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A B S T R A C T   

Recent research has focused on increasing the open-circuit voltage (VOC) and current density (JSC) of perovskite 
solar cells (PSCs) by introducing p- or n-type dopants with higher electronegativity than Ti into the TiO2 electron 
transport layer (ETL). However, these kinds of dopant create undesired charge traps that hinder charge transport 
through TiO2. Therefore, the improvement in VOC is often accompanied by an undesired current density–voltage 
(J–V) hysteresis problem. Herein, we demonstrate that the introduction of 4-chlorobenzoic acid (4-ClBA-TiO2) 
dopant into TiO2 not only overcomes the J–V hysteresis issue but also increases the VOC, JSC and power con-
version efficiency (PCE) in mesoscopic PSCs. Also, the material shown the better device performance compared 
to the state-of-art ETL, with the 4-CLBA-TiO2. We speculate that the interaction between the 4-ClBA and the 
perovskite interface is more selective for electrons. Further the 4-ClBA-TiO2 electron mobility has been improved 
1.9 times compared with TiO2. As a result, for mesoscopic PSCs, the doping of 4-ClBA-TiO2 increases the effi-
ciency from 18.23% to 20.22%, while the hysteresis is largely reduced from 20.2% to 1.5%. To the best of our 
knowledge, this is the first report using the spin coating blocking layer to achieve over 20%. Thus, we believe 
that this approach will be an effective design strategy capable of enhancing the performance of PSCs with less 
hysteresis.   

1. Introduction 

The development of perovskite solar cells (PSCs) with a sandwich 
configuration has shown a rapidly increased to 25.2%, which is “next big 
thing” in photovoltaics, as their power conversion efficiencies (PCE) 
were improved in a past decades [1–7]. A mesoporous titanium dioxide 
(TiO2) layer on an FTO (F-doped SnO2) surface serves as the photoanode 
of the device. The light absorption layer i.e., the, perovskite material is 
then layered and covered with a hole transport material (HTM). Finally, 
a metal counter electrode (Al, Ag or Au) to finish the device [8]. TiO2 is 
the dominant electron transporting material to extract and transport 
photogenerated electrons and to prevent contact between the FTO and 
hole transport layer (HTL) [9]. Extensive research has been performed 

on HTMs and their importance as an interfacial layer in PSCs was also 
studied [10–12]. Although, the electron transport/selective layer (ETL) 
plays a significant role in enhancing the PCE and reducing the hysteresis 
effect, study on the bottom electrode is limited [13,14]. The most 
commonly used ETL is mesoporous TiO2 nanoparticles. This TiO2 
nanoparticles are susceptible to intrinsic defects that cause low con-
ductivity with poor charge conductance and form undesirable charge 
traps [15]. The various processing methods being researched is attrib-
uted to its role in improving the PSCs performance. Wu et al. studied the 
performance of PSCs by using different methods for fabricating the TiO2 
layer. They reported that TiO2 fabricated using atomic layer deposition 
method (ALDM) exhibited higher shunt resistance and significantly 
improved the energy conversion efficiency due to the reduced density of 
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nanoscale pinholes in the layer. They also demonstrated that the fabri-
cated devices using ALDM and spray pyrolysis result in higher conver-
sion efficiencies. Researchers have been attempting to improve the 
charge conductivity and reduce the series resistance through doping 
TiO2 with metals, C60 derivatives, inorganic materials, polymer, and 
small molecular materials [16]. Doping of lithium (Li) TiO2 improved 
the VOC when the Li dopant passivates electronically defect states. VOC of 
the PSCs can be enhanced by removing the recombination centers 
related to the charge traps in TiO2. The vital challenge in PSCs are 
hysteresis effect [17], which means the J–V curves vary with different 
scan directions. The origin of hysteresis is still being investigated in PSCs 
[13]. Also, interface modification between the perovskite layer and 
metallic oxide has been researched as a strategy for the high perfor-
mance of PSCs by control of interfacial charge transport [18–21]. 
Among the modification materials, benzoic acid derivatives have been 
considered as effective materials because of its high electron affinity by 
the substituted group resulted in reduced charge recombination and 
enhanced electron extraction from perovskite to electron transport 
layers [16,22]. Benzoic acid has already been used in the surface 
modification properties in inorganic semiconductors other than TiO2. It 
has been successfully utilized in dye-sensitized solar cells and organic 
solar cells [23–26]. The chloro-substituent, as one of benzoic acid de-
rivatives, has a high value (3.16) of the electronegativity [26]. Herein, 
we introduce 4-chlorobenzoic acid (4-ClBA), having the high 
electron-withdrawing ability by high electro negativity of 
chloro-substituent as one of benzoic acid derivatives, into mesoporous 
TiO2. The synthesized 4-ClBA-TiO2 was successfully utilized in PSCs and 
their performance as ETL was evaluated. As a result, the efficiency was 
increased from 18.23% to 20.22% for mesoscopic PSCs, while the per-
centage of hysteresis was reduced from 20.2% to 1.5% by doping 4-ClBA 
into TiO2. 

