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Abstract:

In this research work, for the first time, we introduced amino-substituted perylene
diimide derivative (N-PDI) as an alternative electron transport layer (ETL) to replace
the commonly used TiO2 in planar heterojunction perovskite solar cells. Two types of
device structures i.e., glass/FTO/N-PDI/CH3NH3PbI3-xClx/spiro-MeOTAD/Au, and
polyethylene terephthalate (PET)/ITO/N-PDI/CH3NH3PbI3-xClx/spiroMeOTAD/Au,
were fabricated on both rigid and flexible substrates using room-temperature solution
processing technique. Based on the proposed device structures, the power conversion
efficiency (PCE) of 17.66% was obtained based on glass/FTO rigid substrates, and a
PCE of 14.32% was achieved based on PET/ITO flexible substrates. Results revealed
that the terminal amino group in N-PDI resulting in the enhanced wetting capability of
surfaces to perovskite, and the lower the surface work function of FTO substrate as well
as passivate the surface trap states of perovskite films. Our results confirm that small
molecule semiconductor N-PDI can serve as an effective 15 electron-transport material
for achieving high-performance perovskite solar cells and draw molecular design

guidelines for electronselective contacts with perovskite.



1. Introduction

In the past five years, there is tremendous development in the field of perovskite
solar cells (PVSCs) with advantages of low cost, simple fabrication, and high
efficiency.™ To date, the certified value of maximum power conversion efficiency
(PCE) for the PVSCs is 20.1%.” The PVSCs, based on either the mesoscopic or the
planar structure architectures, are typically composed of a transparent electrode, a
metal electrode, a light harvesting perovskite layer sandwiched between electron
transport layer (ETL) and hole transport layer (HTL). The interfaces among these
layers are crucial for the PVSC devices delivering a high open-circuit voltage (Voc).
They determine effective carrier separation and suppress charge recombination at the
front contact with?? transparent conducting oxides such as fluorine-doped tin oxide
(FTO) or indium-doped tin oxide coated glass, as well as back contact of typically
metals such as Ag or Au. For the conventional PVSCs (i.e., n-i-p), the most used ETL
and HTL materials reported in literature are TiO, and 2,2',7,7'-tetrakis-
(N,N-di-pmethoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD), respectively
[XX]. Spiro-OMeTAD becomes a good HTL material for highly efficient solid-state
cells due to its longer charge recombination lifetime compared to the other HTLs.
While the TiO; is an excellent ETL due to its higher electron mobility and suitable

. 1
energy levels of conduction and valence bands." >’

15-20 and

In addition to TiO,, several other metal oxides, including ZnO, 814 In,0s3,
Sn0,, *'* exhibit similar or even better electronic and optical properties than those of
the TiO,. Theoretically, these oxides could act as good ETL materials as the TiO,. For
example, PVSCs using SnO, as the ETL have achieved hysteresis-free PCEs of over
18%.** However, utilization of inorganic ETLs particularly the TiO, still requires a
high-temperature process to increase the crystallinity and achieve a high charge
carrier mobility. *° High-temperature sintering has many drawbacks because it not
only results in increased cost and slow production, but also limits usages of
temperature-resilient substrates, and thus prevents the utilization of plastic and
malleable metal foils as well as multi-junction device architectures.”® Therefore,

replacing the sintered ETLs with new material and process can promote the successful
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applications of perovskite photovoltaic technology into wide fields, such as organic
photovoltaics. Several reports have already shown that many materials can act as
effective ETLs in the PVSCs with a similar performance compared with those
fabricated  through  high-temperature sintering ~ process, and  these
includelow-temperature processed graphene/TiO, nanocomposites, ' yttrium doped
TiO,, ? atomic layer deposited SnO, ** and Pbl, in a CH;NH;Pbl; film prepared using
a two-step method 32 as well as the ultraviolet (UV)-ozone treated FTO electrode. >
These studies highlighted the promising direction of developing solution-processed
ETLs for the PVSCs, with advantages including enhanced simplicity, low-temperature
solution process for device optimization and multi-junction construction.

