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Abstract

Organo-metallic halide perovskites (OMHP) have proven to be promising light absorbers with superb optoelectronic prop-
erties for developing the next generation of low-cost solar cells. Over the past years, the extensive research efforts on
perovskite solar cells (PSCs) have led to an impressive improvement in the photovoltaic performance on many fronts and
have their main field of applications in low-temperature and low power consumption photo-electronic devices, However, a
wide range of highly performing PSCs structures involves the use of metal oxide electron transport materials (ETMs) such
as TiO, which requires high processing temperature that could result in a higher manufacturing energy input and cost. This
also could hinder the development of low-cost and low-temperature scalable processes for device fabrication on rigid or
flexible substrates. Here, we develop a low-temperature procedure (below 100 °C) that make use of Indene-C60 Bisadduct
(ICBA) as an alternative ETM in the planar n-i-p-structured PSCs. After modifying the ICBA layer, we not only improved
the optimum performance and stability of the device, but also study its influence on the device operation using impedance
spectroscopy, and finally achieved a stabilized power conversion efficiency of 13.5%. Thereby, this study will establish low-
temperature ETM as an outstanding candidate for future high stability PSCs production due to its high performance, low
process temperature and easy fabrication.

1 Introduction

Perovskite solar cells (PSCs) have gained widespread inter-
est over the past decade as an emerging class of photovolta-
ics. Ever since the early breakthroughs in the field [1, 2],
organo-metallic halide perovskite (OMHP) materials has
been intensely investigated for photovoltaic applications
leading to an accelerated progress and ultimately achieving a
record certified power conversion efficiency (PCE) of 23.7%
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[3]1in 2018, making them a prominent rival to the traditional
silicon-based solar cells and already surpassing the more
established thin film photovoltaic technologies based on cad-
mium telluride (CdTe) and copper indium gallium selenide
(CIGS). This prevalent interest in OMHPs can be attributed
to their attractive optoelectronic properties, such as high
light absorption across the visible light spectrum [4], band-
gap tunability [5], long carrier diffusion length [6, 7], small
photo-exciton bending energy [8] and high defects tolerance
[9] as well as the ease of processing through solution-based
methods at relatively low temperatures. In order to improve
the performance, reduce the fabrication cost and the pro-
cessing temperature, numerous PSC structures employing a
variety of organic and non-organic ETMs and HTMs have
been developed for different PSC configurations. Various
metal oxide n-Type materials, such as TiO,, SnO, [10-12],
and ZnO [13], have been studied as the ETMs for the n-i-
p-structured PSCs due to their favorable conduction band
alignment with that of the perovskite layer, good electron
mobility, high light transmittance, and effective hole block-
ing. As a result with optimization, high efficiency surpassing
20% has been realized [10, 14—17]. However, metal oxide
ETMs generally require a high processing temperature of
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up to 500 °C with relatively long annealing time in order
to obtain the highly crystallized films, and to remove the
residual organic binders and residues in the case of a meso-
structured layer (e.g., mesoporous TiO,). This may add into
the processing temperature, time, and the complexity of the
PSCs production, and consequentially adding to their cost.
Additionally, the required annealing temperature may limit
the PSC structure to only rigid substrates that can withstand
such high temperatures. Therefore, a great deal of effort
went into developing low-temperature processes for PSCs
to reduce the production cost and facilitate the develop-
ment of flexible devices. In doing so, many strategies have
focused on modifying the ETL deposition method such as
using chemical bath deposition [18], pulsed-laser deposi-
tion [19], and atomic layer deposition [20, 21] to deposit
the metal oxide ETL at lower temperatures. Similarly, a
solution-combustion-based method was developed to replace
the high temperature sol—gel process for depositing NiOx at
low temperature [22]. Additionally, other metal oxides ETL
like CeO, [23], Nb,O5 [24] and ZnO [25] were deposited at
lower temperatures. But to this moment, TiO, remains as
one of the most common ETMs in n-i-p-structured PSCs,
which is used traditionally in conjunction with the excel-
lent hole transport material (HTM) 2,2',7,7'-tetrakis(N,N-
di-p-methocyphenylamine)-9,9'-spirobiflurorene (Spiro-
OMeTAD) for highly performing PSCs. On another note,
fullerene-derived ETMs such as [6,6]-Phenyl-C61-butyric
acid methyl ester (PC4,BM) and C60 are commonly used in
p-i-n-structured PSCs and as interface modifier for numer-
ous metal oxides [26-28]. Here, we investigate the fullerene
derivative Indene-C60 bisadduct (ICBA) as an alternative
ETM to replace TiO, in planar n-i-p configured PSCs and
develop a simpler low-temperature solution process with
minimal thermal annealing for the PSCs fabrication. ICBA
is employed here due to its LUMO that is 0.17 eV higher
than that of PCBM [29], which minimizes the energy band
offset with the perovskite absorber of the PSC allowing for
potentially higher Voc. Ultimately, the n-i-p-structured PSCs
(FTO/ICBA/Perovskite/spiro-OmeTAD/Au) with a 13.5%
stabilized PCE and an open-circuit voltage of approximately
1.1 V were fabricated at low temperature (Maximum process
temperature 100 °C). Furthermore, various aspects of the
device such as the perovskite morphology and crystallinity,
as well as the impact of the ICBA layer thickness on the
solar cell performance, were examined.

