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Atomic layer deposition of SnO, using hydrogen
peroxide improves the efficiency and stability of
perovskite solar cells¥
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Low-temperature processed SnO, is a promising electron transporting layer in perovskite solar cells
(PSCs) due to its optoelectronic advantage. Atomic layer deposition (ALD) is suitable for forming a confor-
mal SnO, layer on a high-haze substrate. However, oxygen vacancy formed by the conventional ALD
process using H,O might have a detrimental effect on the efficiency and stability of PSCs. Here, we report
on the photovoltaic performance and stability of PSCs based on the ALD-SnO, layer with low oxygen
vacancies fabricated via H,O,. Compared to the ALD-SnO, layer formed using H,O vapors, the
ALD-SnO, layer prepared via H,O, shows better electron extraction due to a reduced oxygen vacancy
associated with the highly oxidizing nature of H,O,. As a result, the power conversion efficiency (PCE) is
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enhanced from 21.42% for H,O to 22.34% for H,O, mainly due to an enhanced open-circuit voltage.
Operational stability is simultaneously improved, where 89.3% of the initial PCE is maintained after 1000 h
under an ambient condition for the H,O,-derived ALD SnO, as compared to the control device maintain-
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Introduction

Since the report on all-solid-state PSCs with a PCE of 9.7% and
nondegraded stability for 500 h in 2012," PSCs have received
tremendous attention due to low cost and high efficiency. As a
result, a certified PCE of 25.7% has been achieved in 2022.>
Such superb photovoltaic performance was realized by excel-
lent intrinsic optoelectronic properties of the perovskite
material with high absorption coefficient, diffusion length,
defect-tolerance properties,>™® and compositional engineering
and manufacturing processes such as interfacial, additive, and
precursor engineering.” " Besides the perovskite layer, charge
transport materials and junction between perovskite and
charge transport layers are critical in determining photovoltaic
performance. Thus, the selection of suitable materials and
methods to fabricate charge transport layers are important to
achieving high efficiency and stability of PSCs. For the n-i-p
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device structure, the electron transport layer (ETL) plays a
crucial role, not only in electron extraction but also in provid-
ing a substrate for perovskite film growth. Among the studied
ETLs, the wide bandgap SnO, formed at low temperatures is
widely used for ETL because of high carrier mobility, low-
temperature processibility, and photo-inactive nature under
UV illumination."*"® various coating methods have been
reported to fabricate SnO, thin films including chemical bath
deposition,'® spray-pyrolysis,’”” and atomic layer deposition
(ALD)."®' ALD is one of the beneficial techniques for confor-
mal and uniform coating compared to other methods.****
When using H,O and the tetrakis(dimethylamino) tin
(TDMASN) precursor to deposit SnO, thin films in ALD, com-
pared with hydrogen peroxide (H,0,) and ozone (O3), an
oxygen vacancy is often generated due to slow kinetics associ-
ated with uneasy removal of ligands in the precursor from the
Sn0O, surface.”>*° As a result, these oxygen vacancies can cause
poor performance and instability because they act as a recom-
bination site for carriers.>”*® Thus, it is interesting to compare
the photovoltaic performance of PSCs between the H,O-
derived ALD SnO, and the H,O,-derived one.

Here, we report on the highly oxidizing H,O, as an oxygen
vapor source for preparing the SnO, thin film in ALD.
Photovoltaic performance and stability for the H,O,-derived
SnO, films are compared with those for the H,O-derived ones.
Better extraction of the photoexcited electrons from perovskite
to SnO, is observed for the H,O,-derived SnO, than for the
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H,O-derived one due to reduced surface oxygen defects. As a
result, higher photovoltaic performance and improved stability
are achieved using H,O, during ALD. This work provides
important insight into the carrier material design for oxide
films in ALD.