In this study, low-temperature solution-processed n-type organic semiconductors
will be investigated as the ETLs as an alternative new approach. Compared with its
inorganic counterparts, the organic ETLs have advantage of tuability of photo-physic
properties by structural changes; availability of multi-defined structures, easy
purification and synthesis in material processing, as well as batch-to-batch
reproducibility and flexibility. Recent studies on the organic ETLs have identified that
it should passivate the trap states of perovskite active film in order for what? [?7].
However, due to the poor understanding of the interaction between the perovskite
layer and the organic materials, few organic materials have been successfully used as
the ETLs. Although currently full name??? of PCBM was regarded as one
successful example [],its high price and photochemical instability limits its successful
commercial application.

In this paper, we demonstrated, for the first time, the possibility of utilizing an
n-type organic semiconductor PDIN (perylene diimide derivative, see Figure 1a) as
the ETL in the PVSCs with an n-i-p  structure ()  of
FTO/PDIN/MAPDI; «Cly/spiro-OMeTAD/Au. The exploration of perylene diimide
derivative as the ETL was inspired by their several fascinating properties, including
photochemical stability, high electron affinities, easy functionalization and high
conductivities. The multiple functionalities of this newly developed PDIN, including
lowering the work function of FTO, appropriate energy levels, resistance to aprotic
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polar solvents, high conductivity, and most importantly, passivating the trap states of
the perovskite, etc., render it as an excellent ETL in a standard device structure. Based
on a low-temperature process to fabricate the PDIN, we demonstrated that a very
competitive PCE of 16.17% on rigid substrates and 11.24% on flexible substrates can

be achieved under simulated irradiation of AM 1.5G at 100 mW cm™.

2. RESULTS AND DISCUSSION

2.1 Device structure and fabrication

Figure l1a shows the device structure of the standard planar heterojunction of the
PVSCs having the PDIN as the ETL. The developed PDIN is easily achievable using
environmentally friendly reagents. The PDIN is alcohol- or water-soluble if adding
acetic acid (2% in volume), whereas it is insoluble in chlorinated solvents, such as
chlorobenzene. Benefitted from the extended planar structures of the PDI units and
the polar aliphatic amino group, the PDIN shows a high conductivity (0.8x10° S cm™)
and exhibits good performance as a cathode buffer layer in organic solar cells. **
When the PDIN solution was used as a cathode buffer layer in an inverted device
structure (p-i-n) to reduce the energy offset between the Fermi levels of Ag and
LUMO (the lowest unoccupied molecular orbital) of fullerene derivative (PCBM), we
found the degradation of the perovskite layer due to the acetic acid inside the PDIN
solution. Therefore, a similar XXX, PDINO, with amino N-oxide group, soluble in
methanol without the assistant of acid, was applied as cathode buffer layer in inverted
structure. >> Also due to insolublity of the PDIN and PDINO in the chlorinated
solvents, it is impossible to apply them as the ETL (replacing the PCBM) to simply
the device structure. However, for a conventional device structure, the resistance of
the PDIN in aprotic polar solvents, such as N,N-Dimethyl-formamide (DMF) and
dimethyl sulfoxide (DMSO), can solve this problem due to its orthogonal polarity for
each successive layer, thus it inspired us to exploit the PDIN as a potentially cost

effective ETL for the PVSCs.
The PDIN film can survive the DMF rinse and is stable in both DMF and methanol.



To fabricate the device, the CH3;NH;Pbl;,Cl, (MAPbI;Cl,, CH3;NH;" being
abbreviated as MA thereafter) films were directly deposited onto the substrate coated
with PDIN?? using a one-step spin-coating method, resulting in the absence of any
Pbl, phase in the perovskite film as evidenced by x-ray diffraction (XRD) analysis
(Figure S1). Following the deposition of the MAPbIL;(Cl layer, a spiro-OMeTAD
HTL (~150 nm) was deposited by spin coating. The cells were finished with thermally
evaporated Au back contacts. The corresponding energy level diagram of the device is
illustrated in Figure 1b. Since the LUMO level of the PDIN aligns well with the
conduction band (CB) of the MAPbI; Cly, it serves as a good ETL to energetically
promote electron extraction but effectively block holes at the PDIN/MAPDI; Cly
interface. Furthermore, the amino group of the PDIN produces large interfacial
dipoles at the FTO/PDIN interface which induces a vacuum-level shift and modifies
the work function of FTO electrode. *° This was verified using ultraviolet
photoelectron spectroscopy (UPS), which revealed the electronic properties of PDIN
interlayer on the FTO substrate as illustrated in Figure 2a. After deposition of an
ultrathin layer (8 nm) of the PDIN, the work function of FTO was reduced to 4.0 eV
from its original 4.4 eV, which facilitates an efficient electron transport between the
ETL and FTO electrode. The excellent light transparency of the interlayer is also
essential for avoiding overlap and parasitical absorption of the MAPbI;Cly to
achieve high-performance PVSCs.