2. Results and discussion 

The synthesizing scheme of 4-ClBA-TiO2 is shown in Fig. 1. The 
synthesized 4-ClBA-TiO2 was confirmed by X-ray diffraction (XRD), 
Fourier transform infrared (FT-IR) spectroscopy and scanning electron 
microscopy (SEM) analysis. Fig. 2a–b shows FT-IR peaks at 1530–1545 
cm− 1 and 1407–1409 cm− 1, which newly represent formed asymmetric 
and symmetric carboxylate groups (COO-). The disappearance of the 
peaks at 1677 cm− 1 (C––O) and 1283 cm− 1 (C–OH) confirmed the 
absence of residual 4-ClBA. It means that 4-ClBA was absorbed on TiO2 
surface with bidentate interaction through dissociation carboxyl group 
[27–29]. The XRD spectra confirmed that no changes were observed in 

the crystal structure (Fig. 2c). The effect of 4-ClBA doping was charac-
terized using SEM to check the particle aggregation and size variation in 
Fig. 3. Synthesized TiO2 (Fig. 3a) indicated uniform size (48 ± 9 nm). 
After 4-ClBA doping, the 4-ClBA-TiO2 particles retained the uniform size 
(49 ± 5 nm) after the synthesis. Additionally, we observed hydrophobic 
property in its surface in TiO2 due to 4-ClBA doping. The changes in 
surface properties were confirmed by dispersing the surface modified 
particles into chlorobenzene (CB) as shown in Fig. S1. The TiO2 nano-
particles synthesized by the hydrothermal method showed hydrophi-
licity and were well dispersed in DIW while not being dispersed in CB. 
On the other hand, by the transition from hydrophilic to hydrophobic 
surface after adsorption of 4-ClBA on the TiO2 nanoparticles, it showed 
excellent dispersibility in CB. Moreover, when the dispersion was 
confirmed after 20 h, the surface modified 4-ClBA-TiO2 particles in THF 
showed improved dispersion compared to toluene. Because the synthe-
sized TiO2 in aqueous solvent was not dispersed (in) toluene as 
non-polar organic solvent, the THF as a polar aprotic solvent provided 
effective in the interaction between 4-ClBA and TiO2. Therefore, 
4-ClBA-TiO2 particles modified in the THF were used for investigation of 
the performance in the PSCs. The film state of the synthesized 4-ClBA--
doped TiO2 was analyzed using atomic force microscopy (AFM) and field 
emission scanning electron microscopy (FE-SEM) study. The AFM im-
ages of the TiO2 and 4-ClBA-TiO2 films are shown in (Fig. 4a–b). The 
surface morphology according to film thicknesses were analyzed using 
AFM and the topography was analyzed using FE-SEM images (Fig. 4c–d) 
(low and high magnification) of the TiO2 and 4-ClBA-doped TiO2 films. 
The AFM and FE-SEM images predominantly showed uniform topo-
graphic perovskite films for TiO2 and 4-ClBA-doped TiO2. The 
4-ClBA-TiO2 films showed relatively better morphology than that of 
TiO2. The FE-SEM of TiO2 film and perovskite layer deposited on TiO2 
three-dimension AFM images are presented in Fig. S2. 