2 Experiment

2.1 PSC fabrication

Pre-patterned florine-doped tin oxide (FTO) glasses
(FTO, XIN YAN TECHNOLOGY LTD) were used as the

substrates. They were cleaned in an ultrasonic bath using
detergent, deionized water, acetone, and isopropyl alcohol
for 30, 10, 15 and 20 min, respectively. Then, they were
dried with N, blowing and further cleaned using UV-ozone
for 10 min at 100 °C. A thin layer of ICBA was spin-coated
at various speeds (1500, 2500, and 4000 rpm) to achieve dif-
ferent thicknesses for the study, before being dried on a hot
plate at 85 °C for 5 min. The ICBA solution was prepared by
dissolving ICBA (Lumtec) in chlorobenzene with a 10 mg/
mL concentration on a hot plate at 60 °C. Perovskite films
were then deposited by spin-coating at 2000 rpm (200 rpm/s
ramp) and 6000 rpm (2000 rpm/s ramp) for 10 and 30 s,
respectively. A 400 pL of anhydrous toluene (TEDIA) was
dropped on the center of the substrate 15 s before the end
of the perovskite film spin-coating. The samples were then
annealed on a hot plate at 100 °C for 1 h. Importantly, the
perovskite precursor solution was spread out to evenly cover
the entire substrate prior to spin-coating. The perovskite
solution was prepared by first dissolving 1.0 M Formami-
dinium Iodide (Dyesol), 1.1 M PbI2 (TCI), 0.2 M PbBr2
(TCI), and 0.2 M Methylammonium Bromide (Dyesol) in
a cosolvent of anhydrous N,N-dimethylformamide (sigma)
and Dimethyl sulfoxide (TEDIA) with a volume ratio of 4:1,
and then a 42 pL of a stock solution of 1.5 M Csl (Sigma)
in DMSO was added for each milliliter of perovskite solu-
tion. Next, a thin layer of spiro-OmeTAD was deposited by
spin-coating at 4000 rpm for 20 s. The Spiro-OmeTAD solu-
tion was prepared by dissolving 72 mg of Spiro-OmeTAD
(Solarpur) in 1 mg of chlorobenzene, along with 29 pL of
4-tert-butylpyridine (Sigma), 17.6 pL of bis-trifluorometh-
anesulfonimide lithium salt (Fluka) in acetonitrile (Sigma) at
a concentration of 520 mg/mL, and 29 pL of FK209 Co (III)
TFSI salt (1-material) in acetonitrile (Sigma) with a concen-
tration of 100 mg/mL. Finally, ~80 nm of gold was deposited
on top by thermal evaporation. The fabricated devices had
an active area of 0.09 cm? defined by the metal evaporation
mask and FTO intersection area.

