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ABSTRACT: Owing to the tunable band gap of metal-halide perovskite compounds, 40 ] _ _
perovskite solar cells (PSCs) are promising energy-harvesting devices for indoor applications. Maximum Power Point Tracking |
Since the electron transport layer (ETL) plays a critical role in the performance of PSCs, a0l 27.7% |
selecting a suitable ETL is important for improving the performance of PSCs. Here, we — 0000000000000
compared the characteristics of PSCs employing TiO, and SnO,, which are widely used as g AMAAAAAAMALL A
ETLs in PSCs, under low illuminance conditions. Electrochemical impedance spectroscopy g 20 2950 |
revealed that PSCs employing SnO, as the ETL exhibited lower charge transfer resistance than & | ]
those employing TiO, in low light intensity environments. Consequently, SnO,-based PSCs ol SN0, |
showed a higher power conversion efficiency of 27.7% than that of TiO,-based PSCs (22.5%) A TiO,  White LED 1000 Ix
under 1000 Ix white LED illumination. Space-charge-limited current measurements have shown I ]
that the defect density of ETLs strongly affects the performance of PSCs, especially under low % ) 5 )
illuminance conditions. We believe that this report provides an effective strategy for selecting ;

Time [s]
appropriate ETLs for indoor applications of PSCs.
Bl INTRODUCTION (I,_,Br,);, where FA and MA are formamidine and

methylammonium, respectively. They recorded a PCE of
30.3% under 200 Ix fluorescent lamp illumination with PSCs
employing CsgosFAg76MAg 16Pb(Iy50Brg5); which has a band
gap of 1.8 eV."” Cheng et al. reported a PCE of 36.2% under
1000 Ix fluorescent lamp illumination by employing triple-
anion MAPbI, BrCl.* They found that chloride doping
suppresses the trap-states and nonradiative recombination
losses. As another effective strategy, surface passivation of the
perovskite layer has also been investigated. Li et al. applied
phenethylammonium iodide (PEAI), phenethylammonium
bromide (PEABr), and phenethylammonium chloride
(PEACI) to reduce the surface defects of wide band gap
perovskite (FAy¢MAg 4)09Cso1Pb(IoBro,)s.”" They found that
PEACI effectively suppressed the halide segregation in
perovskite films and prolonged the carrier lifetime of

Perovskite solar cells (PSCs) were first reported in 2009 by
Miyasaka et al.," where the power conversion efficiency (PCE)
of PSCs was reported as 3.8%. Recently, a PCE of over 26%
has been achieved by optimizing the composition of perov-
skites, developing charge transport materials, and defect
management in the device.” '’ In recent years, the develop-
ment of PSC-based applications has received considerable
attention. One of the applications is tandem solar cells, and
tandem solar cells combined with silicon solar cells, CulnGa-
(Se,S) solar cells, and PSCs have been reported.'"'* Si/PSC
tandem solar cells have been actively investigated, and a PCE
of 33.9% has been achieved.'® Furthermore, PSCs can work
more efficiently than other types of solar cells even in low light
intensity environments such as indoor conditions. This is

e o e theh Tahomeghy  Perovskite lms. They reported a PCE of 35.6% under 1000

and flexibility, PSCs are expected to be applied as power Ix white LED 1llun.11nat10n by employ%ng PEAClI-treated wide
; . 17,18 band gap perovskite. He et al. applied CH;O-PEABr as a
sources for internet of things devices.

There have been several reports on improving the PCE of surface passivator for perovskite compounds. After optimizing

PSCs under low light intensity condition. Because the spectra the concentfatl;x; COf Iila ssivator dar:id ﬁleCthlc;(n f)ssl ‘;’f ezch
of sun light and indoor lightings are quite different, changing component in $, they recorded a of 40.19% under
the band gap of the light absorber is an effective way to 4
improve the performance of solar cells under indoor lightings. Received:  April 16, 2024 Lo
For example, Raifuku et al. applied different perovskite Revised:  May 29, 2024
compounds as the light absorber of PSCs and evaluated the Accepted: July 11, 2024
performance under fluorescent lamp illumination. They Published: July 18, 2024
controlled the band gap of perovskite compounds by changing

the ratio of iodide and bromide in CsjyFAy,0MA cPb-
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824.5 Ix warm-white LED illumination.”” Although the PCE of
PSCs under indoor lightings exceeded 40%, there is still room
to improve the PCE according to theoretical calculation.”®