Figure 2b shows the optical transmittance and absorption spectra of the PDIN films
with different thicknesses. As can be seen, the FTO/PDIN substrate exhibits an
absorption in the range between 450 and 600 nm. As a result, the FTO/PDIN
possesses a less transmittance than the bare FTO in this range. While the UV-vis
absorbance spectrum of the MAPbI;Cly based on a layer (8 nm) of the PDIN
substrate has no apparent difference compared to that based on compact TiO, (Figure
S2). This should be due to the higher absorption coefficient of perovskite in
comparison with the conventional organic molecules. *’

Steady-state photoluminescence (PL) and time-resolved PL decay of the
MAPbBIL;Cly film on different substrates were further conducted to investigate the
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charge extraction efficiency of the ETL. An excitation wavelength of 532 nm with a
penetration depth of ~ 80 nm (much less than the perovskite film thickness of ~300
nm), was used to excite the perovskite films either from the FTO side or from the air
side, and the PL from the perovskite films with and without ETLs were measured. As
illustrated in Figure 2c, both perovskite films with TiO, as ETL and without TiO,
showed a PL peak at 778 nm, which were independent to the directions of the incident
lights. Whereas, the perovskite film with the PDIN as the ETL had a blue-shift PL
peak from 778 to 770 nm when the FTO side was excited, and this peak was
considered as signature of filling the trap states of perovskite. This enables the
recovery of the bandgap.*® Therefore we suggest that the PDIN can passivate the trap
states of the perovskite by using the terminal amino group. This conclusion agrees
well with the similar passivation effect of amino-functionalized conjugated polymer
reported by Sun et al.*®* Moreover, the perovskite film based on the FTO/PDIN
substrate exhibits a higher degree of PL quenching compared to that based on the
FTO/TiO; substrate either from the FTO side or from the air side, indicating that the
PDIN can extract electrons more efficient from perovskite absorber. The enhanced
electron extraction should be the result of the passivation effect of PDIN and better
matched energy levels between the conduction bands of the PDIN and MAPbI;_Cly as
previously discussed. The efficient PL quenching of the PDIN was also verified by
studying the charge carrier lifetime of MAPbI; (Cl, which could be estimated from
the time-resolved PL decay (Figure 2d). The PL lifetimes are determined by the
single-exponential fits to the PL decay. 40.41 The PL lifetime of the MAPbI;Cl, on
the FTO substrate was estimated to be 18.05 ns, while it decreased to 14.58 ns and
12.76 ns when it was applied on top of TiO, and PDIN, respectively. This indicates
that faster and more efficient carrier extraction was achieved at the PDIN/perovskite

interface.

2.2 Device characterization
The conventional PVSCs with configuration of FTO/PDIN/MAPbI;Cly/spiro-
OMeTAD/Au were fabricated accordingly (Figure la) and characterized. The
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detailed fabrication procedures of these devices were described in the experimental
section. Figure 3a presents the current density vs. voltage (J-V) curves of the PVSCs
based on PDIN with different thicknesses, obtained in a reverse scan (from the Voc
to the Jsc) at a scan rate of 20 mV per step with a delay time of 0.005 s. Their
corresponding photovoltaic parameters are summarized in Tables 1 and 2.
Encouragingly, the optimized PVSC devices with the PDIN thickness of 8 nm
exhibited an impressive PCEpax value of 16.17%, whereas the control TiO;-based
device (as explained in XX?) yielded a PCEpmax value of 15.03%. The value of Voc
was increased from 1.05 V to 1.08 V, and can be attributed to a better energy
alignment at the FTO/ETL and ETL/perovskite interfaces. The passivation effect of
the PDIN can also decrease the trap states and increase the carrier extraction. These
minimize the potential loss and enlarge the built-in potential across the interface in
the device. In addition to the V¢, significant increase of both values of Js¢ (from
20.45 to 20.80 mA cm™) and FF (from 0.70 to 0.72) were also obtained in the
PVSCs using the PDIN interlayer with a thickness of 8 nm. The enhanced Jsc and FF
can be attributed to the combined effects of efficient electron extraction and hole
blocking of the PDIN compared to the controlled device made from the
high-temperature treated TiO,.

