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ABSTRACT: The interfacial charge transport dynamics in perovskite
solar cells (PSCs) play a significant role for achieving improved device
efficiency. We have shown here the morphology optimization of the
electron transport layer (ETL), i.e., [6,6]-phenyl-C61-butyrate methyl
ester (PCBM), through solvent engineering by introducing a mixed
solvent system (chlorobenzene (CB) and dichlorobenzene (DCB)) in
PCBM layer fabrication. The results showed an improvement in
morphology and better film coverage with reduced surface roughness
and pinholes in ETL by replacing half of CB with a high boiling point
solvent in the CB0.5−DCB0.5 system. Strong quenching in steady-state
photoluminescence (PL) indicates that an improved interaction in the
perovskite/ETL interface leads to efficient charge transfer, which has been
further realized through time-resolved PL (TR-PL) measurement with
reduced lifetime τavg ∼2.35 ns. The power conversion efficiency (PCE) in
PSCs improved from 17.2% for CB1.0−DCB0 to 18.46% for CB0.5−DCB0.5 mixed solvent treated ETL. Furthermore, this mixed
solvent processing for ETL strengthened the perovskite/ETL interface and minimized the charge carrier recombination, which
seems to be a convenient mixed solvent strategy for high-performance PSCs.
KEYWORDS: perovskite solar cells, electron transport layer, mixed solvent, chlorobenzene, dichlorobenzene

■ INTRODUCTION

Organic−inorganic halide perovskites (OIHPs) have been
widely used in recent years in several optoelectronic devices
owing to their tremendous properties such as defect tolerance,
bandgap tunability, low exciton binding energy, high charge
carrier mobility, high molar extinction coefficient, etc.1−4

OIHPs are efficient photo-absorbers for PSCs and reached an
excellent efficiency of 25.5% in PSCs.5 The scientific fraternity
has been constantly putting its efforts in developing high power
conversion efficiency (PCE) PSCs by developing several
optimizations through tailoring the physical and optical
properties of photo-absorbers. As per the S−Q limit model,
the theoretical PCE in single junction PSCs is ∼33%;5
however, at the experimental level, there are several factors
responsible for efficiency loss in OIHPSCs.6,7 Additionally, the
morphologies of the OIHP and transport layers play crucial
roles in the PSC performance.8−12 The morphology of photo-
absorbers is generally related to the light-harvesting and charge
carrier generation in PSCs. For boosting PCE in PSCs, there
has been broad research going on to fabricate controlled
perovskite films with uniformity through solution processing
that includes solvent vapor annealing, sequential depositions,
and solvent engineering.9,10,13−15 In conventional PSCs, the
photo-absorber is sandwiched between the electron transport
layer (ETL) and hole transport layer (HTL), where TiO2

typically is employed as an ETL; however, the high
temperature processing for its crystallization and sintering
could increase the overall production cost and hence the
commercialization.16,17 To overcome this issue, an inverted p-i-
n PSC structure has been developed and under extensive
research, where organic ETLs such as PCBM are exploited,
help in minimizing the density of defects in the perovskite/
ETL interface, deliver a well-matched alignment of band
structures, and so on.18−21 Nevertheless, PSCs without ETL
generally face substantial reduction in Voc, Jsc, and FF and affect
the overall device performance.22−24 It is worth mentioning
that the morphology of ETL and interactions between multiple
interfaces within the device are very crucial for efficient charge
transport and collection processes;20,25,26 however, focused
investigations on ETL morphology studies in PSCs are limited.
There are few systematic studies that have been pursued on
different mono-solvent systems followed with the prolonged
solvent annealing process of ETL for complete evaporation of
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the solvent and better perovskite/ETL interfacing, resulting in
controlled film quality with respectable efficiency.25,27,28 Liu
and Lee12 investigated the effect of 1,8-diiodooctane (DIO) as
a solvent additive to control the PCBM-ETL morphology with
an annealing temperature of 40 °C for 30 min in an inverted
PSC architecture, achieving a PCE of 14.8%. Their results
suggested that DIO as a solvent additive improves PCBM
morphology and helps in better charge transportation. The
same research group in 201829 studied the effect of various
organic solvents including chlorobenzene, dichlorobenzene,
and chloroform for preparing PCBM-ETL for inverted PSCs
using the same parameters of annealing temperature and time
(40 °C for 30 min) for PCBM drying. This investigation
revealed that conductivity and ETL roughness depend on the
solvent evaporation rate, and the dichlorobenzene processed
PCBM showed better morphology with an enhanced PCE of
17.9%. Tsai et al.30 also studied the effect of various processing
solvents such as methylbenzene, chloroform, chlorobenzene,
and dichlorobenzene on the morphology of PCBM-ETL and
inverted PSC device efficiency enhancement. Greener solvents
such as tetraethyl orthocarbonate for perovskite layer and
anisole for PCBM processing (annealing temperature of 90 °C
for 30 min) were introduced by replacing chlorobenzene,
which resulted in better film morphology/charge trans-
portations in PCSs with PCE enhancement to 18.1%.31 To
control the morphology of PCBM-ETL, the concept of doping
PCBM was also investigated; it was found that poly(9,9-
dioctylfluorene-co-benzothiadiazole) as a dopant in PCBM
improves the film morphology and reduces surface roughness,
which led to PCE enhancement from 12.6 to 15% in inverted
PSCs.32 Very recently, Li and co-workers33 introduced
poly(ethylene-covinylacetate) (EVA) as a solution additive in
PCBM; the study showed that strong coupling between PCBM
and EVA endorses better molecular stacking and hence
improves the morphology and moisture stability, with an
enhanced PCE of 19.3% in PSCs. A detailed investigation on
perovskite-PCBM bulk heterojunction was conducted by Ha
and co-workers34 in planar PSCs, with PCE enhancement from
11 to 18% achieved by improving charge properties and
perovskite film quality. Ha et al.35 introduced an efficient
strategy to control perovskite grain size by adding solubility
dependent PCBM (annealing temperature of 110 °C for 10
min) in perovskite antisolvent and reported a PEC enhance-
ment to 15.9% for the optimized PSCs.
The complexity in fabricating high-quality and uniform