Some studies have reported that electron transport layer
(ETL) has a significant impact on the performance of PSCs in
low light intensity environments. In the case of PSCs using
planar-TiO, and mesoporous-TiO, as ETLs, the planar-type
can maintain a higher open-circuit voltage (Voc) in low light
intensity environments than the mesoporous-type. This is
because the internal resistance of PSCs employing mesoporous
TiO, is larger than that of PSCs employing planar TiO,."* This
report shows that the band gap and defect control of the
perovskite layer, as well as the internal resistance of the device,
which is varied by the ETL, play important roles in improving
the performance of PSCs in low light environments. Therefore,
the investigation and selection of an ETL that can suppress the
increase in the internal resistance of the device under low light
conditions is considered one of the key issues for the indoor
application of PSCs.

Among the various n-type semiconductors, TiO, and SnO,
are widely used as ETLs in PSCs. Recently, SnO, has attracted
attention as a suitable ETL due to its deeper conduction band
and higher conductivity than TiO,, and its superiority in terms
of low-temperature deposition.”* In fact, SnO,-based PSCs
have shown high PCE under the air mass 1.5 global (AM1.5G)
spectrum.”” However, comparisons of the performance of
SnO,-based PSCs and TiO,-based PSCs under low illumi-
nance conditions have yet to be conducted.

TiO, and SnO, behave as n-type semiconductors due to
oxygen vacancies and interstitial metal atoms that act as
donors.”>*® The formed donor levels are ionized and cause
impurity scattering during electron transport in the ETL.
Therefore, regardless of the material used as the ETL, the
amount of defects in the ETL is considered an important
parameter affecting the charge transport properties.

In this study, the characteristics of planar-type PSCs
employing SnO, and TiO, as ETLs were evaluated under 1
sun condition (AM1.5G, 100 mW/cm?) and low illuminance
conditions, focusing on the carrier transport mechanisms such
as impurity scattering in the ETL. We found that PSCs
employing SnO, exhibited a higher PCE under 0.01 sun and
1000 Ix white LED illumination. Impedance spectroscopy
revealed that PSCs employing SnO, showed lower charge
transfer resistance than TiO,-based PSCs under low
illuminance conditions. These results indicate that material
selection and the charge transport mechanism of the charge
transport layer should be considered to improve the perform-
ance of PSCs under low illuminance conditions.

B EXPERIMENTAL SECTION

Materials. Transparent conductive oxide (TCO)-coated
glass substrates (GEOMATEC Co., Ltd. 1052, 10 Q sq7h),
SnO, colloid dispersion (15 wt % in H,O, Alfa Aesar),
titanium diisopropoxide bis (acetylacetonate) [Ti(ac), 75 wt %
in isopropanol, Aldrich], N,N-dimethylformamide (DMF,
Aldrich), dimethyl sulfoxide (DMSO, Aldrich), chlorobenzene
(CBZ, Aldrich), 2-phenylethylamine hydrochloride (PEAC],
Aldrich), lithium bis(trifluoromethanesulfonyl)imide (LiTES],
Aldrich), 4-tert-butylpyridine(Aldrich), lead iodide (Pbl,
TCI), lead bromide (PbBr,, TCI), cesium iodide (CslI,
TCI), formamidine iodide (FAI, TCI), methylamine bromide
(MABr, TCI), hydrochloric acid (HCl, TCI), 1-butanol
(TCY), 2,2,7,7'-tetrakis(N,N-di-4-methoxyphenylamino)-9,9’'-

spirobifluorene (spiro-MeOTAD, Fujifilm Wako Chemicals),
zinc powder (Fujifilm Wako Chemicals), 2-propanol (IPA,
Fujifilm Wako Chemicals), acetonitrile (Fujifilm Wako
Chemicals), and gold wire (Nilaco) were purchased and
used without purification.