The chemical composition of the TiO2 and 4-ClBA-TiO2 films with 
FTO was analyzed by energy dispersive X-ray spectroscopy (EDS) in the 
binding region of 0–20 KeV, as shown in Fig. S3. The Sn and Si peaks 
were attributed to FTO, while the Ti and O peaks to TiO2. Due to the low 
4-ClBA concentration the percentage of the dopant was less than 1%. 
The bandgap (Eg), calculated from the UV–vis onset absorption, was 
reduced by 4-ClBA doping from 3.56 eV (TiO2) to 3.50 eV (4-ClBA-TiO2) 
(Fig. S4).The impact of 4-ClBA-doping on TiO2 was evaluated by XRD, X- 
ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 
spectroscopy (UPS) studies (Fig. 5). Fig. 5a represents the TiO2 and 4- 
ClBA-doped TiO2 XRD spectra of the film. It clearly shows that there 
were no any impurity peaks were observed. We performed XPS analysis 
to gain information on the surface chemical deposition of TiO2 and 4- 
ClBA-doped TiO2. The survey spectra of pure and 4-ClBA doped TiO2 
is shown in Fig. 5b confirms the phase of pure TiO2 by obtaining the Ti 
and O peaks at corresponding binding energies. As shown in Fig. 5b–c, 
no peaks were observed, possibly due to the low concentration of 4-ClBA 
doping. The peak shift appearing at 559 eV for Ti 2p3/2 further confirms 
the doping of 4Cl-BA in TiO2. Also, we performed UPS analysis to 
confirm the result of 4-ClBA modification on its energy level of TiO2 
(Fig. 5d). A slight variation was detected in the high binding energy edge 
upon the modification of 4-ClBA-doped TiO2. Fig. 5d shows that the 
doping of 4-CIBA upshifted the band edges by measuring photoemission 
cutoff in the secondary cutoff region. In addition to the chemical 
modification shown in Fig. S5, the band structure change was observed 
in 4-ClBA-TiO2, upshifting the valence band (VB) edge of TiO2 from 
3.52 eV for TiO2 to 3.49 eV for 4-ClBA-TiO2. 

The PSCs were fabricated with a configuration of FTO/TiO2 (or) 4- 
ClBA-doped-TiO2/Perovskite/2,2′,7,7′-tetrakis(N,N-di-p-methox-
yphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD)/Au (Fig. 6). The 
energy band diagram and the schematic charge extraction process has 
been shown in Fig. S6. The fabrication condition of the PSCs is explained 
in detailed below. Fig. 6c and Fig. S7 shows the typical J–V curves of the 
reference cell and the optimized one using 4-ClBA-TiO2 measured in 
both forward and reverse scan directions, respectively. The parameters Fig. 1. Synthesizing scheme of 4-ClBA-TiO2.  
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are shown in Table 1. A PCE of 18.23%, VOC of 1.09 V, JSC of 23.2 mA 
cm− 2 and fill factor (FF) of 72.0% were achieved for the non-doped TiO2. 
Remarkably, the introduction of 4-ClBA dopant into TiO2 for use as the 
ETL in PSC devices further increased the PCE to 20.22%. At 0.05% 
doping, VOC, JSC and FF were increased to 1.12 V, 23.6 mA cm− 2 and 
76.4%, respectively. The substantial increases in both JSC and FF were 
attributed to the large and higher quality of perovskite grains formed by 
doping. It is thus deduced that an extra electron-withdrawing group in 
the 4-ClBA will have a positive influence on the cell performance 
whereas electron-donating group might have negative impact to charge 
transport property, resulting in different effects on cell performance 
[16]. Thus, the charge recombination was efficiently suppressed and 
increased in the device performance. 