Results and discussion

The ALD process is schematically illustrated in Fig. 1, where
one cycle of ALD comprising two half cycles in between
purging cycles is repeated to form oxide thin films. In the first
half cycle shown in Fig. 1(a), the gaseous TDMASn precursor is
pulsed to react with the hydroxyl-functionalized surface on the
substrate, followed by purging Ar to remove the byproduct of
dimethylamine and unreacted precursor. For the second half
cycle in Fig. 1(b), an oxygen source, such as H,O or H,0, is
pulsed to react with the surface adsorbed DMA-Sn-O, followed
by purging Ar to eliminate byproducts of dimethylamine and
O,. Since oxygen defect may be formed due to the surface
hydroxyl group, leading to SnO,_,(OH),, an oxygen source with
higher oxidizing and better proton transfer capability, such as
H,0,, is expected to be better in defect-less Sn0,.>*7*

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate the oxidation state of tin and oxygen vacancy of the
ALD-deposited SnO, film. As shown in Fig. 2(a), the binding
energies of Sn 3ds,, (487.18 eV) and Sn 3d;/, (495.58 eV) for
the H,O0,-derived SnO, are slightly higher than the corres-
ponding 486.88 eV and 495.33 eV for the H,O-derived one. The
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spin-orbit splitting of about 8.4 eV and binding energies indi-
cate that the oxidation state of tin is close to being tetra-
valent.?? The slightly higher binding energies observed for the
H,0,-derived SnO, implies that the oxidation state of tin in
the H,0,-derived SnO, is relatively higher than that in the
H,O-derived one,”**® which might be due to the stronger oxi-
dizing characteristics of H,0,. Oxygen 1s XPS spectra in
Fig. 2(b) for H,0 and Fig. 2(c) for H,0, are deconvoluted into
two peaks that correspond to the oxygen on the surface of
SnO, (Os,) and chemisorbed oxygen or hydroxyl-related oxygen
(Oon)-*”~*° The binding energies for each species and fraction
of Ogpy are listed in Table S1.7 The fraction of Ogy decreased
from 25.47% to 21.36% upon replacing H,O with H,0,, indica-
tive of the suppression of oxygen vacancy (defect) by H,O,
during the preparation of SnO,.

To understand the dependence of perovskite morphology
on the SnO, film formed from different oxygen sources in the
ALD process, scanning electron microscopy (SEM) images of
the perovskite films were collected. According to the cross-sec-
tional SEM images shown in Fig. 3(a) and (c), the mean thick-
ness of the perovskite film was slightly thicker for the H,O,-
derived SnO, (549.4 + 69.2 nm) than the H,O-derived one
(518.8 + 29.3 nm) and the entire film morphology including
the surface flatness is better for the perovskite film grown on
the H,O,-derived SnO,. This indicates that the H,0O,-derived
SnO, layer is beneficial for the growth of high-quality perovs-
kite film. Furthermore, the perovskite grain size was also
increased from 893.0 nm for H,O to 1046.9 nm for H,O0,
(Fig. 3(b) and (d)), which is beneficial for the reduction of
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Fig. 1 The schematic illustration of (a) the first half cycle and (b) the second half cycle of the ALD process to form SnO, using TDMASn and H,O,,
together with chemical reactions. A hydroxyl-functionalized substrate was assumed.
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Fig. 2 (a) Sn 3d and (b and c) O 1s XPS spectra of the ALD-SnO, films based on H,O and H,O, oxygen source. The binding energy was calibrated
using the C 1s binding energy of 284.78 eV. The raw data (black empty circles) in O 1s data were deconvoluted to two peaks (blue lines: hydroxyl
oxygen (Ogp), green lines: oxygen in Sn—0 (Os,,), and purple lines: baseline).
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Fig. 3 (a and c) Cross-sectional and (b and d) top-view SEM images of the perovskite films formed on (a and b) the H,O-derived SnO, and (c and d)

the H,O,-derived SnO.. Insets are size distributions.

grain boundaries. A contour-line-like surface morphology
observed from the H,0,-derived SnO, is indicative of improve-
ment of the perovskite crystallinity.*!