Device Fabrication. We fabricated PSCs with a device
structure of TCO/ETL/FAgg;MA,CsqgoPb(1yoBrg;)s/
PEACI/spiro-OMeTAD/Au as follows. TCO-coated glass
substrates (25 X 25 mm) were etched with zinc powder and
2 M HCI and sequentially cleaned via sonication with Semico
clean 56 (Furuuchi Chemical Co.) for 10 min. This was
followed by cleaning with deionized water, acetone, and
ethanol for 5, 10, and 5 min, respectively. The substrates were
then cleaned for 30 min using a UV—ozone cleaner.
Thereafter, 20 nm thick TiO, or SnO, films were deposited
on the TCO substrates as the ETL. The thickness of the ETL
was measured using a profilometer. TiO, films were deposited
on TCO substrates by spin-coating 0.14 M Ti(ac) 1-butanol
solution at 2000 rpm for 40 s, followed by annealing at 450 °C
for 30 min. Whereas SnO, films were deposited on TCO
substrates by spin-coating SnO, colloid dispersion diluted in
deionized water (1:2 volume ratio) at 4000 rpm for 30 s,
followed by annealing at 150 °C for 30 min. After forming the
ETL, the substrate was treated with a UV—ozone cleaner for
30 min before depositing the perovskite layer. To form
perovskite layer, 1.3 M FAg;MA;Csg0oPb(IyoBry;)5 solution
in 7:3 volume ratio of DMF/DMSO solvent was spin-coated
on the ETL at 5000 rpm for 27.5 s, followed by annealing at
100 °C for 60 min. During the spin coating process, 160 uL of
CBZ was dropped onto the rotating substrate 13 s before the
end of the spin coating process. Thereafter, 0.75 mg/mL
PEACI solution dissolved in IPA was spin-coated at 4000 rpm
for 20 s, followed by annealing at 80 °C for 30 min to passivate
the surface of perovskite layer. To form a hole transport layer, a
spiro-OMeTAD solution dissolved in CBZ was spin-coated
onto the PEACI layer at 4000 rpm for 26 s. Finally, 60 nm gold
electrodes were formed by thermal evaporation.

Characterization. The current density—voltage (J—V)
characteristics of the PSCs were measured under AM1.5G
illumination using a solar simulator (high-pressure xenon lamp
class AAA solar simulator, Yamashita Denso Co.). To control
the light intensity, we inserted ND filters (ND10T-50S,
NDO1T-50S, Shibuya Optical Co., Ltd.) between the PSCs
and light source. To evaluate the performance of the PSCs
under indoor lighting, we used a 1000 Ix (0.3002 mW/cm?)
white LED (BLD-100, Bunkoukeiki Co., Ltd.) as the light
source. The scan speed was set to 69 mV/s. Maximum power
point tracking (MPPT) measurements were performed using a
VK PA 100 (SPD Laboratory, Inc.) under AM1.5G or white
LED illumination. The active area of the samples was set to
0.152 cm® We performed electrochemical impedance spec-
troscopy (EIS) on the PSCs in the frequency range of 100
mHz—1 MHz using an electrochemical workstation (SP-150,
Bio-Logic). An AC voltage with a perturbation amplitude of
100 mV was applied during EIS measurements. Scanning
electron microscopy (SEM) images of the perovskite films
were obtained using a field emission scanning electron
microscope (Carl Zeiss AG, ULTRASS). The X-ray diffraction
(XRD) patterns of the TiO,, SnO,, and perovskite films were
measured using an X’PERT-PRO MRD (Spectris). Atomic
force microscopy (AFM) images of TiO, and SnO, films were
obtained using SPM-9700 (SHIMADZU). The absorption
spectra of the perovskite films were recorded with an
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Figure 1. J—V curves of PSCs employing SnO, (blue) and TiO, (red) as ETLs measured under (a) 1 sun and (b) 0.01 sun illumination. The solid
and dashed lines represent the J—V curves obtained in FS and RS, respectively. (c) PCE estimated from MPPT measurements under 0.01 sun

illumination.
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Figure 2. Nyquist plots of PSCs employing different ETLs measured under (a) 1 sun, (b) 0.1 sun (inset: enlarged view of the area near the origin),
and (c) 0.01 sun illumination. (d) Equivalent circuit used to fit the Nyquist plots. (e) Light intensity dependence of charge transfer resistance (R,)
of PSCs employing different ETLs. The average values were calculated from five samples.

ultraviolet/visible light/near-infrared spectrophotometer

(JASCO, V-770).