Fig. 6d shows the external quantum efficiencies (EQEs) of the 
fabricated PSCs corresponding to AM1.5G illumination at an intensity of 
100 mW cm− 2. The attributed integrated JSC values of the TiO2 and 4- 
ClBA-TiO2 optimized devices were 22.8 and 22.7 mA cm− 2, which are 
well accorded with the J–V measurements. The hysteresis index (HI) was 
used to quantify the hysteresis loss observed from the measurement of 
the devices [30]. The hysteresis behavior of the PSCs using both the 
reverse and forward scan directions of TiO2 and 4-ClBA-TiO2 are shown 
in Fig. 6c. The HI of the devices is defined as follows; 

HI=  PCEReverse − PCEForward

PCEReverse 

The calculated HI for PSCs with 4-ClBA-TiO2 (0.013) was lower than 
that of pristine TiO2 (0.05). The 4-ClBA-TiO2 devices showed much 
lower (almost negligible) hysteresis than the non-doped ones. The hys-
teresis problem for doping metal remains unresolved due to the upward 
shift in the band structure of TiO2. The higher HI of the pristine TiO2- 
based PSCs clearly demonstrates great hysteresis, which explains the 
higher loss compared to the lower HI with visually indistinct hysteresis 
of doped PSCs in the J-V curves. Hysteresis is observed in electronic 
devices, particularly defect-rich, organic-based electronic devices, 

which contain a non-negligible amount of charge traps [31–33]. 4-ClBA 
passivate the traps on the TiO2, resulting in a smoother surface, as 
observed in AFM; 4-ClBA doping improved the charge transportation at 
TiO2/perovskite interface and has superior charge carrier extraction 
with better charge balance as illustrated in Fig. S6b. The efficient charge 
extraction and transportation resulted in the accumulation of charge at 
the interface and thereby reduce the hysteresis in 4-ClBA-TiO2 PSCs 
[34]. Further, the reproducibility was confirmed by fabricating 15 de-
vices with same procedure and J–V parameters, i.e., VOC, JSC, FF, and 
PCE’s statistical distribution, are shown in Fig. 7. These key parameters 
show close distributions, which demonstrates the high reproducibility of 
the device fabrication. The device performance with spray pyrolysis and 
spin coated blocking TiO2 layer compared with the previous reported is 
shown in (Table S1). 

TiO2 and 4-ClBA-TiO2 were also evaluated by UV–vis absorption 
spectroscopy, electrochemical impedance spectroscopy (EIS), space 
charge limited current (SCLC) characteristics, current mobility of the 
electron only device (EOD), steady-state PL, and time-resolved PL 
(Fig. 8). UV–vis absorption spectra (Fig. 8a) of the films were relatively 
higher than those of the 4-ClBA-doped TiO2/perovskite films, which 
confirmed that the absorption properties were increased due to the 
increased absorption of perovskite. To further understand the interfacial 
interaction of TiO2 and 4-ClBA-TiO2 [35], we measured the EIS for the 
fabricated devices under dark condition with an applied voltage 
equivalent to that of VOC. Fig. 8b depicts the Nyquist plots for PSCs with 
both TiO2 and 4-ClBA-TiO2 layers. The Nyquist plots show that the 
recombination resistance for 4-ClBA-TiO2 is larger than that of TiO2--
based films. The equivalent circuit model used to fit is also depicted in 
Fig. 8b (inset). The parameters were calculated using the equivalent 
circuit model and are tabulated in Table 2. The Rrec of the TiO2 and 
4-ClBA-TiO2 optimized devices were calculated to be 545 and 2223 Ω, 
respectively. The larger Rrec value 4-ClBA-TiO2 indicated a lower 
recombination loss, which evidenced the effective suppression for 
4-ClBA-TiO2 and the decreased traps in the interfaces. We fabricated 

Fig. 2. a-b) FT-IR spectra TiO2, 4-ClBA-TiO2, and ClBA and c) XRD spectra of TiO2 and synthesized 4-ClBA-TiO2.  