2.2 Characterization

[-V characteristics of the fabricated perovskite solar
cells were measured under light illumination of 0.85 sun
(AM 1.5G, intensity 85 mW/cm?) from a solar simulator
(SAN-EL ELECTRIC XEC-301S) and used KEITHLEY
2400 as a source meter. A slow voltage sweep rate of 10
mv/s was used for the measurements. No preconditioning
such as light soaking or voltage bias was applied prior to
the measurements of both [-V characteristics and the sta-
bilized power conversion efficiency of the PSCs. All the
I-V characteristics were measured in a nitrogen gas filled
glovebox. The surface morphology of the perovskite and
ICBA films was examined using scanning electron micro-
scope (SEM) (JEOL JSM-IT100). The surface roughness
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and morphology were examined using Bruker atomic force
microscope (AFM) in tapping mode. The contact angle
measurements of the ICBA films were taken with a contact
angle video analyzer 15 s after slowly dispensing a 0.5 pL
droplet of deionized water on the surface. X-ray diffraction
(XRD) spectrum of the perovskite films was obtained using
X-ray diffractometer (Bruker D8 DISCOVER) with a Cu
Ka radiation (1=1.54 A). The light absorption spectrum of
the films was obtained using UV-VIS Spectrometer (Shi-
madzu UV-2450)), and steady-state photoluminescence (PL)
measurements were performed using a HORIBA FI-1039/40
Fluorolog with an excitation wavelength of 560 nm. Imped-
ance spectroscopy was conducted in a nitrogen gas filled
glovebox using AUTOLAB potentiostat (PGSTAT30) with
an AC signal of 10 mV in amplitude, and NOVA 1.10 soft-
ware package was used for the impedance spectroscopy
measurements and equivalent circuit fitting.

3 Results and discussion

3.1 ICBA and perovskite films characteristics

The ICBA thin films were deposited on FTO substrates by
spin-coating. To optimize the ICBA layer thickness, three

spin-coating speeds were used namely 1500, 2500 and
4000 rounds per minute (r.p.m), which resulted in the layer

(a) ICBA@78 nm

RMS =14.3 nm

(d) ICBA@78 nm/PVSK

5um

RMS =11.7 nm

(b) ICBA@57 nm

RMS =17.5 nm

(e) ICBA@57 nm/PVSK

RMS =12.4 nm

thicknesses of 78 nm, 57 nm, and 44 nm, respectively. For
simplicity, the ICBA films and PSCs fabricated using the
above-mentioned thicknesses are referred to herein after as
ICBA@78 nm, ICBA@57 nm and ICBA @44 nm, respec-
tively. The texture, roughness, and hydrophobicity of the
ICBA film play an important role along with other factors
at modulating the perovskite film crystallization [30], grain
morphology [31, 32], and ultimately affecting the solar cell
performance. To assess the morphology and surface rough-
ness of the ICBA films with different thicknesses, AFM and
SEM measurements were carried out. Figure 1a—c compares
the 3-dimensional AFM top surface images of the ICBA
films. ICBA@78 nm film shows the lowest root-mean-
square (RMS) roughness of 14.3 nm, while ICBA@57 nm
and ICBA @44 nm showed a slightly higher RMS roughness
values of 17.5 nm and 16.7 nm, respectively. Most impor-
tantly, the surface roughness falls within a reasonably low
range that wouldn’t disrupt the formation of a continuous
and smooth perovskite layers deposited above. A plausible
cause for the higher roughness in the case of the thinner
layers could be due to the ability of thinner films to better
reflect the underlying surface roughness of the substrate (i.e.,
FTO). Besides that, the AFM topography images reveal the
granular morphology of the ICBA film, which remains as
a good morphology that could facilitate an enhanced con-
tact with perovskite layer. A similar observation can be seen
from the surface SEM images shown in Figure S1.

