO,.
The peak in the Ce 3d XPS spectrum was resolved into three
components representing Ce®* and Ce'" oxidation states
(Fig. 1f). This result confirmed that Ce ions were successfully
incorporated into the host SnO, lattice system. Furthermore,
the O 1s XPS peak was deconvoluted into two peaks, one
representing the lattice oxygen (Op) in SnO, and the other
one originating from the oxygen vacancies or chemisorbed
hydroxyl groups (Oy). As the Ce doping concentration increased
from 0 to 2.5 at%, the ratio of Oy to total oxygen decreased from
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24.11% to 19.40% (Table S1, ESIt). Thus, the surface oxygen
defects of SnO, were passivated upon introducing Ce ions,
thereby reducing recombination losses at ETL/perovskite inter-
faces within PSCs.

The optical properties of pristine and Ce-doped SnO, sam-
ples were also investigated by ultraviolet-visible (UV/Vis)
absorption measurements. As displayed in Fig. 2a, the trans-
mittance of both pristine and Ce-doped SnO, was above 80% in
the visible light region, which verified the transparency of
pristine and Ce-doped SnO, as ETLs for planar PSCs. The
transmittance and absorption (Fig. S3, ESIT) changed slightly
upon Ce doping. The Tauc’s relationship was used to determine
the optical band gap (E,) of SnO, and Ce-doped SnO,, which is
described using a formula:

(ahv)*= C x (hv — Ey) 1)

where o, v, and C are the optical absorption coefficient, the
photon energy, and the material constant, respectively.** The
two samples exhibited the same optical band gap of 3.76 eV
(Fig. 2b). The ultraviolet photoelectron spectroscopy (UPS)
measurements were performed to investigate the effect of Ce
doping on the energy levels of SnO,. The work function can be
calculated using the equation:

EF =21.22 - (Eonsel - Ecutoff) (2)

where Ey refers to the Fermi level, Engec and Eqyeofr represent
the onset and the cutoff of the UPS spectrum, respectively.
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(a) Transmittance, (b) Tauc's plots, (c) and (d) UPS spectra, and (e) valence band XPS spectra of pristine SnO, and 2.5 at% Ce-doped SnO,. (f)

Energy band diagram of PSCs based on SnO, and 2.5 at% Ce-doped SnO, ETLs.
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As shown in Fig. 2c and d, the work function was calculated to
be 6.76 eV and 5.77 eV for SnO, and Ce-doped SnO,, respec-
tively. From the valence band XPS spectra (Fig. 2e), the valence
band maximum (Eygy) of SnO, and Ce-doped SnO, was
obtained to be 1.22 eV and 2.13 eV below the Fermi level and
thus the values were calculated to be —7.98 eV and —7.90 eV,
respectively. The conduction band minimum was then deter-
mined to be —4.22 eV and —4.14 eV using the formula Ecgy =
Evgm t+ Eg. The energy levels of the perovskite layer were
obtained from the literature.** The consequent energy band
diagram of PSCs with SnO, and Ce-doped SnO, ETLs was
displayed in Fig. 2f. The observed decrease in work function
from 6.76 eV in SnO, to 5.77 eV in Ce-doped SnO, indicates that
Ce addition altered the local chemical environment of the Sn
atoms, reducing their binding energy, which agrees with the
observed slight shift of Sn (Fig. 1d). This phenomenon likely
increased the electron density at the Sn sites, effectively low-
ering the energy required to remove an electron from the
surface, which was reflected in the reduced work function.
Therefore, the energy levels were upshifted upon Ce doping,
and the conduction band minimum of Ce-doped SnO, became
closer to that of the perovskite layer than that of pristine SnO,.
This can enhance the electron extraction and reduce the
recombination losses at ETL/perovskite interfaces, which is
beneficial for improving the open-circuit voltage (Voc).'*'®
The electrical properties of pristine and Ce-doped SnO, thin
films were also studied. The conductivity of SnO, increased at
first and then decreased when the Ce doping concentration
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increased from 0 to 10 at% (Fig. S4, ESIt). The conductivity of
2.5 at% Ce-doped SnO, was estimated to be 7.57 x 10> Scem ™"
(Fig. 3a), which was about 2.6 times higher than that of pristine
SnO, (2.96 x 107> S em ). This enhancement originated from
the increase in the electron density as well as the passivation of
the surface defects in SnO, upon Ce doping.*>*> The improved
electrical conductivity of Ce-doped SnO, can boost the charge
transfer at ETL/perovskite interfaces, leading to improved
short-circuit current density (Jsc). The steady-state photolumi-
nescence (PL) and time-resolved photoluminescence (TRPL)
measurements were performed to investigate the charge trans-
fer dynamics and examine the perovskite film quality. The
perovskite films deposited on Ce-doped SnO, exhibited stron-
ger PL intensities than that deposited on pristine SnO, (Fig. 3b
and Fig. S5, ESIT), which indicated that the carrier recombina-
tion in Ce-SnO,/perovskite films was effectively suppressed.*®
This was further verified by the TRPL results (Fig. 3c). The TRPL
decay curves were fitted with a bi-exponential decay function:
I(t) = Ay exp(——) + Az exp(