The reproducibility of 20 FTO/PDIN-based devices was evaluated and the
obtained histogram showing PCE distribution of over 20 devices is shown in Figure
S3. An average PCE value of 15.5% was achieved with half of the devices showing
the PCE values over 15%. The results showed clearly the good reproducibility of the
FTO/PDIN-based device. Figure 3b shows results of the incident photon-to-current
conversion efficiency (IPCE) of the PVSCs based on the FTO/PDIN devices, which
have a higher photon-to-electron conversion efficiency than that of the
FTO/TiO;-based device in the wavelength range tween 600 and 750 nm. Results
from the dark current characterization of the PVSCs showed that the
FTO/PDIN-based device possesses a lower leakage current density compared with
the FTO/TiO,-based device (Figure 3¢). This implies that interfacial recombination
is reduced in the PDIN-based PVSC devices.



To gain an in-depth understanding of the influences of the PDIN on interfacial
recombination and photovoltaic performance of the PVSCs, the dark J-V curves of a
conventional PVSCs using the Shockley diode equation for a single junction device

were modeled based on:
Ip =Ty [eXP <—q(Vn;][;,RS)> - 1]

8 (1)
where Jj is the reverse saturation current density, Jp is the dark current density, V' is
the applied bias, ¢ is the electron charge, Kp is the Boltzmann constant, T is the
temperature, and n is the ideal factor of the real diode.” The obtained diode
parameters such as n and Jj for the studied PVSCs are summarized in Table 1. The
smaller values of n and Jy were obtained for the FTO/PDIN-based device compared
with those of the FTO/TiO,-based device, and this proves that the PDIN possesses a
better electron selectivity, and results in a decreased charge recombination loss at the
ETL/perovskite interface.

Figure 3d shows the dependence of photocurrent and photovoltage characteristics
on the light intensity for the studied PDIN-based PVSCs. The results can be used to
probe the recombination mechanisms which affect the device performance. From
literature, the electroluminescence and photoluminescence emission spectroscopic
analysis on the PVSCs showed that the bimolecular recombination is much weaker
and not dominant the performance of PVSCs, whereas the interfacial recombination
which occurs at the contacts between perovskite and ETLs or HTLs is dominant for
their performance.44 In contrast to results obtained in the short-circuit condition, in an
open-circuit condition, all photo-generated charge carriers recombine and no current
is extracted, thus the recombination mechanisms can be interpreted from the
relationship between the measured values of Voc and the light intensity. Based on the
results of Voc as a function of logarithmic irradiation light intensity (as shown in Fig
X? Where is the figure???), the PDIN-based device has a low value of slope (1.45)
compared to that of the TiO,-based device (1.67). This indicates that the PDIN as an
effective ETL can significantly mitigate the recombination loss at the ETL/perovskite
interfaces. In principle, the relationship between Voc versus light intensity (with a
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slope of kT/q) corresponds to bimolecular recombination. A slope larger than the
value of kT/q means that an additional interfacial trap-assisted Shockley-Read-Hall
(SRH) recombination is involved.*” A monomolecular recombination refers to any
first order process including the geminate recombination of a bound electron-hole pair
before dissociation and the SRH recombination at the shallow traps created by defects
and impurities in the interfacial layer, whereas the bimolecular recombination is
closely related to the recombination of free electrons and holes in the photoactive
layer.*® In order to reduce the interfacial recombination, a highly uniform planar
perovskite thin film is essential for the absence of carrier traps. Therefore many
methods have been used to produce high-quality perovskite thin films, including
vapor deposition, two-step sequential solution deposition, vapor-assisted two-step
reaction process or one-step solvent-induced fast crystallization—deposition.1’ 3. 4749