Fig. 3. SEM images and particle size of synthesized a) TiO2 and b) 4-ClBA-TiO2 modified in THF.  
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EODs with device configuration of FTO (600 nm)/TiO2 (180 nm)/Au 
(100 nm) to measure the mobility of TiO2 and 4-ClBA-TiO2 [16]. The 
mobilities were calculated by fitting the current to the model of the 
single carrier SCLC method. The J-V plots for EOD are shown in Fig. 8c 
and the inset shows the device structure of EOD. To calculate the 
mobility, we used the Mott–Gurney law as follows: 

J =
(

9
8

)

μεoεr

[
V2

L3

]

where μ, εo, εr, V, and L are the electron mobility, free space permittivity, 
dielectric constant, applied voltage, and thickness of the ETL film, 
respectively. The electron mobility calculated was increased 1.9 times 
from 2.7 × 10− 5 for TiO2 to 5.1 × 10− 5 cm2 V− 1 s− 1 for 4-ClBA-doped 
TiO2. The high mobility was greatly influenced by the charge trans-
port properties of 4-ClBA-TiO2 [36]. 

Remarkably, the steady-state PL shows a clear decrease in absolute 
PL intensity in the following order: FTO > TiO2 (or) 4-ClBA-TiO2 >

Perovskite (Fig. 8d). This confirmed that the doping of 4-ClBA was 
effective in the trap states of TiO2 film. Time-resolved PL was carried out 
to understand the charge carrier kinetics properties of TiO2 and 4-ClBA- 

doped TiO2. Additionally, 4-ClBA-TiO2 perovskite films (Fig. 8e) time- 
resolved PL with bi-exponential decay function shows a longer charge 
carrier lifetime than that of the TiO2 perovskite films. The shortest PL 
lifetime, corresponding to 4.8 and 7.7 ns for 4-ClBA-TiO2 and TiO2, 
respectively. Thus, the 4-ClBA doped TiO2 charge carriers were sepa-
rated and transferred more effectively by stronger charge extracting 
ability with high electronegativity of chloro-substituent, which well 
aligned with the enhanced overall performance of the PSCs. These re-
sults are consistent with those of the steady-state measurements. 

Since stability is one of the critical factors for commercialization, we 
investigated the stability of the fabricated optimized devices for the 4- 
ClBA-TiO2 PSCs without any encapsulation (temperature: 25◦ ± 2, hu-
midity: 30–40%), in comparison with the non-doped TiO2 as reference. 
Degradation depends on the decomposition of the perovskite layer in 
atmosphere [37]. As shown in Fig. 8f, 4-ClBA-TiO2 and TiO2 exhibited 
similar deterioration performance. 

3. Conclusions 

In conclusion, properties such as light absorption, XRD measurement 
and SEM analyses revealed the negligible influence of 4-ClBA TiO2 on 

Fig. 4. Morphology of the TiO2, and 4-ClBA-TiO2 a-b) AFM images, c-d) low and e-f) high magnification FE-SEM images of perovskite.  
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the perovskite film thickness, crystal structure, surface morphology and 
optical property. Also, the charge extracting ability of TiO2 was 
enhanced after 4-ClBA doping by high electronegativity of chloro- 

substituent, as confirmed by transient PL spectra indicates high elec-
tron withdrawing ability resulted in effective charge extraction from 
perovskite to electron transport layers. In addition, 4-ClBA effectively 

Fig. 5. a) XRD patterns, b-c) XPS spectra, and c) UPS spectra of TiO2 and 4-ClBA-TiO2 film.  