PCBM-ETL may cause severe non-radiation recombination at
the perovskite/PCBM interface. Involvement of low boiling
point anti-solvents generally leads to fast evaporation that
tends to damage ETL morphology, which suffers from poor
surface coverage and lack of interfacial contact between
perovskite and ETL.21,30,35,36

To overcome the prolonged solvent annealing process, our
mixed solvent strategy seems to be a highly beneficial and
quick strategy to get a smooth film with reduced pinholes and
better interface. However, in the present study, the ratio of the
CB0.5−DCB0.5 mixed solvent strategy with variable boiling
points and vapor pressures has been adjusted appropriately to
get a uniform film with reduced pinholes on the PCBM surface
to improve coverage and enhance PCBM film quality. This not
only helps in fabricating a uniform ETL with improved
morphology and provides better surface coverage but is also
beneficial to execute the penetration of PCBM that helps in
repairing the voids within the perovskite film and reinforce the

interfacial contact in perovskite/ETL. The mixed solvent
strategy here seems to be a highly beneficial and comparatively
quick strategy to get a smooth film with reduced pinholes and
better interface. The solvent engineering strategy here utilizes
CB (low bp ∼131 °C) and DCB (high bp ∼180.5 °C) solvent
systems, where DCB aids to slow evaporation with a lower
vapor pressure of 0.16 kPa. The uniformity and better film
quality of ETL were investigated using field emission scanning
electron microscopy (FE-SEM) and atomic force microscopy
(AFM). The steady-state results revealed strong quenching
that is attributed to better charge extraction and strong
interfacial contact in the perovskite/ETL interface with solvent
engineering, i.e., CB0.5−DCB0.5 solvent system; furthermore,
the findings were supported with the decay dynamics measured
through TR-PL. The PCE in inverted planar PSCs increased
from 17.2% for CB1.0−DCB to 18.46% for CB0.5−DCB0.5
mixed solvent treated ETL, with minimum charge carrier
recombination at the interface confirmed through the EIS
study.