It is noted that the FTO/PDIN-based PVSCs possess a weaker Voc dependence on
the light intensity (1.45KgT/q) than that of the FTO/TiO,-based device (1.67 KgT/q)
throughout the entire light intensity range. Under the short-circuit condition, the
device shows super linearity of photocurrent with light density, reflecting that the
charge collection of the FTO/PDIN-based PVSCs is independent of light-intensity. In
this study, since we used the exactly same protocol for fabricating the MAPbI;(Cly
layer, there is no apparent difference in morphology of perovskite thin films with
different substrates as shown in Figure S4. Therefore, we attributed this discrepancy
in the light intensity dependence to the hole-blocking and passivation effects of the
PDIN. This result also confirms that the PDIN ETL can effectively reduce the
interfacial trap-assisted recombination, which is critical to increase value of the V¢
as well as improve the device performance.

In order to further understand the electronic transport?? processes at the
perovskite/ETLs interfaces, electronic impedance spectroscopy (EIS) measurement
was performed with an applied voltage at Voc under illumination with an LED array
emitting white light. Three elements are readily identified in the obtained Nyquist plot
(Figure 4a) and Bode plot (Figure 4b) for both the PDIN- and TiO,-based devices,
indicating similar interfacial charge transport? processes. Figure 4c presents the
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variation of interfacial resistance with the applied bias, which was derived from the
data in the high frequency region in EIS characterization (in Fig. XX?). Though the
PDIN based PVSC has a less conductivity value (0.8x10° S cm™) than that of
high-temperature TiO, device (1.1x10° S cm™),”’ it is interesting to find that the
interfacial resistance of the PDIN-based device is slightly smaller than that of TiO,
one, which should be attributed to the passivation effects from the PDIN, thus
resulting in a faster electron extraction. Due to the reduction of electron trap density
due to passivation of ?? by ??, a smaller value of capacitance was obtained from the
response in the intermediate frequency region in the EIS (see Fig. 4d). for the
PDIN-based device when compared to that of TiO,-based device. This reduction of
the capacitance surely will benefit to increase the values of Voc Jsc and FF for the
PDIN-based device.

From the above results, it can be concluded that the PDIN is a very promising ETL
that can be used to achieve a better performance for the standard PVSCs. Due to its
low-temperature solution process, it is possible to fabricate flexible solar cells on
polymer substrates. Herein, we replaced the rigid glass/FTO substrate with a flexible
PET/ITO substrate and fabricated the devices via the same procedures. The optical
transmittance and absorption spectra for the device on the flexible substrate are shown
in Figure 5a. The transmittance of the PET/ITO/PDIN is similar to that of the
glass/FTO/PDIN. However, a much less transmittance in the range between 450 and
600 nm was observed for the PET/ITO/PDIN. In order to clarify the reason for this,
we obtained the optical absorbance spectrum of MAPbI; (Cly based on such substrate
in this spectral region and the results are shown in Figure 5a. Clearly there is no
apparent decrease in the region. Figure 5b and 5c show such type of the flexible
device and its J-V characteristics. In the J-V tests, the scan rate of applied voltage was
kept at the same value of 20 mV per step with a delay time of 0.005 s. A champion
PCE of 11.24% for a reverse scan was obtained, indicating a good performance of
such flexible PVSCs (Jgc: 17.05 mA/cmz, Voc: 1.03 V and FF: 0.64). The analysis
results from IPCE spectrum for the flexible PVSCs showed an efficiency of 84% at
400 nm (Figure 5d). Such a low IPCE value in the range of 600-800 nm can be
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attributed to the smaller absorption of the perovskite in this spectral region (Figure 5a).
Moreover, the flexible devices were bent repeatedly for 20 times to determine the
flexibility and the test results are shown in Figure 5c. Clearly there is no apparent
reduction of the performance after 20 cycles, i.e., the values of the Jsc and V¢ remain
almost identical although the fill factor decreases slightly from 0.64 to 0.61. This
demonstrates that our flexible devices can be tolerated well with the mechanical
bending deformation. From the histogram of the PCE and hysteretic behavior of the
flexible device shown in Figure S5, the flexible device exhibits slightly larger
hysteresis effect compared with the rigid device based on PDIN as shown in Figure

S6. This could be due to the higher series resistance of the flexible devices.