)+ 1o (3)

t t
2 o
where 7, and 1, represent the fast and slow decay component,
and A; and A, are the corresponding decay amplitude fractions,
respectively. The average lifetime (t,,.) was calculated by the
formula 7, = A171 + 4,7, The fitting parameters were summar-
ized in Table S2 (ESIt). The fast decay () could be assigned to
the quenching process of photogenerated carriers transferring
from the perovskite film through the ETL to the FTO electrode,
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(a) Current—voltage curves for calculating the conductivity of SnO, and 2.5 at% Ce-doped SnO,. (b) PL and (c) normalized TRPL spectra of FTO/

SnO,/perovskite and FTO/Ce—-SnO,/perovskite. (d) J-V characteristics of the cells with pristine SnO, and 2.5 at% Ce-doped SnO, ETLs.
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Table 1 Photovoltaic parameters of PSCs with inkjet-printed pristine
SnO, and 2.5 at% Ce-doped SnO,

ETL Scan direction PCE (%) Voc (V) Jsc (mA ecm™?) FF (%)
SnO, reverse 14.66 1.08 20.96 65.0
2.5 at% Ce-SnO, reverse 15.77 1.08 21.98 66.4

and the slow decay (t,) could originate from the radiative
recombination of free charge carriers in the perovskite film
before the charge transfer.””*® The Ce-SnO,/perovskite film
showed increased fraction A4,, suggesting decreased non-
radiative recombination, while the increased 7, from 188 ns
to 236 ns upon Ce doping could indicate a decrease in the
recombination of free carriers or a suppression of defects
forming in the perovskite film.”> The suppressed non-
radiative recombination may originate from the improved
perovskite crystallization or decreased defect density induced
by the passivation of the oxygen defects on the Ce-doped SnO,
surface."®

PSCs with pristine and Ce-doped SnO, ETLs were fabricated
to study the effect of Ce doping on the device performance. The
current density-voltage (J-V) curves and photovoltaic para-
meters, Le., Voc, Jsc, fill factor (FF), and PCE are shown in
Fig. 3d and Table 1, respectively. An optimum PCE of 15.77%
was achieved for the cell with a 2.5 at% Ce-doped SnO, ETL,
higher than 14.66% for the cell with pristine SnO, ETL. A
significantly improved average PCE of 15.05 £ 0.58% was also
delivered by the Ce-doped SnO, (2.5 at%) ETLs compared to
13.87 £+ 0.40% for pristine SnO, ETLs (Table S3 and Fig. S6,
ESIY), originating from the improvement in all three photo-
voltaic parameters Voc, Jsc, and FF. The improved performance
was attributed to enhanced electron extraction and transport
and suppressed carrier recombination at ETL/perovskite inter-
faces, originating from reduced surface defects, enhanced
conductivity, and improved energy band alignment between
the ETL and the perovskite layer. Further optimization can be
carried out to boost the efficiency to higher levels through
optimizing each functional layer and interfaces within the PSC
devices. The achieved efficiency of 15.77% is still competitive in
comparison with the reported values of 13.08% and 18.8%
realized by similar inkjet-printed SnO, ETLs.”*>*" In addition,
this work provides some insights to ionic doping of SnO, ETLs
via a scalable inkjet printing method.