■ RESULTS AND DISCUSSION

The focus of the present study lies in the regime of solvent
engineering and the effect of solvent optimization on the
electron transport layer (ETL) and fabricating high-quality
perovskite/ETL film without involving excess surface passiva-
tion and so on, which has been further used in inverted PSCs.
To reveal the effectiveness of solvent engineering on ETL
(PCBM) for uniform film quality and better interfacial contact
of perovskite/ETL, we first conducted structural and optical
characterizations on perovskite/ETL on glass substrates.
Figure S1 (black line) displays the XRD pattern of pristine
perovskite in the present study; the optimized perovskite
composition, i.e., BA0.02(FA0.83Cs0.17)0.98Pb(I0.83Br0.17)3, has
been used throughout the experimental and device testing
for all the cases. It has been revealed that the XRD observed
here is phase pure for perovskite confirmed with the reference
reported elsewhere37 with an average grain size of 150 to 230
nm. In addition. The FE-SEM micrograph in Figure S2 depicts
the morphology, grain size, and film coverage of the perovskite
film. This was followed by the fabrication of PCBM (ETL) on
top of the perovskite, where single and mixed solvent system of
CB and DCB has been used as organic solvent for PCBM film
casting on perovskite, i.e., CB1.0−DCB0 (1:0 v/v%), CB0.75−
DCB0.25 (3:1 v/v%), CB0.5−DCB0.5 (1:1 v/v%), and CB0−
DCB1.0 (0:1 v/v%). The vapor pressure and boiling point of
the solvent for this experiment are shown in Table S1. Figure
S1 depicts the X-ray diffraction of perovskite/ETL films for all
the four cases, which confirmed the fabrication of pure phase
perovskite without any impurity or degradation.37 We have
further conducted the in-plane GIXRD on CB1.0−DCB0 and
CB0.5−DCB0.5 mono and mixed solvent treated PCBM ETL on
the perovskite film, shown in Figure S3. As reported in the
previous studies, PCBM helps in enhancing the crystallinity of
halide perovskites;38−40 the major peaks as observed correlate
to the crystalline phase of the BA0.02(FA0.83Cs0.17)0.98Pb-
(I0.83Br0.17)3 perovskite. However, it can be clearly observed
that the perovskite crystallinity increased for the CB0.5−DCB0.5
mixed solvent treated PCBM as compared to the CB1.0−DCB0.
Since the concentration of PCBM is constant in all the cases,
the optimized ratio of solvents with different boiling points and
vapor pressures of the mixed solvent system tends to slow the
evaporation rate of the solvent and can control the
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morphology, provide uniformity, and reduce surface rough-
ness.
Additionally, the morphological investigation and film

coverage were conducted using FE-SEM and AFM measure-
ments. Figure 1 shows FE-SEM micrographs of perovskite/
PCBM surfaces for various solvent engineering cases.
Figure 1a,d demonstrates the perovskite/PCBM where

chlorobenzene (CB) and dichlorobenzene (DCB) solvents
were used as ETL solvent, respectively, and Figure 1b depicts
the perovskite/PCBM where a mixed solvent ratio of CB0.75−
DCB0.25 was used for ETL film casting on top of perovskite. It
has been observed from FESEM micrographs that the film
morphology is nonuniform and with pinholes, resulting in

reduced film quality. However, in the mixed solvent case, i.e.,
CB0.5−DCB0.5 (Figure 1c), where an equal volume ratio of
both solvents was used, better surface coverage and uniformity
can be clearly seen. The solvent boiling point and vapor
pressure play a vital role for achieving good quality film,30 and
in the present work, we have demonstrated that the optimized
ratio of solvents with two different boiling points for ETL
fabrication may result in better quality film. If the solvent
boiling point is too low with high vapor pressure, it results in
rapid drying of the film.41 The solvent gets volatile during the
spin coating process before the film gets evenly spread,
resulting in reduced coverage and poor morphology,30,42,43 as
can be seen in CB1.0−DCB0 processed PCBM. In addition, we

Figure 1. FE-SEM micrographs of solvent treated PCBM ETL in perovskite/PCBM films at 20k and 50k magnifications (inset): (a) CB1.0−DCB0,
(b) CB0.75−DCB0.25, (c) CB0.5−DCB0.5, and (d) CB0−DCB1.0, respectively.

Figure 2. AFM micrographs of single and mixed solvent processed PCBM ETL in perovskite/PCBM films: (a) CB1.0−DCB0, (b) CB0.75−DCB0.25,
(c) CB0.5−DCB0.5, and (d) CB0−DCB1.0.
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have observed pinholes and nonuniformity in the ETL film
processed with 100% DCB solvent (CB0−DCB1.0), which
might be due to insufficient annealing duration or temperature
processing. The solvent annealing time and temperature are
optimized as per the mixed solvent system; however, it seems
inadequate for the single solvent processed PCBM. It can be
clearly observed from Figure 2d that the film quality of CB0−
DCB1.0 is almost the same as for the CB1.0−DCB0 processed
ETL.
Figure 2 depicts the AFM micrographs of the perovskite/