Fig. 6. a) Structure of 4-ClBA-TiO2, b) the device structure of perovskite solar cell, c) J–V hysteresis behavior and d) EQEs with AM 1.5 G photon flux TiO2, and 4- 
ClBA-TiO2. 
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passivated the traps on the TiO2 surface. SEM analysis of 4-ClBA-doped 
TiO2 shows better morphology with the particles in aggregation of 
synthesis. These results demonstrate the significant enhancement of the 
PSC device performance with 4-ClBA-TiO2 due to the 1.9-fold increase in 
its mobility compared to TiO2 with lower recombination resistance and 
fewer trap states. Conspicuously, the PCE of the PSCs with 4-ClBA-TiO2 
was dramatically improved from 18.23% to a maximum of 20.22% with 
negligible hysteresis. To summarize, the improvements offered by 4- 
ClBA doping support the potential for the commercialization of effi-
cient PSCs. 

3.1. Experimental section 

Materials: Lead(II) iodide (PbI2) and lead(II) bromide (PbBr2) 
(99.99%) were purchased from TCI. Formamidinium iodide (FAI) and 
methylamine bromide (MABr) were purchased from Dyesol. Titanium 
diisopropoxide dis(acetylacetonate) was purchased from Sigma Aldrich 
(Korea). Spiro-OMeTAD (99.5%) was obtained from Lumtec (Taiwan). 
Acetonitrile (99.8%), chlorobenzene (CB, 99.8%), DMF (99.8%) and 
DMSO (99.9%) were purchased from Sigma Aldrich (Korea). For syn-
thesis of 4-ClBA-TiO2 nanoparticles, titanium(Ⅳ) isopropoxide (TTIP, 
97%) was purchased from Sigma Aldrich (Korea). Tetramethylammo-
nium hydroxide (TMAH, 25% in H2O) and 4-chloro benzoic acid (4- 
ClBA, >99.0%) was purchased from TCI. Tetrahydrofuran (THF, 

>99.0%) was purchased from Daejung Chemicals & Metals Co. (Korea). 
For preparation of 4-ClBA-TiO2 paste, terpineol (≥95.0%) was pur-
chased from Kanto Chemical Co. Ethyl cellulose (48.0–49.5% ethoxyl) 
was purchased from Sigma Aldrich (Korea). Lauric acid (>99.0%) was 
purchased from Daejung Chemicals & Metals Co. (Korea). 

3.2. Synthesis of 4-ClBA-TiO2 nanoparticles 

TiO2 nanoparticles were synthesized by hydrothermal process. TTIP 
as a TiO2 precursor was dropped into deionized water (DIW) (0.18 M). 
TiO2 particles were obtained through hydrolysis and condensation re-
action with H2O. The sediment was collected and washed by centrifu-
gation with DIW (3000 rpm, 15mins). After peptization process in 
TMAH solution (0.15 M in H2O) at 85 ◦C for 24hrs, TiO2 nanoparticles 
were synthesized by hydrothermal process at 200 ◦C for 10hrs. For 
surface modification of the TiO2 nanoparticles with 4-ClBA, TiO2 
nanoparticles were collected by centrifugation followed drying in vac-
uum at 80 ◦C for 12hrs. The obtained particles were refluxed with 4- 
ClBA in THF (TiO2:4-ClBA = 1:0.2, 0.4, 0.8 (w/w)) for 24hrs. 4-ClBA- 
TiO2 paste was prepared by mixing with terpineol, ethyl cellulose and 
lauric acid in ethanol (TiO2: terpineol: ethyl cellulose: lauric acid = 1.25 
: 6: 0.6 : 1 (w/w)). After stirring of the mixture, ethanol was evaporated 
by rotary evaporator at 70 ◦C for 30min. 

3.3. Fabrication of PSCs 

Fluorine-doped tin oxide (FTO) glasses (Pilkington, TEC-8, 15Ω/sq) 
were etched using zinc powder and HCl solution (2 M). After cleaning by 
detergent, diluted water, and acetone, they were sonicated with iso-
propyl alcohol (IPA) in an ultrasonic bath for 60 min, followed by UV-O3 
treatment for 20 min. A 30 nm blocking TiO2 (Bl-TiO2) layer (0.15 M 
titanium diisopropoxide dis(acetylacetonate) with 1-butanol) was 
deposited on top of the FTO by spin coating TiO2 precursor solution at 

Table 1 
Key J-V parameters measured for TiO2 and 4-ClBA-TiO2.  