Conclusions

In summary, inkjet-printed Ce-doped SnO, was successfully fab-
ricated as an effective electron transport layer for planar PSCs. Ce-
doped SnO, showed enhanced conductivity and improved energy
band alignment with the perovskite layer, contributing to facil-
itating charge extraction and transport capabilities. Upon Ce
doping, the surface defects of SnO, were also passivated. The
photoluminescence characterization revealed that the perovskite
film deposited on Ce-doped SnO, exhibited a longer decay life-
time, representing the suppression of the carrier recombination
within the perovskite film. Consequently, planar PSCs with Ce-
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doped SnO, (2.5 at%) ETLs delivered an improved PCE of 15.77%,
compared to those devices with undoped SnO, ETLs (14.66%).
Moreover, this work demonstrated a sustainable and scalable
inkjet printing method for the fabrication of efficient planar PSCs.

Experimental
Materials

All chemicals were used as received without further modifications.
Tin(iv) acetate (Sn(CH3CO,),) and cerium(ur) nitrate hexahydrate
(Ce(NO;);-6H,0, 99.99%) were purchased from Sigma-Aldrich
(Darmstadt, Germany). Lead iodide (PbI,, 99.99%) and lead bro-
mide (PbBr,, >98.0%) were purchased from TCI (Tokyo, Japan).
Formamidinium iodide (FAI, CH(NH,),I, >98%) and methylam-
monium bromide (MABr, CH3;NH;Br, >98%) were purchased
from Dyenamo (Stockholm, Sweden) and Sigma-Aldrich (Darm-
stadt, Germany), respectively. Spiro-OMeTAD (99.8%) was pur-
chased from Borun New Material Technology (Ningbo, China).
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%),
FK209 (Co(m) TFSI salt, 98%) and 4-tert-butylpyridine (TBP, 98%)
were obtained from Sigma-Aldrich (Darmstadt, Germany).

Set-up of inkjet printer

A piezoelectric drop-on-demand inkjet system was designed for
the printheads from XaarJet in our lab.’>*® Inkjet printing of
pristine and Ce-doped SnO, thin films was performed under
ambient conditions by employing X]J126/80 printheads which
possess 126 active nozzles and can yield a drop volume of 80 pL.
A customized waveform was used to form and eject droplets.
The printing frequency was set as 283.46 Hz, and the printing
resolution was 360 dpi.

Inkjet printing of pristine and Ce-doped SnO, thin layers

The ink for printing SnO, thin films was prepared by dissolving
tin(iv) acetate in a mixture of 2-propanol and propylene glycol
(9/1, v/v) to form a 0.05 M precursor solution. A small amount of
ethanolamine was added to improve the acetate solubility. The
precursor ink was then inkjet-printed onto substrates which were
pre-heated at 60 °C. The as-printed thin films were dried at 60 °C
for 5 min and afterwards were annealed inside a furnace at 220 °C
for 1 h. Ce-doped SnO, thin films were fabricated in a similar
process to pristine SnO, thin films. The only difference lied in the
preparation of the precursor ink. A certain amount of a 0.25 M
Ce(NO3); solution, consisting of Ce(NOj3);-6H,O dissolved in a
mixture of 2-propanol and propylene glycol (9/1, v/v), was added to
a 0.05 M tin acetate solution prepared as described above. The
amount of the added Ce(NOj3); solution was determined based on
the desired doping level, e.g., 50 pL for 2.5 at%. Then, the mixed
solution was used for inkjet printing of Ce-doped SnO, thin films.
The inkjet printing and post-treatment processes were the same
as the fabrication process of pristine SnO, thin films.