To understand the change in the surface morphology of
ALD-SnO, depending on H,O and H,0,, top-view SEM and
atomic force microscopy (AFM) images were captured, as
shown in Fig. S1.t Although the difference in surface mor-
phology of the ALD-SnO, is hard to figure out from the top-
view SEM images, the surface roughness in the AFM image
was reduced from 36.43 nm for H,O to 32.02 nm for H,O,.
The reduced surface roughness of the SnO, film would be ben-
eficial for better contact with the perovskite,*” which is one of

5046 | Nanoscale, 2023, 15, 5044-5052

the factors responsible for the improved V,. and FF. To investi-
gate the effect of the oxygen source on the optical properties of
the perovskite film and the photon-to-electron conversion
efficiency of PSCs in the ALD process, UV-Vis spectroscopy and
external quantum efficiency (EQE) were performed and the
data are shown in Fig. S2.1 The absorbance of the perovskite
films hardly changed regardless of the oxygen source. In
addition, an optical band gap calculated from the Tauc plot
was about 1.55 eV, which is also unaffected by the oxygen
source. The EQE spectral shape for H,0, is almost identical to
that for H,O, except for the slightly higher integrated Js. of
23.87 mA cm™? for H,0, than 23.61 mA cm™? for H,O.

This journal is © The Royal Society of Chemistry 2023
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The effect of the oxygen source on charge separation and
carrier lifetime was studied using steady-state photo-
luminescence (SSPL) and time-resolved photoluminescence
(TRPL). As seen in Fig. 4(a), the PL emission intensity of the
bare perovskite film was significantly decreased in the pres-
ence of the SnO, layer due to electron injection from perov-
skite to SnO,. PL quenching is more pronounced for the H,O,-
derived SnO, than for the H,O-derived one, which is probably
due to the reduced oxygen defects, as observed in the O 1s XPS
study (see Fig. 2). The TRPL decay curves in Fig. 4(b) were
fitted with a biexponential decay equation of I(t) = I, + A;exp
(=(t = to)l1) + Azexp(—(t — to)/72), where I(t) is the time-depen-
dent PL intensity, 7, is the fast decay component attributed to
the quenching of charge carriers in the interface, and 7, is the
slow decay component related to the radiative recombination
of free charge carriers in the bulk.*** The detailed para-
meters are summarized in Table S2.1 The perovskite film de-
posited on the glass substrate showed the longest lifetime of z;
=104.5 ns and 7, = 1957.3 ns because there is no layer to trans-
fer the charges from the perovskite layer, which is consistent
with the values reported elsewhere.’® For the perovskite film
deposited on the H,0,-derived SnO,, 7; and 7, were reduced to
46.7 ns and 390.3 ns, respectively, while 71.3 ns and 486.7 ns
were observed for the H,O-derived one. The reduced time con-
stants ascribed to the charge transfer from perovskite to SnO,
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and the faster decay in PL for the H,O,-derived SnO, are
indicative of the faster charge separation, probably due to the
improved interface.’

Dark current-voltage (I-V) characteristics of the electron-
only device (FTO/ETL/Au) were investigated to analyze the con-
ductivity of the ALD-SnO, (Fig. 4(c)). Conductivity can be esti-
mated from o = Id/VA, where o, d, and A are the conductivity,
the thickness of the ETL film, and the area of the sample,
respectively.*®** Although SnO, is a wide-bandgap oxide that
is essentially an insulator, the electrical conductivity of the
H,0,-derived SnO, film was estimated to be 4.43 x 10™* mS
cm™ ', which is slightly higher than 3.11 x 10™* mS cm™" of the
H,0O-derived SnO,. The improvement of charge extraction
transport at the H,0,-derived SnO, is thus related to the rela-
tively improved conductivity due to surface passivation, which
seems to contribute to the improvement of FF.**”° To examine
the charge recombination and electron transport ability of ETL
in the full device structure (FTO/SnO,/perovskite/spiro-
MeOTAD/Au), transient photovoltage (TPV) and transient
photocurrent (TPC) decay were measured (Fig. 4(d) and (e))
and fitted by using a biexponential decay equation.>*> TPV
decay was measured at open-circuit conditions, where the
increase of photovoltage lifetime is indicative of the longer
recombination lifetime of holes and electrons. The TPV decay
time for the H,0,-derived SnO, was estimated to be 0.530 ms,
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Fig. 4 (a) Steady-state PL and (b) TRPL of perovskite films deposited on glass with and without ALD-SnO, layer. Lines represent the fitted results in
TRPL. (c) Dark I-V characteristics of the FTO/SnO,/Au devices. (d) TPV and (e) TPC data. Data were fit with the biexponential decay equation, which
is represented as lines. (f) Nyquist plots obtained in the frequency range of 1 MHz to 0.1 Hz under one sun illumination at a bias of 1.0 V with the
device structure of the FTO/SnO,/perovskite/Spiro-MeOTAD/Au. Inset is the equivalent circuit, where R, Rc, Rrec. CPEL, and CPE2 represent series
resistance, resistance for charge transport, resistance for charge recombination, constant phase element 1, and constant phase element 2,