Device JSC (mA cm─2) VOC (V) FF (%) η (%) 

TiO2 (Reverse) 23.2 1.09 72.0 18.23 
TiO2 (Forward) 23.1 1.09 69.1 17.3 
4-ClBA-TiO2 (Reverse) 23.6 1.12 76.4 20.22 
4-ClBA-TiO2 (Forward) 23.4 1.12 76.1 19.94  

Fig. 7. Photovoltaic parameters of (a) open-circuit voltage (VOC), (b) short-circuit current density (JSC), (c) fill factor (FF), and (d) power conversion efficiency (PCE) 
of TiO2 and 4-ClBA-TiO2. 
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2800 rpm for 30 s. Next, it was heated at 125 ◦C for 5 min in air. The 
mesoporous titanium oxide (m-TiO2) (or) 4-ClBA-TiO2 layer was coated 
on Bl-TiO2 substrates at 2000 rpm for 20 s to achieve 150–200 nm 
thickness using a diluted TiO2 paste with ethanol and annealed at 600 ◦C 
for 1 h. The perovskite solution was prepared by dissolving 0.507 g of 
PbI2, 0.080 g of PbBr2, 0.022 g of MABr, and 0.171 g of FAI in 0.8 mL of 
anhydrous DMF and 0.2 mL of anhydrous DMSO. CsI (1.5 M in DMSO) 
was added to give a 5 vol% solution concentration. The spin coating 
procedure was performed in a glove box with nitrogen flow. Perovskite 
precursor solution was spin coated on the substrate at 1000 rpm for 10 s, 
and 4000 rpm for 20s. 200 μL of CB was injected on the substrate 10 s 
prior to the finish and then crystallized at 100 ◦C for 60 min in the glove 
box. Spiro-OMeTAD solution (35.0 × 10− 3 M LiTFSI, 231 × 10− 3 M tBP, 
2.42 × 10− 3 FK209) was spin coated at 5000 rpm for 30 s. Finally, a 100 
nm gold electrode was vacuum deposited on the spiro-OMeTAD over 
layer. 

3.4. Device characterizations 

The film surface morphology was characterized by FE-SEM (HITA-
CHI S-4800 field emission scanning electron microscope) and AFM im-
ages were acquired with an XE-100 (Park System Corp.) in tapping 
mode. The PL spectra were recorded with Hitachi F-4500 fluorescence 
spectrophotometers at room temperature. The samples were excited by a 
pulsed laser with a wavelength of 470 nm. The J-V curves were 
measured (Oriel® Sol3A™ Class AAA solar simulator, models 94043A) 
at 25 ◦C under AM1.5G (100 mW cm− 2) illumination using both forward 
(from ISC to VOC) and reverse (from VOC to ISC) scan modes adjusted using 
a standard PV reference cell (2 cm × 2 cm monocrystalline silicon solar 

cell, calibrated at NREL, Colorado, USA) and a computer controlled 
Keithley 2400 source measure unit. The incident photon-to-current 
conversion efficiency spectrum was measured using Oriel® IQE-200™ 
equipped with a 250 W quartz tungsten halogen lamp as the light source 
and a monochromator, an optical chopper, a lock-in amplifier, and a 
calibrated silicon photodetector. Prior to the illumination, the spectral 
response and light intensity were calibrated using a monosilicon de-
tector. The impedance response was measured over the range of 1 Hz to 
1 MHz with an oscillation amplitude of 15 mV under dark condition 
(Bio-Logic VMP-3). The experimental data were simulated using com-
mercial Z-view software to estimate the values for each component of 
the corresponding equivalent circuits. 
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