(c) ICBA@44 nm

5pum

RMS =16.7 nm

(f) ICBA@44 nm/PVSK

RMS =12.2 nm

Fig.1 AFM images (3D) and the corresponding RMS roughness of the bare ICBA films deposited with different thicknesses (a—c) and the sur-
face topography of the perovskite films deposited on top of each ICBA layer (d—f), respectively

@ Springer



Journal of Materials Science: Materials in Electronics (2021) 32:12872-12880

12875

An important point to highlight regarding the ICBA films
is the non-wetting nature of the films which may be of a
concern when aiming to deposit perovskite films with full
substrate coverage. To characterize the surface hydrophobic-
ity, the water contact angle measurements were taken for all
the ICBA films, as depicted in Figure S3. A large contact
angle of around 91° was measured for both ICBA@78 nm
and ICBA@57 nm while a slightly smaller contact angle
of around 88° was measured for ICBA@44 nm. Overall,
the ICBA surface shows a highly hydrophobic nature which
requires a special attention when depositing the perovskite
absorber layer on top through solution-based methods. To
obtain uniform perovskite films with the full surface cover-
age, the hydrophobic ICBA surface was completely covered
with the perovskite precursor solution prior to spin-coating.
Leaving some areas uncovered would result in the films with
inhomogeneous coverage. Figure S4 shows the smooth and
continuous perovskite films obtained which cover the ICBA
layers’ surface.

The perovskite film morphology plays a critical role in
the device performance and long-term stability [31]. A per-
ovskite film with compact grain morphology and full sur-
face coverage is favorable for the solar cell performance, as
it facilitates robust charge transport and minimize carrier’s
recombination by reducing the recombination pathways

that could form due to direct contact between the HTM and
ETM/FTO. To investigate the morphology of the perovskite
films deposited on each ICBA layer through the one-step
antisolvent method, SEM imaging was performed as shown
in Fig. 2. All samples exhibit a similar compact grain mor-
phology with complete surface coverage which is essential
for minimizing recombination and obtaining high open-cir-
cuit voltage (V) and PCE of the PSCs. However, the grain
size tends to be relatively small, with an average size below
400 nm. Figure S2 shows a low magnification SEM image
displaying the surface coverage over a wider area. Beside the
grain morphology, the surface roughness of the perovskite
absorber layer will further affect the coverage of the HTM
deposited on top (i.e., Spiro-OmeTAD). Smooth perovskite
films are favorable as they allow for proper surface cover-
age by the HTM and therefor minimize the possible direct
contact between the perovskite surface and the metal elec-
trode/external environment. To assess the surface roughness,
AFM microscopy was carried out on the perovskite layers.
Figure 1d—f shows the 3-dimensional AFM images and the
corresponding RMS roughness of each sample. Importantly,
all films show a reasonably low roughness which falls in the
range between 11.7 and 12.2 nm.

Beside morphology, the crystallinity and phase purity
of the perovskite film play an important role in it’s

Fig.2 Top view SEM images of the perovskite films spin-coated on top of a ICBA@78 nm, b ICBA@57 nm and ¢ ICBA@44 nm films, respec-

tively
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Fig.3 X-ray diffraction pattern of the perovskite films deposited on
top of 44, 57, and 78 nm thick ICBA layers

optoelectronic properties and consequently the device per-
formance. To investigate the crystallinity of the perovskite
films deposited on the ICBA layers, XRD spectrum of the
perovskite films was measured as shown in Fig. 3. All sam-
ples reveal a clear diffraction peak at~ 14° which is charac-
teristic of the perovskite (101) plane. While the weak peak at
12.7° corresponds to a negligible amount of unreacted cubic
Pbl,, this indicates a complete conversion of the precursor
into the perovskite photoactive phase. With regard to crystal-
linity, all samples show a high degree of crystallinity with
a narrow full width half maximum (FWHM, based on the
14° peak) of 0.211, 0.212, and 0.206 for the films deposited
on 78, 57, 44 nm ICBA, respectively. Overall, these results
indicate that phase pure high-quality crystallized perovskite
films [33] are obtainable on top of the hydrophobic ICBA
layer.