respectively.
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which is longer than 0.389 ms for the H,O-derived SnO,,
suggesting that the SnO, layer formed by H,O, vapor is more
beneficial for the reduction of the nonradiative
recombination.”®** TPC decay measured under short-circuit
condition, where the decrease in photocurrent decay time
implies that charge carrier transport becomes faster. The
photocurrent decay was shortened from 0.151 ps for the H,O
case to 0.076 ps upon using H,0,. According to the data from
TPV and TPC, higher V,. for the H,0,-derived SnO, is attribu-
ted to the reduction of recombination.

To further analyze the increase of V,. and FF for the H,0,-
derived SnO,, electrochemical impedance spectroscopy (EIS)
study was carried out to examine the interfacial charge transfer
and recombination. In Fig. 4(f), Nyquist plots of the full
devices (FTO/SnO,/perovskite/Spiro-MeOTAD/Au) are shown in
the frequency range of 1 MHz to 0.1 Hz under one sun illumi-
nation at a bias of 1.0 V. Two semicircles were observed, where
the first semicircle in the high-frequency region is related to

(@)
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the charge transport resistance (R.) at the interface and the
second semicircle in the low-frequency region correlates with
the charge recombination resistance (Ryec).>>> R for the
H,0,-derived SnO, is 111.2 Q, which is lower than 127.9 Q for
the H,O-derived one. On the other hand, R, was increased
from 38.3 Q for the H,O-derived SnO, to 48.4 Q for the H,0,-
derived SnO,. The values obtained for R.; and R,.. under one
sun illumination at a bias of 1.0 V close to the V. are consist-
ent with those reported elsewhere.>>® In addition, the fact
that R, is lower than R.. might be due to the dielectric relax-
ation by an interfacial ion reorganization and charge accumu-
lation of perovskite in the low-frequency region under one sun
illumination.>*® Thus, the lower R.; and higher R for the
H,0,-derived SnO, than for the H,O-derived one is responsible
for higher FF and V,. due to the improved charge transport
and reduced recombination.®”*°

The energy band alignment of ETL and the perovskite layer
were studied using ultraviolet photoelectron spectroscopy
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g 15F Bilayer (ALD H,O,-derived SnO,/nano Sn0O,)
< Jgo 1 24.11 mA/cm?
E joF V.. :1.1460v
- FF:0.81
5L PCE : 22.34%
0 1 L 1 L
0.0 0.2 0.4 0.6 0.8
(b)
1.20 r
<115+ —
= P ey
= L AP o,
8 T PGPl

SS110LE222

.