B RESULTS AND DISCUSSION

Figure la shows the J—V curves of the best-performing PSCs
employing TiO, or SnO, as the ETLs measured under 1 sun
condition. The solid and dashed lines represent J—V curves
obtained from forward scan (FS, from —0.2 to 1.2 V) and
reverse scan (RS, from 1.2 to —0.2 V), respectively. The -V
characteristics of the PSCs are summarized in Table S1. In FS,
PSCs employing TiO, and SnO, showed PCEs of 13.9 and
17.1%, respectively. In contrast, in RS, PSCs employing TiO,
and SnO, showed PCEs of 15.1 and 14.2%, respectively. TiO,-
based PSCs showed a higher PCE with a higher fill factor (FF)
when the samples were analyzed in the RS. This phenomenon
is a well-known hysteresis behavior that originates from the
capacitor and accumulating carriers formed at the ETL/
perovskite interface.”” However, PSCs with SnO, behaved
differently; the PCE obtained from the RS was lower than that
of the FS. This phenomenon is referred to as inverted
hysteresis and has rarely been reported compared with normal

32895

hysteresis. To the best of our knowledge, Tress et al. were the
first to report this phenomenon in 2016.”° In their study, it was
found that the addition of Al,O; to mesoporous TiO, altered
the interface between the ETL and the perovskite, resulting in
inverted hysteresis. They have also reported that the
magnitude of inverted hysteresis varies depending on the
scan rate during J—V measurements, and PSCs that show
inverted hysteresis exhibited negative capacitance in Nyquist
plots when the EIS measurements were conducted with bias
voltage.” Figure S1 shows the J—V curves of PSCs employing
SnO, measured at different scan rates obtained in our research.
The inverted hysteresis became larger when the J—V curves
were measured at a lower scan rate. A hysteresis index (HI),
which is one of the indicators of the degree of hysteresis, is
defined as (PCE,yere — PCEfopard) /PCE,eversey Where PCE, ..
and PCE,,,..q correspond to PCE calculated from J—V curves
measured under reverse and FS, respectively.g’0 The absolute
values of HI increased from 0.03 to 0.41 by varying scan rate of
J—V measurements. It is reported that the inverted hysteresis
appears when the halide vacancy accumulates at the ETL/
perovskite interface and interacts with ETL.”" We assume that

https://doi.org/10.1021/acsomega.4c03643
ACS Omega 2024, 9, 32893—-32900
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there is enough time for the halide vacancy to accumulate at
the ETL/perovskite interface and interact with the ETL,
resulting in a larger inverted hysteresis at a lower scan rate.
Figure S2 shows the Nyquist plot of a PSC employing SnO,
measured at a bias voltage of 0.9 V. A certain behavior
associated with negative capacitance was observed in the low-
frequency range of the Nyquist plot, as shown in Figure S2.
These results were consistent with those of a previous report.”’
When comparing the average values of the five PCE, the SnO,-
based PSCs showed slightly higher PCE in both forward and
reverse scans, as shown in Table S2.

We compared the characteristics of both PSCs under low
illuminance conditions. Figure 1b shows the J—V curves of
PSCs employing TiO, or SnO, as ETLs measured under 0.01
sun condition. The J—V characteristics of the best-performing
PSCs are summarized in Table S3. Although the short-circuit
current density (Jsc) and V¢ of both PSCs decreased with
decreasing light intensity, the behavior of the FF was different.
The FF calculated from J—V curves measured in the RS
increased under the 0.01 sun condition, regardless of the ETLs.
Consequently, both PSCs showed similar PCE under 0.01 sun
condition. In contrast, in the case of the FS, TiO,-based PSCs
showed a rapid decrease in the FF under 0.01 sun condition.
This complex behavior makes it difficult to compare the
performances of both PSCs from J—V measurements. There-
fore, MPPT measurements were performed to compare the
performance of both PSCs while eliminating the effects of
hysteresis. Figure 1c shows the PCE of PSCs employing TiO,
or SnO, as ETLs, as estimated from the MPPT measurements.
After 30 s MPPT measurements, PSCs employing TiO, and
SnO, showed PCEs of 13.0 and 15.5%, respectively. From the
MPPT measurements, it was confirmed that the PSCs
employing SnO, exhibited a higher PCE than those employing
TiO, under 0.01 sun illumination. The PCE of PSCs calculated
from J—V curves and MPPT measurements are summarized in
Table S4.

Figure S3 shows the light intensity dependence of the V¢
values of both TiO, and SnO,-based PSCs. As shown in Figure
S3, TiO,-based PSCs showed lower ideality factor (1.30) than
the SnO,-based one (1.45), and the latter one even showed
better performances under 0.01 sun condition. This result
indicates that fewer interface recombination occurs at the
TiO,/perovskite interface than the SnO,/perovskite interface.