3.2 Optical absorption and photoluminescence

ICBA has higher light absorption in the visible spectrum
range than that of PCBM and Indene-C60 monoadduct
(ICMA), which made it an attractive option earlier in OPV
researches [29]. However, for our purpose, ICBA may intro-
duce significant parasitic absorption if it’s too pronounced
and therefor limits the PSC performance. To evaluate the
absorption of the ICBA films in comparison with that of the
perovskite, the UV—visible light absorption spectrum of the
films was measured as shown in Figure S5. The ICBA films
reveal a limited absorption spectrum which picks up in the
wavelengths below 550 nm, with no absorption in the rem-
nant visible light range. Furthermore, in comparison with
the perovskite absorption, it can be noted that the parasitic
ICBA’s absorption in the range below 550 nm is minuscule.

@ Springer

Therefore, it is reasonable to suggest that the parasitic
absorption here is insignificant and has minimum potential
for negatively impacting the overall PSC performance.

Steady-state photoluminescence (PL) is a commonly
employed technique to examine the carriers’ extraction at the
perovskite/ETM or HTM interfaces and assess the quench-
ing efficacy of various carriers’ transport materials. Here, we
carried out the steady state PL. measurements to assess and
compare the electron extraction and transfer at the interface
between the perovskite absorber and the different thickness
ICBA layers. A perovskite film deposited on glass was used
as a reference sample. As seen from Fig. 4, all ICBA films
result in PL quenching in comparison with the reference
sample, which is indicative of effective electron extraction
by the ICBA films. The thinnest ICBA film (i.e., 44 nm),
however, shows a relatively lower PL quenching in com-
parison with the thicker ones, indicating a retarded electron
transfer, which is possibly due to an incomplete substrate
coverage by the ICBA layer or/and an improper interface
formation which minimizes its effective contact with the per-
ovskite absorber. The ICBA@57 nm film results in the best
PL quenching which indicates an enhanced charge transfer.
The normalized-PL spectrum shown in Figure S6 reveals no
clear wavelength shift or significant peak broadening.

3.3 Photovoltaic performance

To examine the devices’ performance, 24 PSCs with differ-
ent ICBA thickness were fabricated (in three groups) using
the antisolvent method. Table 1 summarizes each ICBA
thickness PSC and figures of merit (FOM) obtained for each
device group based on a reverse sweep [-V characteristic.

Glass/Perovskite

——ICBA@78 nm/Perovskite
——ICBA@57 nm/Perovskite
—— ICBA@44 nm/Perovskite

PL intensity (a.u.)

. . . . . . . . ;
650 700 750 800 850 900
Wavelength (nm)

Fig.4 Steady-state photoluminescence of perovskite films deposited
on glass and ICBA layers
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Table 1 Summary of the figures

i | Vo (V) J. (mA/cm?)  FF (%) PCE (%) ICBA
of merit and ICBA thickness of thickness
each group device group
ICBA@78nm  Bestcell 1.096 18.66 59.71 14.18
Average 1.0326+0.08  18.71+0.26 56.73+2.42 12.9+1.41 ~78 nm
ICBA@57nm  Bestcell 1.092 19.22 60.29 14.71
Average 1.070+0.013  18.71+0.31 59.77£0.68 14.06+0.43  ~57 nm
ICBA@44nm  Bestcell 1.040 18.16 52.08 11.58
Average 1.015+0.059  18.07+0.27 50.88+2.25 1098+092  ~44nm

Overall, the ICBA@78 nm and ICBA@57 nm PSC groups
show a similar average short circuit current (J,) and fill
factor (FF). However, the ICBA @57 group exhibits a higher
average open-circuit voltage (V) of 1.07 V which resulted
in a higher average PCE of 14.0% compared to 12.9% for the
ICBA @78 nm group. On the other hand, the ICBA @44 nm
PSCs show the lowest average PCE of 10.98% primarily due
to the reduced FF and V.. It’s notable here that all groups
show a similar short circuit current of around 18 mA/cm
and the variation in performance mainly lies in the V_ and
FF. It’s worth noting that a slow scan rate of 10 mv/s was
used for the I-V characteristics measurements as it reflects
a more accurate representation of the FOMs, compared with
faster scan rates that could result in over/under estimation
of some FOMs.