1.05 &
0.85 ;
0.80
& 7275 5]
075\ //%%/7/
0.70 ! :

Bilayer (H,O) Bilayer (H,0,)

19

181 - '
Bilayer (H,O) Bilayer (H,0,)

Fig. 5 (a) J-V curves of the best performing PSC with a bilayer of ALD-SnO,/spin-coated SnO,. Dashed and solid lines represent forward and
reverse scanned data, respectively. (b) Statistical photovoltaic parameters of Js., V.., FF, and PCE for a bilayer SnO, with the H,O-derived SnO, and
the H,O,-derived one. Diagonal lines and empty squares represent forward-scanned and reverse-scanned data, respectively.
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(UPS), Fig. S3,f and UV-Vis spectroscopy, Fig. S4.7 The work
function was measured by the difference between He I radi-
ation (21.22 eV) and E.yc.of (cut-off energy in the high binding
energy region). The valence band maximum (VBM) can be
determined by the sum of the Fermi level acquired with the
work function and the energy obtained in the low binding
energy region of the logarithmic-scale curve (Fig. S31). Finally,
the conduction band maximum (CBM) can be determined
using an optical bandgap estimated by the Tauc plot (Fig. S4
(a)t). The energy band diagram is represented in Fig. S4(b).t
The band gap of the SnO, layer (3.96 eV) is unchanged;
however, the CBM of the H,0,-derived SnO, is upshifted from
—4.65 eV to —4.53 eV as compared to the H,O-derived one,
which is closer to CBM of —4.32 eV for perovskite. The Fermi
level is also upshifted from —5.15 eV to —5.03 eV by changing
the oxygen source from H,O to H,0,, which is also closer to
that of —4.89 eV for perovskite. Thus, the band alignment
between perovskite and the H,0,-derived SnO, is beneficial for
better V,. and FF.*°

The current density-voltage (J-V) curves and photovoltaic
parameters for the H,O- and H,0,-derived SnO, films are
shown in Fig. S5 and Table S3.1 The reverse scanned PCE for
the H,O-derived SnO, is 17.71% with short-circuit photo-
current density (i) of 24.20 mA cm™2, open-circuit voltage
(Voe) of 1.0685 V, and fill factor (FF) of 0.69. The device with
the H,0,-derived SnO, improves PCE to 19.09% mainly due to
the enhanced V,. of 1.0973 V and FF of 0.72 with a similar J,.
of 24.30 mA cm™>. The improvement of V,. and FF might be
attributed to the improved interface between the H,0,-derived
SnO, and perovskite.

Since the PCE was not as high as the reported value of over
20%, the ALD-SnO, layer was over-deposited with colloidal
SnO, via the spin-coating process. Fig. 5(a) shows the J-V
curves of the best-performing PSCs based on the bilayered
SnO, comparing the H,O- or H,0,-derived ALD SnO, film that
was overcoated with the colloidal SnO, via spin-coating. The
photovoltaic parameters are listed in Table S4.f The bilayer
SnO, films exhibit higher PCEs than the only ALD-SnO, case.
The reverse scanned PCE of 21.42% was achieved from the
bilayer SnO, based on the H,O-derived SnO, due to j. of
24.07 mA cm™?, V, of 1.1175 V, and FF of 0.80, whereas higher
PCE of 22.34% was obtained from the bilayer based on the
H,0,-derived SnO, mainly due to the increased V,. of 1.1460
V. The statistical photovoltaic parameters shown in Fig. 5(b-e)
and Table S51 indicate that the average PCE of 21.73 + 0.44%
for the H,0, approach is higher than the 20.64 + 0.38%
observed for the H,0 method.

Steady-state PCE was examined for 1200 s at the maximum
power point under one sun illumination without encapsula-
tion. Fig. 6(a) shows that PSC based on the H,O,-derived
ALD-SnO,/colloidal SnO, bilayer maintains 97.90% of the
initial PCE, whereas PCE declined down to 95.84% for the
H,0-derived ALD-SnO,/colloidal SnO, bilayer. Finally, storage
stability was investigated for 1000 h at ambient conditions of a
temperature of 25 + 5 °C and relative humidity of 30 + 5%.
Fig. 6(b) shows that 89.3% of the initial PCE was maintained

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Comparison of the stability of the H,O,-derived SnO,-based
PSC with the H,O-derived SnO,-based PSC using (a) steady-state PCE
measured at maximum power points (0.922 V for H,O and 0.935 V for
H,0,) for 1200 s and (b) storage stability for 1000 hours under a relative
humidity of about 30% at room temperature.