To evaluate the internal resistance of PSCs employing TiO,
or SnO, as their ETLs, EIS measurements were performed
under different light intensities. During EIS measurements, a
bias direct current (DC) can be applied to the samples.
However, when EIS measurement is performed under the Vi
condition, diffusion and drift currents become negligible and
few photogenerated carriers are injected into the ETL.*> To
evaluate the influence of ETLs, we have performed EIS
measurements at DC 0 V (without DC bias voltage). Figure
2a—c shows the Nyquist plots of the PSCs measured under 1,
0.1, and 0.01 sun illumination. The dots and lines represent the
values obtained from EIS and fitted curves using an equivalent
circuit (Figure 2d), respectively. In the equivalent circuit, R,
[cross point with Re(Z) axis] was associated with the series
resistance of the device. R, (first semicircle) and R; (second
semicircle) were associated with the charge transfer resistance
and charge recombination resistance, respectively.”” > W, was
associated with Warburg resistance. Although Q, and Qj are
considered as interfacial capacitance originated from charge
accumulation at HTL/perovskite or ETL/perovskite interfaces,

physical meaning in actual device needs to be investigated
more. Here, we focused on the difference in charge transfer
resistance (R,) to compare the characteristics of TiO, and
SnO,. PSCs employing SnO, exhibited smaller semicircles than
the TiO,-based one regardless of the light intensity. This
indicated that SnO,-based PSCs had a smaller charge transfer
resistance than TiO,-based PSCs. Figure 2e shows the light-
intensity dependence of the average charge transfer resistance
of the five samples, as estimated by equivalent circuit analysis.
Under 1 sun condition, PSCs employing TiO, and SnO, as
ETLs exhibited charge transfer resistances of 46.0 and 15.1 €,
respectively. When the light intensity was decreased to 0.01
sun, the charge transfer resistance of TiO,-based PSCs
increased to 4790 Q. In contrast, SnO,-based PSCs showed
a charge transfer resistance of 713 Q under the same
conditions. We presume that the lower charge transfer
resistance of SnO,-based PSCs is the origin of the better low
illuminance performance of SnO,-based PSCs, although SnO,-
based PSCs showed higher ideally factor than TiO,-based
PSCs. The average charge transfer resistances of the five
samples under various light intensities are summarized in
Table 1.

Table 1. Average Charge Transfer Resistance (R,) of PSCs
Employing TiO, or SnO, as the ETLs"

light intensity [sun] 0.01 0.1 1
R,(Sn0,) [Q] 713 + 65 175 + 87 151 + 2.9
R,(TiO,) [Q] 4790 + 810 588 + 114 460 + 112

“The values were calculated from five samples.

Figure S4 shows AFM images of TiO, and SnO, films.
Crystal grains are clearly observed in AFM image of TiO,,
whereas there were only localized crystal grains in AFM image
of SnO,. The arithmetic mean roughness (R,) and root-mean-
square roughness (Rq) of both films are summarized in Table
SS. As shown in Table SS, both films showed similar surface
roughness. Therefore, we assume that the difference in the
morphology of ETLs might not affect the performance of PSCs
under low illuminance conditions.

Figure SS shows SEM images of the perovskite films
deposited on the TiO, and SnO, films. No significant changes
in the crystal grain size of the perovskite or surface morphology
were observed when the perovskite films were deposited on
different ETLs. Figure S6 shows the XRD patterns of the
perovskite films deposited on TiO, and SnO, films. As no
peaks related to the ETLs were observed, the diffraction
patterns must have originated from the perovskite films.
Because there were no significant changes in the peak position
and peak intensity, it was considered that the crystallinity of
the perovskite films is not significantly affected by the ETLs.
Therefore, the changes in the charge transfer resistance in
PCSs employing TiO, or SnO, films were considered to
originate mainly from the difference in ETLs.