3. CONCLUSION

In summary, we have demonstrated that the PDIN can be used as an outstanding
solution processable ETL for a standard PVSCs fabricated on both rigid and flexible
substrates. Its deep valence band and the passivation effect of the terminal amino
group as well as good electron-transport mobility are benefited from perylene diimide
backbone, and this can effectively extract electron and block holes to reduce charge
recombination loss at the ETL/perovskite interfaces. Its unique dipole moment and
solution process capability enable the FTO/PDIN-based devices to perform much
better than the control FTO-based device , with a promising PCE of 16.17% and
11.24% in rigid and flexible substrates, respectively. These results reveal the great
potential of using PDIN ETL for the standard PVSCs and expand the present range of

available ETL layer to small molecular semiconductors.

4. EXPERIMENTAL DETAILS

Device Fabrication Fluorine-doped tin oxide (F:SnO,) coated glass (Pilkington TEC
15, 15 Q/square) was patterned by etching with Zn powder and 2 M HCI diluted in
milliQ water. The flexible PET/ITO was etched with 0.1 M HCI diluted in milliQ
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water without Zn powder. The etched substrates were cleaned with 2% hellmanex
diluted in milliQ water, rinsed with milliQ water/ethanol, and then dried with clean air.
For the FTO/PDIN-based device, PDIN was dissolved in methanol with the assistance
of acetic acid (2% in volume). To optimize the PDIN thickness, solutions of methanol
and PDIN at varied concentrations (from 2 mg mL"' to 8 mg mL") were then
spin-deposited onto FTO substrate at 3000 rpm for 30 s and then annealed at 100 °C
for 10 min. For the perovskite layer, 9 mg CH3NH;Cl was added in 1 ml of 45 wt%
concentration of the CH;NH;Pbl; solution and stirred for 4 hours at 50 °C, then the
CH;NH;Pbl; «Cly solution was dropped onto a PDIN coated FTO substrate. The
substrate was then spun at 5000 rpm for six seconds, and then anhydrous
chlorobenzene (200 puL) was quickly dropped onto the center of the substrate. The
obtained films were dried at 100°C for 10 min. The hole-transport material was
deposited by spin coating at 4000 rpm for 30 s. The spin coating solution was
prepared by dissolving 72.3 mg spiro-MeOTAD, 17.5 pL of a stock solution of 520
mg mL" lithium bis(trifluoromethylsulphonyl)imide in acetonitrile and 28.8 pL
4-tert-butylpyridine in 1 mL chlorobenzene. Device fabrication was finally completed
by thermal evaporation of a 70-nm-thick film of gold as the cathode. To compred with,
a control FTO/TiO,-based device and flexible device based on the PDIN were
prepared following the above processes. (Here you need to list the main differencs!)
All device fabrication was carried out in a dry air-filled glove box and a humidity of
<1.0 ppm.

Samples Characterization A solar simulator with a Xe light source (450 W, Oriel,
model 9119) and an AM 1.5G filter (Oriel, model 91192) was used to give an
irradiance of 100 mW cm™ on the surface of the solar cell. The current-voltage
characteristics of the cell were obtained by applying an external potential bias to the
cell and measuring the photocurrent generated under these conditions using a Keithley
model 2400 digital source meter (USA). A similar data-acquisition system was used to
control the photon-to-current response (internal quantum efficiency, IQE)
measurements. A white-light bias of 10% solar intensity was applied onto the sample
during the IQE measurements, which employed a monochromatic light modulated at
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10 Hz. Steady-state photoluminescence (PL) was measured using Horiba Jobin Yvon
system with an excitation laser beam at 532 nm. X-ray diffraction (XRD) experiments
were conducted using a Philips X-ray diffractometer with Cu Ka radiation. The
samples were scanned from 10° to 70° with a step-size of 0.02°. Impedance spectra
(IS) were collected with an Autolab Frequency Analyzer setup consisting of the
Autolab PGSTAT 30 (Eco Chemie B.V., Utrecht, The Netherlands) and the Frequency
Response Analyzer module. The measurements were performed at around Voc + 0.2V
(via tuning the bias light intensity with white LED light radiation) in the frequency
range 0.01 Hz-1 MHz with oscillation potential amplitudes of 30 mV. The obtained
impedance spectra were fitted using Z-view software (v2.8b, Scribner Associates