Figure 5a shows the I-V curves of the champion device
of each group of the PSCs. The I-V characteristics display a
hysteresis behavior, which is commonly observed in a wide
array of PSCs, particularly with n-i-p-structured devices.
Various mechanisms such as ion migration and interfacial

20

charge trapping/de-trapping were proposed as the driving
factors [34-36]. To obtain a more accurate picture of the
PCE of the devices, the stabilized power conversion effi-
ciency (s-PCE) at the maximum power point for the cham-
pion device from each group was measured with no precon-
ditioning, as shown in Fig. 5b. The highest s-PCE of 13.5%
was measured for the ICBA @57 nm device, a similar effi-
ciency of 13.34% was recorded for the ICBA @78 nm PSC,
while the ICBA @44 nm device showed the lowest s-PCE
of 9.92%. Despite ICBA@57 nm showing the best perfor-
mance with the fastest stabilization time, ICBA@78 nm
gave a slightly lower but yet comparable performance for
both the FOMs and the s-PCE (both are between 13 and
14%). In contrast, the ICBA @44 nm showed a much lower
performance for both FOMs and s-PCE measurements
(<10%) which is due to the lower FF and V. The fast sta-
bilization time and higher power output exhibited by the
ICBA @57 nm device indicate that a~57 nm ICBA thick-
ness and it’s corresponding layer morphology results in an
optimum carrier extraction that is less impeded by the slow

(b)

14 4

12 4

10 4
E 10 4 g &1
£ —— ICBA@T78 nm - Rev N Wy
- —— ICBA@57 nm - Rev oo o 6 —— ICBA@78 nm
—— ICBA@44 nm - Rev Y — ICBA@57 nm
i 4 —— ICBA@44 nm
\
----ICBA@78 nm - Fwd s
----1CBA@57 nm - Fwd )
----ICBA@44 nm - Fwd
0 d T d T d T d T v T 0 T T T T T T v T v T
00 02 04 06 08 10 12 0 100 200 300 400 500
V (V) Time (Sec.)

Fig.5 a I-V characteristics of the PSCs measured by forward (solid line) and reverse (dashed lines) voltage sweeps. b Stabilized power conver-

sion efficiency of the champion devices of each group
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dynamic response of the device, in addition to lower recom-
bination losses as will be revealed in the following section
by impedance spectroscopy. Furthermore, the stable power
output at maximum power point for more than 8 min by the
three different thicknesses indicates that an ICBA layer can
function as a stable ETM in n-i-p perovskite devices.

3.4 Electrical impedance spectroscopy

Electrical impedance spectroscopy (EIS) was utilized to
study the carrier’s recombination in the devices. Figure 6a
shows the Nyquist plots obtained from the measurements
conducted under dark conditions with an applied forward
bias of 800 mV. The inset figure depicts the equivalent cir-
cuit used for fitting the spectrum [37], which is constituted
of an ohmic series resistance of the conducting substrate
and external contacts R, the geometric capacitance C|,
the contacts charge transport resistance R;, the chemical
capacitance contribution C,, and the Recombination resist-
ance R,... Table S1 summarizes the recombination resist-
ance values obtained for each device. Both ICBA@78 nm
and ICBA @44 nm devices exhibit a recombination resist-
ance values of 1.33 kQ and 1.04 kQ, respectively, which
is lower than the 2.3 kQ value obtained for ICBA@57 nm
PSC. This indicates a lower carrier’s recombination rate for
ICBA @57 nm devices, which may help explain the higher
conversion efficiency and V. obtained with this group of
devices.