for the H,0,-derived SnO, system after 1000 h, while 72.5% of
the initial PCE was retained for PSC based on the H,O-derived
SnO,. Normalized photovoltaic parameters are presented in
Fig. S6,1 where the degraded performance in the H,O-derived
SnO, system is mainly due to the relatively pronounced degra-
dation of FF. A relatively poor interface between the perovskite
and the H,O-derived SnO, might accelerate the degradation of
FF. It has been reported that the charges trapped between the
ETL and perovskite layer by the interfacial defects could
initiate degradation of the performance and stability of PSCs
under the moisture condition.® Thus, it is important to
manage the ETL surface for improving the stability and
efficiency of PSCs and our work can give important insight into
the control of the SnO, surface via the oxygen source in ALD.

Conclusions

The photovoltaic performance and stability of PSCs based on
ALD-SnO, were studied depending on the oxygen source of
H,0 and H,0,. The surface oxygen defect of ALD-SnO, was
reduced by changing H,O with H,0,. As a result, the
ALD-SnO,/perovskite interface was improved by using H,O,
and thereby, the separation of the excited electrons was better
for the H,O,-derived SnO, than for the H,O-derived SnO,.
Since the ALD-SnO, plays a substrate role, the perovskite film
grown at the H,O,-derived SnO, layer was better in quality
than that grown at the H,O-derived one. PCE of 22.34% was
achieved using the H,0,-derived ALD-SnO,, which was better
than that obtained using the conventional oxygen source of
H,O0 in ALD. Furthermore, the improved SnO,/perovskite inter-
face using H,0, led to the enhancement of device stability.
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From the current study, the control of SnO, defects is found to
be critical in achieving better efficiency and stability of PSCs.

Experimental

Synthesis of materials

Formamidnium iodide, HC(NH,),I (FAI), was synthesized by
reacting 30 mL hydroiodic acid (57 wt% in water, Sigma
Aldrich) with 20 g of formamidnium acetate (99%, Sigma
Aldrich) in an ice bath for 1 h. The brown precipitate was col-
lected by an evaporating solvent at 60 °C for 30 min using a
rotary evaporator. The collected powder was washed with
diethyl ether (>99.0%, Sigma Aldrich) to obtain a white precipi-
tate. The product was recrystallized in ethyl alcohol (99.9%,
Sigma Aldrich). The recrystallization process was repeated three
times to achieve pure FAI powder that was finally washed with
diethyl ether. The FAI powder was collected by filtration and
dried for 24 h under a vacuum. Methylammonium bromide,
CH;3;NH;Br (MABr), was synthesized in a similar method by
using hydrogen bromide (HBr, 48 wt% in H,0O, Sigma-Aldrich)
and methylamine (CH3NH,, 40% in methanol, TCI).

The FAPDI; single crystals were synthesized by inverse
temperature crystallization using a 1.6 M y-butyrolactone (GBL,
99.5%, SamChun Chemicals) solution of equimolar FAI and
PbI, (99%, Acros) at 80 °C for 30 min and at 130 °C for 3 h.
The product was washed with acetonitrile and diethyl ether,
followed by drying at 150 °C for 30 min. The MAPbBr; single
crystals were synthesized in a similar method by using PbBr,
(>98%, Sigma Aldrich) and the synthesized MABr in N,N-di-
methylformamide (DMF, 99.8% anhydrous, Sigma Aldrich).