Inc.).
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Figure 1. (a) Device architecture of the regular PVSCs and molecular structures of
the PDIN used for device fabrication, as well as the investigation of its solubility in N,

N-Dimethyl-formamide and methanol, (b) The corresponding energy band diagram

relative to vacuum level.
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Figure 2. (a) UPS spectra of the FTO and FTO/PDIN substrates, the obtained Fermi

level for FTO and FTO/PDIN is 4.4 eV and 4.0 eV respectively, (b) Absorption (right)

and transmittance (left) spectra of PDIN thin films,

(c) The steady-

state

photoluminescence spectra of MAPbI;Cly films on different substrates with an

excitation wavelength of 532 nm from the FTO side and the air side, (d) time-resolved

PL decay of MAPbI;Cli film on the different substrates.
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Figure 3. (a) J-V curves of the PVSCs based on FTO/PDIN with different thicknesses
and the reference device based on the FTO/TiO,, using a metallic mask with an
aperture area of 0.08 cm”. The applied voltage scan rate in J-V measurement was kept
at the same 20 mV per step with a delay time of 0.005 s in reverse scan direction. The
optimal thicknesses of PDIN is 8 nm, (b) IPCE spectra of the optimized
FTO/PDIN-based device and the reference device, (¢) J-V curves of the optimized
FTO/PDIN-based device and the reference device under dark condition, (d) Voc
dependence and Jsc dependence (inset) upon different light intensity for the optimized

FTO/PDIN-based device and the reference device.
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Figure 4. Impedance spectroscopy of perovskite solar cell with different ETLs was
performed at around Voc under illumination with an LED array emitting white light,
the applied voltage of 0.9 V is given as an example (a) in the form of Nyquist plot, (b)
in the form of Bode plot, (c) the interfacial resistance derived from high frequency
region as a function of the applied voltage, (d) the capacitance derived from the

intermediate frequency region as a function of the applied voltage.
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Figure 5. (a) Absorption (left) and transmittance (right) spectra of the films based on
flexible PET/ITO substrate, (b) a photograph of the flexible device based PDIN, (c)
the current-voltage (J-V) characteristics of the flexible device, using a metallic mask
with an aperture area of 0.08 cm?, while the scan rate was kept at 20 mV per step with
a delay time of 0.005 s in reverse scan direction. The J-V performance after bending is

also included in it (d) IPCE spectra of the flexible device based PDIN.
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Table 1 Device parameters of the PVSCs based on the FTO/TiO; and FTO/PDIN
under the illumination of AM 1.5G, 100 mW cmz‘

Substrate V. Jsc FF PCE,,, (PCE,» n® Jp
V) (mA/em?) (%) (%) (mA/cm?)

TiO,/FTO  1.05 20.45 0.70 15.03 (14.85) 1.48 6.4X10%8
PDIN/FTO  1.08 20.80 0.72 16.17 (15.56) 1.32 2.1X10%

a b
The average PCE is obtained from over 20 devices. Extracted from the dark J-V

curves.

Table 2 Device parameters of the PVSCs based on PDIN/FTO with various PDIN
thicknesses under the illumination of AM 1.5G, 100 mW cm”

HBL layer  Thickness Voc Jsc FF PCE Ry
(nm) V) (mA/cm?) (%) (%) (Q/cm?)
PDIN 5 1.05 20.42 0.69 14.79 2.24
8 1.08 20.80 0.72 16.17 2.01
12 1.06 19.47 0.70 14.44 243
16 0.98 18.87 0.68 12.57 3.36

26 0.85 15.67 0.67 8.92 4.58
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