To clarify whether R, in Nyquist plots is related to the
charge transfer resistance in ETL, EIS measurements were
performed using PSCs employing 20, 60, and 100 nm thick
SnO,. The thickness of the ETL was measured using a
profilometer. Figure 3a—c shows the Nyquist plots of PSCs
measured under 1, 0.1, and 0.01 sun illumination, respectively.
The dots and lines represent the measured values and fitted
curves using an equivalent circuit (Figure 2d), respectively.
The R, values obtained from the Nyquist plots are summarized
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in Figure 3d—f and Table 2. The R, value increased as the
thickness of SnO, increased, and the trend became more

Table 2. Average Charge Transfer Resistance (R,) of PSCs
Employing 20, 60, and 100 nm Thick SnO, as the ETL"

light intensity [sun] 0.01 0.1 1

20 nm $nO, [Q] 324 + 280 785 + 6.3 122 + 12
60 nm SnO, [Q] 550 + 160 93.5 + 127 13.8 + 2.8
100 nm $nO, [Q] 770 + 163 117 + 17 144 + 34

“The values were calculated from four samples.

obvious under low illuminance conditions. This result indicates
that R, in the Nyquist plots contains information on the charge
transfer resistance in ETLs.

We assume that the effects of defects become obvious under
low illuminance conditions because the number of photo-
generated carriers is lower than that of under 1 sun conditions.
The space-charge-limited current (SCLC) measurements were
performed on ETL sandwiched with electrodes (TCO/ETL/
Au) to evaluate the defect density of ETLs. Figure 4a,b shows
the I-V curves of the ETL devices. The I-V curves are divided
into three different regions, ohmic region, trap filling region,
and Child’s region. The voltage at which the behavior changes
from ohmic to trap filling is called the trap-filled limit voltage
(VrgL)- The relationship between Vg and trap density (N,)
can be described as follows

2¢€4€,
N, = o2 Ve

where ¢, is permittivity of vacuum, &, is the relative dielectric
constant of ETL (Sn0,:12.5, Ti0,:40), e is the electron
charge, and L is the thickness of ETLs (20 nm).**™** $n0O,
showed a trap density of 3.32 X 10'® cm ™, which is lower than
that of the TiO, (2.04 X 10" cm™), as shown in Figure 4a,b.
These trap sites are thought to originate from oxygen vacancies
and interstitial metal (Sn and Ti) atoms that act as donor
states for ETL.”>*® Therefore, it is considered that electrons in
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TiO, are more strongly affected by impurity scattering than
those in SnO, (Figure 4c), resulting in a higher charge transfer
resistance. These results suggest that the difference in trap
density between TiO, and SnO, is one of the reasons why
PSCs with SnO, showed better performance under low
illuminance conditions.

The carrier mobility of ETL was estimated using the SCLC
model and the Mott Gurney law

J= 9e,e uV>
8L’}

where ] is the current density, & is the permittivity of vacuum,
g, is the relative dielectric constant of ETL, y is the carrier
mobility, V is the applied voltage, and L is the thickness of
ETLs (20 nm).*® By fitting the slope of the Child’s region in
the J—V? curves (Figure S7), the carrier mobility of SnO, and
TiO, were estimated to be 2.06 X 1077 and 7.57 X 107 cm?
V™! 57!, respectively. Figure 4d shows the XRD patterns of the
TiO, and SnO, films deposited on the glass substrates. TiO,
exhibits sharp peaks originating from the anatase structure,
indicating that TiO, was highly crystallized during the
fabrication process. In contrast, SnO, showed broad peaks,
indicating that the SnO, films were composed of nanocrystals
in amorphous tissue. These results indicate that SnO, has a
higher electron mobility than TiO,, even though SnO, films
were mainly composed of the nanocrystalline phase. We
assume that the origin of this phenomenon is the difference in
orbitals that contribute to the electron transport in ETLs. In
TiO,, the generated electrons are transported via its 3d
orbitals.”” When the atoms are regularly arranged, the
overlapping 3d orbitals facilitate carrier transport. However,
when the atoms are not regularly arranged, the complex shapes
of the 3d orbitals are less likely to overlap, rendering carrier
transport more difficult (Figure 4e). In contrast, in the case of
SnO,, the generated electrons are transported via s orbitals.*”
Even if the atoms are not regularly arranged, the orbital overlap
of SnO, is larger than that of TiO, due to its large principal
quantum number and spherical orbital, facilitating carrier
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Schematic of electron transport mechanisms in (e) TiO, and (f) SnO,.