Device fabrication

Fluorine-doped tin oxide (FTO) conductive glass substrates
(2.4 cm x 2.4 c¢m, Pilkington, TEC-8, 8 Q sq ') were ultrasoni-
cally cleaned with detergent, deionized (DI) water, acetone,
and ethanol in sequence for 10 min. The cleaned FTO sub-
strates were treated with ultraviolet ozone (UVO) for 40 min
before the deposition of the SnO, layer by ALD. For the depo-
sition of SnO, by a hand-made ALD system, H,O or H,O,
(35 wt% in H,0, Sigma Aldrich) as an oxygen source and tetra-
kis(dimethylamino) tin(v) (TDMASn) (EGCHEM Co., Ltd
(Daejeon, Korea)) as a tin precursor were used. The TDMASn
precursor was maintained at 50 °C and the deposition was
carried out at 100 °C with 84 cycles to obtain 10 nm thickness.
One cycle was composed of TDMASn pulse for 0.3 s, Ar
purging for 12 s, oxygen source pulse for 0.05 s, and Ar
purging for 17 s,>* under 5 x 10~ torr with Ar flow of 30 sccm
were performed. For the improvement of the photovoltaic per-
formance of PSCs, the ALD-SnO, layer was further overcoated
with colloidal SnO, by spin coating a 2 wt% aqueous colloidal
SnO, solution (15 wt% stock solution (Alfa Aesar) was diluted)
at 4000 rpm for 20 s, which was sintered at 190 °C for 30 min
on a hot plate.

The (FAPDI;), 96(MAPDBI3), 04 perovskite precursor solution
was prepared by mixing 972.3 mg and 30.7 mg of the syn-
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thesized FAPbI; and MAPbBr; single crystals, respectively, in
111 pL of dimethyl sulfoxide (DMSO, >99.5%, Sigma Aldrich)
and 889 pL of DMF, where 32.4 mg MACI] was added as an
additive. The perovskite solution was spin-coated on the SnO,
layer at 1000 rpm for 5 s and 5000 rpm for 20 s, where 1 mL of
diethyl ether was dripped on the rotating substrate at 10 s
before the end of spin coating, followed by annealing at 150 °C
for 15 min and 100 °C for 15 min on a hot plate. The 2,2',7,7"-
tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene
(spiro-MeOTAD) stock solution was prepared by mixing 90 mg
of spiro-MeOTAD (99%, Sigma Aldrich), 39.5 pL of 4-tert-butyl
pyridine (4-tBP, 98%, Sigma Aldrich), 23 pL of lithium bis(tri-
fluoromethanesulfonyl)imide (Li-TFSI) stock solution (520 mg
Li-TSFI (Sigma Aldrich) in 1 mL ACN (99.8%, Sigma Aldrich))
and 10 pL of tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt
() tri[bis(trifluoromethane)sulfonimide] (Co-TFSI) stock solu-
tion (375 mg Co-TSFI (Sigma Aldrich) in 1 mL ACN) in 1 mL of
chlorobenzene (99.8%, Sigma Aldrich). 25 pL of spiro-MeOTAD
solution was spin-coated on the perovskite film at 3000 rpm
for 30 s. Finally, a ~70 nm-thick Au electrode was deposited by
a thermal evaporator.

Characterization

Current density-voltage (J-V) characteristics were obtained
using a Keithely 2400 source meter under AM 1.5G one sun
(100 mW em™?) illumination using a solar simulator (Oriel Sol
3A, class AAA) equipped with 450 W Xenon lamp (Newport
6280NS). The light intensity was adjusted by an NREL-cali-
brated Si solar cell having a KG-5 filter. The aperture area was
0.125 cm?® X-ray photoelectron spectroscopy (XPS) was
measured using the ESCALAB 250 XPS system (Thermo Fisher
Scientific) with Al Ka X-ray radiation (1486.6 eV). Ultraviolet
photoelectron spectroscopy (UPS) was performed with the
ESCALAB 250 XPS system (Thermo Fisher Scientific) using He
I (21.2 eV). External quantum efficiency (EQE) spectra were
obtained using a QEX-7 series system (PV measurements Inc.)
by a monochromatic beam generated from a 75 W xenon
source lamp (USHIO, Japan) in DC mode. Absorption spectra
were obtained using a UV-vis spectrometer (Lambda 45,
PerkinElmer). PL was measured using a Quantarus Tau
compact fluorescence lifetime spectrometer (Quantarus Tau
C11367 12, Hamamatsu) with a 464 nm laser pulsed at a rep-
etition frequency of 10 MHz for steady-state PL and 5 MHz for
TRPL. Electrochemical impedance spectroscopy data were col-
lected using an Autolab 302B from a frequency range of 107"
to 10° Hz and fitted using the Z-view software.
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