On another front, the dark current characteristics in
Fig. 6b reveal a similar trend. The inset figure shows

(a)

10000

o ICBA@78 nm
9000 4 —— Fitting line
80004 © ICBA@57 nm

—— Fitting line
7000 +

o ICBA@44 nm
60001 ——Fitting line

E 5000 4
£
O
= 4000 -
N
3000 -
2000 -
1000 4
ol ¥
T T T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000
Z' (Ohm)

14000

the I-V characteristics around 0 V. It’s evident that
ICBA@44 nm PSC has the highest leakage current in
the reverse bias while ICBA @57 nm PSC shows the low-
est leakage current. Additionally, the dark current onset
in the forward bias occurs at a much lower voltage for
ICBA@44 nm PSC and a much higher voltage of around
0.8 V for ICBA@57 nm PSC, which is in consistency with
the recombination resistance trend obtained from EIS data.

With photovoltaic device, shunt current losses can
result from shunting pathways that are caused by the struc-
tural defects, impurities, and inhomogeneity arising during
the fabrication process. These losses, especially if they
are pronounced, would limit the solar cell V,, and power
output under illumination. Given that the morphology and
crystallinity of the perovskite layer shows no significant
difference between the device groups, a plausible cause
for the lower recombination resistance in the case of the
thinnest ICBA layers could be due to structural recombi-
nation pathways that are formed between the perovskite
absorber and FTO.

In conclusion, an ICBA layer with a thickness of around
57 nm (obtained by spin-coating 10 mg/mL solution at
2500 r.p.m) resulted in an optimum performance with the
highest recombination resistance, a thicker layer of 78 nm
resulted in a lower but yet comparable performance. While
the thinnest layer with a thickness of 44 nm resulted in the
poorest performance and lowest V. which was attributed
to higher recombination rates driven by shunt losses, in
addition to the lower carrier extraction rate indicated by
lower PL quenching.

(b)
80
70d 10
1 o5
60 +
0.0
50 H
| -os]
< 40+
= 1.0 . . -
« 02 -0 0.0 01 02
-5 304
——ICBA@78 nm
20 — ICBA@57 nm
—— ICBA@44 nm
10 H
0
T T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

V (V)

Fig.6 a Nyquist plot with the equivalent circuit used for fitting in the inset figure. b dark I-V characteristics for perovskite with different ICBA
thickness. Inset graph in b shows a close-up view of the I-V curve around 0 V
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4 Conclusion

In conclusion, planar PSCs with a structure of (FTO/ICBA/
Perovskite/Spiro-OmeTAD/Au) were fabricated at low
temperature of 100 °C and a stabilized PCE of 13.5% was
achieved. ICBA was used effectively as an ETM layer to
replace the traditional metal oxide ETM (i.e., TiO,) depos-
ited below the perovskite layer in an n-i-p-structured PSC
device and realize a simpler fabrication procedure. An
optimized ICBA layer results in a good electron collection
and effective hole blocking, besides being stable and easily
deposited through spin-coating. Despite being highly hydro-
phobic, smooth and phase pure perovskite films with high
crystallinity and compact grain morphology were deposited
on top of ICBA films through a single-step solution pro-
cess (i.e., antisolvent method). Furthermore, the influence
of the ICBA layer thickness on the device performance was
examined through impedance spectroscopy and dark I-V
characteristics. A thickness of around 57 nm of the ICBA
layer resulted in an optimum performance PSC which was
attributed to reduced recombination in the device while a
thinner layer was found to be detrimental to performance as
it encourages shunt losses and recombination, resulting in
lower V. and FF. Additionally, ICBA films were revealed
to be sufficiently transparent and poorly absorptive within a
limited wavelength region below 550 nm which makes it a
suitable option to utilize for efficient flexible PSCs. Based on
impedance spectroscopy analysis, the different ETM deposi-
tion conditions and thickness results in different recombina-
tion rates in the devices. As a result, further optimization
and improvement of the ICBA film preparation methodology
could potentially improve its electronic characteristics (e.g.,
energetic disorder) to enhance its performance in perovskite
devices.
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