transport (Figure 4f). 10 Furthermore, the strong polaron

effect and high dielectric constant of TiO, are also considered
to be the factor of the low electron mobility of TiO,. It is
reported that TiO, has a strongly localized Ti-3d state, which
dominate the conduction band, with a flat conduction band
edge energy dispersion.” This means that TiO, has a larger
effective mass of conduction band electrons than SnO,,
resulting in lower electron mobility. These results imply that
we need to focus not only on trap density but also on the
orbitals that contribute to carrier transport to select optimal
ETLs for indoor applications. Also, it is considered that the
effect of the carrier transport orbitals of ETLs in PSCs should
be studied in detail by comparing TiO, and SnO, at similar
trap densities, but currently, it is a future challenge since
controlling the trap density at similar ranges for both materials
contains a technological difficulty in a printing process.
Finally, the J—V characteristics of the PSCs employing
different ETLs were compared under white LED (1000 Ix,
0.3002 mW/cm?) illumination. The spectrum of the white
LED light source used in this experiment is shown in Figure
S8. Figure 5a shows the J—V curves of the PSCs measured
under white LED illumination. The J—V characteristics of the
best-performing PSCs are summarized in Table S6. Figure S9
shows the absorption spectra of the perovskite film used in this
work. The perovskite does not absorb light above 800 nm.
Compared to AM1.5G, which consists of a wide range of
wavelengths from UV to IR, white LED contains limited
wavelength of below 800 nm, as shown in Figure S8.
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Figure S. (a) J—V curves of the PSCs employing SnO, (blue) and
TiO, (red) under 1000 Ix white LED (0.3002 mW/cm?) illumination.
The solid and dashed lines represent J—V curves obtained from FS
and RS, respectively. (b) PCE of PSCs obtained from MPPT
measurements under 1000 Ix white LED illumination.

Therefore, the PCE of PSCs under LED illumination showed
a higher value compared to the PCE of PSCs under AM1.5G
illumination. Although both the PSCs exhibited similar Jgc
values, PSCs employing SnO,-based PSCs showed slightly
higher V¢ and FF values than that of TiO,-based PSCs in
both forward and RSs. PSCs employing TiO, as the ETL
exhibited a larger hysteresis in J—V curves curve than SnO,-
based PSCs as similar to the case with 0.01 sun illumination.
MPPT measurements were performed to compare the PCE of
the two PSCs while eliminating the effects of hysteresis. Figure
Sb shows the PCE of the PSCs calculated from the MPPT
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measurements under white LED illumination. After 30 s
MPPT measurements, PSCs employing SnO, and TiO, as
their ETLs showed PCEs of 27.7 and 22.5%, respectively. It
was confirmed that PSCs employing SnO, exhibited a higher
PCE than that of TiO,-based PSCs even under white LED
illumination. SnO,-based PSCs showed higher PCE than TiO,
based PSCs even at an average value calculated from five
samples as summarized in Table S7, indicating that SnO, is
more suitable for ETL than TiO, even under an indoor light
source.

B CONCLUSIONS

In this study, the characteristics of PSCs employing TiO, and
SnO, films as ETLs in low light intensity environments were
compared. The SnO,-based PSCs showed slightly higher PCE
than TiO,-based PSCs under 1 sun illumination. In contrast,
the difference in PCE between SnO,-based PSCs and TiO,-
based PSCs became larger under low illuminance conditions.
This difference originated from the difference in the charge
transfer resistance of each PSCs. EIS measurements and
equivalent circuit analysis revealed that the charge transfer
resistance of PSCs employing TiO, as the ETL increased
under low light intensity. In contrast, PSCs employing SnO, as
the ETL showed a lower charge transfer resistance than TiO,-
based PSCs under low illuminance conditions. SCLC
measurements revealed that SnO, films have lower defect
density than TiO, films. We presume that the different defect
density is one of the origins of the lower charge transfer
resistance of SnO, films since the defects cause impurity
scattering and influence on the electron transport in ETLs.
SCLC and XRD measurements revealed that SnO, films show
higher carrier mobility than TiO, films, although TiO, films
show higher crystallinity. We assume that this phenomenon is
originated from the difference in the orbitals that contribute to
carrier transport in ETLs. Furthermore, PSCs employing SnO,
showed higher PCE of 27.7% than that of TiO,-based one
(22.5%) even under 1000 Ix white LED illumination. Our
results indicate that ETLs should be selected not only by
focusing on conventional indicators such as band gap and
energy levels but also by focusing on the charge transport
mechanisms of materials to establish high-performance PSCs
under low illuminance conditions.
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