Device fabrication

FTO glass substrates (13 Q sq~ ', Sigma-Aldrich) were cut into
pieces with the dimension of 25 x 15 mm. Each piece was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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etched at the edge through dripping 2 M HCI aqueous solution
onto Zn powder. These substrates were successively sonicated
in a detergent solution (5% deconex in water), deionized water,
acetone, and 2-propanol for 15 min. Before inkjet printing, FTO
substrates were pre-heated at 500 °C for 30 min and afterwards
cooled down to room temperature. Compact SnO,. or Ce-doped
SnO, ETLs were fabricated via inkjet printing as described
above. Then, the perovskite layers were fabricated following
the procedure reported previously.>® The perovskite precursor
was prepared by dissolving Pbl,, FAI, PbBr,, and MABr in
a mixed solvent (N,N-dimethylformamide/dimethyl sulfoxide =
4/1, v/v) to form a 1.3 M Pb precursor solution. The molar ratio
of PbI,/FAI/PbBr,/MABr was 1.1/1/0.2/0.2. Seventy-five pL of the
perovskite precursor was spin-coated at 4500 rpm for 30 s.
During the spin coating, 125 L of chlorobenzene was dripped
onto the perovskite film at 15 s. The as-deposited perovskite
film was immediately dried at 100 °C for 30 min. A hole
transport layer was spin-coated at 4000 rpm for 30 s with a
precursor consisting of 85.8 mg Spiro-OMeTAD, 35 pL LiTFSI
solution (0.6 M), 33.8 uL TBP, and 10 pL FK 209 solution (0.2 M)
dissolved in 1 mL chlorobenzene. Finally, an 80 nm-thick Au
electrode was thermally evaporated (Edwards Auto 306) onto
the substrates.

Characterization

The morphology of the pristine and Ce-doped SnO, thin films
was studied using a combined focused ion beam/scanning
electron microscope (FIB/SEM, FEI Nova 600 Nanolab, FEI
Company, Eindhoven, The Netherlands). XRD patterns were
obtained employing an X-ray diffractometer (Siemens D5000,
Siemens, Munich, Germany) with a Cu Ka radiation (1 =
1.5406 A). The XPS and UPS measurements were conducted
using the K-alpha XPS/UPS system manufactured by Thermo
Scientific. For XPS analysis, the spectra were obtained using a
monochromatized Al Ko line with a photon energy (hv) of
1486.6 eV. For UPS analysis, a Hel ultraviolet light source with
an energy of 21.22 eV was employed. The valence band photo-
electron signal originated from the top 2-3 nm of the sample’s
surface, and the electronic work function of the material’s
surface was measured. The UV/Vis absorption and transmit-
tance spectra were obtained using a Lambda 750 spectrophot-
ometer. The conductivity of thin films was measured according
to the report® and the details of the measurement were shown
in Fig. S7 (ESIf). Current-voltage (I-V) characteristics were
collected using a Keithley 2400 instrument. The steady-state
PL of perovskite films was investigated using Fluorolog FL 3-22
spectrometer at room temperature (Horiba Jobin Yvon, Long-
jumeau, France), equipped with a double excitation monochro-
mator, a single emission monochromator (HR320) and a R928P
PMT detector. A continuous xenon lamp (450 W) was used for
steady state measurements. A supercontinuum laser (Fianium
WhiteLase) was employed as a source for the TRPL. For all
photoluminescence measurements the excitation wavelength
was 500 nm, and the detection wavelength was 765 nm. The
active area of the solar cells was defined by a mask of 0.152 ¢cm?
and was illuminated under an AM 1.5 G solar simulator

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Newport 91160-1000) with an incident light density of
100 mW cm 2 J-V characteristics of the PSC devices were
recorded at a scan rate of 125 mV s ', using a Keithley
2400 unit.
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