PCBM layer with single and mixed solvent systems for PCBM
coating. The surface roughness values obtained were 1.78,
0.609, 0.433, and 0.696 nm for CB1.0−DCB0, CB0.75−DCB0.25,
CB0.5−DCB0.5, and CB0−DCB1.0 solvent systems. The initial
surface roughness of 1.78 nm was observed for the CB1.0−
DCB0 case, which was reduced to 0.609 nm when 25% of CB
was replaced with high bp solvent DCB and further reduced to
0.433 nm when the ratio of DCB was increased to 50% in the
mixed solvent system, i.e., CB0.5−DCB0.5 for PCBM coating.
The high value of surface roughness is attributed to the rapid
volatilization of the solvent with lower bp (as listed in Table
S1) that resulted in insufficient surface coverage in the case of
CB1.0−DCB0 (depicted in Figure 2a). In addition, the surface
roughness for CB0−DCB1.0 is higher than that of the mixed
solvent processed PCBM films. In the present study, the ETL
solvent annealing temperature is fixed to 120 °C for a duration
of 10 min for quick annealing, which seems to be the
optimized time period for mixed solvent processed PCBM
films, where the presence of DCB retarded the rate of solvent
evaporation and resulted in reduced surface roughness (shown
in Figure 2b,c) and pinholes. The optimized ratio of high bp
solvent in the mixed solvent system mitigates the degree of
solvent volatilization and eases the formation of smooth and
better quality films with reduced surface roughness by allowing
the penetration of PCBM into perovskite voids.25,44,45

However, for the CB0−DCB1.0 processed ETL layer, the
solvent annealing time of 10 min for elevated temperature of
120 °C is inadequate; additionally, some traces of solvent may
leave within the interface owing to its lower vapor pressure and
result in the formation of surface defects.46 However, the
surface roughness of CB0−DCB1.0 is lower than that of CB1.0−
DCB0 since the dielectric constant value of DCB (9.93) is
higher than that of CB (5.62), which resembles the higher
degree of solubility,30 and hence the ETL processed with DCB
is smoother with reduced surface roughness than CB processed
ETL.
The above results indicate that the fabrication of a high-

quality electron transport layer can be achieved by simply
optimizing the solvent ratios in mixed solvent systems. The
optimized ratio of the high bp solvent may control the growth
rate with slow evaporation of solvent and allow the penetration
of PCBM that helps in repairing the voids in perovskite, which
helps in better crystallization of perovskite with reduced
surface roughness and strengthens the coupling between
perovskite and PCBM that will be discussed in detail in
succeeding sections.
Figure 3a depicts the absorbance spectra of perovskite and

perovskite/PCBM on glass substrates in the spectral range
from 400 to 900 nm, and the calculated bandgap (1.64 eV)
using the Tauc plot is provided in Figure S4. As denoted
earlier, the various ratios of CB-DCB indicate the solvent
optimization for PCBM layer fabrication on top of the
perovskite layer. The light absorption intensities are almost

the same in the range of 480−650 nm; however, in the band
range of 400−460 nm, the absorbance intensity increased after
the deposition of PCBM on the perovskite layer. As shown in
the inset of Figure 3a, a slight increase in the absorption for
CB1.0−DCB0 was observed as compared to the CB0.75−
DCB0.25 treated perovskite/PCBM film; in addition, the XRD
peak intensity of the (100) and (110) hkl plane (Figure S1b)
seems to be slightly increased for CB1.0−DCB0 as compared to
CB0.75−DCB0.25. The increase in absorption might be
attributed to the increased grain size and crystallinity of
perovskite.47 However, as discussed in the earlier section, the
surface roughness for CB1.0−DCB0 was higher, which is
ascribed to the rapid volatilization of the lower boiling point
solvent that caused an insufficient surface coverage in case of
CB1.0−DCB0. PCBM layers fabricated by the CB0.5−DCB0.5
solvent were observed to have a high light absorption

Figure 3. (a) UV−vis absorption spectra in the wavelength range of
400 to 900 nm; inset plot shows the magnified view in the range from
400 to 500 nm. (b) Steady-state PL spectra of perovskite film (black
line) and perovskite/ETL films. PCBM electron transport layer
treated with CB (CB1.0−DCB0, red curve), DCB (CB0−DCB1.0, blue
curve), and mixed solvent systems CB0.75−DCB0.25 and CB0.5−DCB0.5
on glass substrate. (c) Normalized PL spectra of perovskite and
perovskite/PCBM CB0.5−DCB0.5 indicating blue shift in PL spectra
for perovskite/PCBM.
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compared to other samples (as shown in the inset of Figure
3a), which might be attributed to the better film quality with
reduced surface roughness and enhanced crystallinity of
perovskite/PCBM CB0.5−DCB0.5,

47,48 which further supported
the results obtained through AFM (Figure 2) and GIXRD data
(Figure S3).
The mixed solvent strategy of using high boiling point

solvents for ETL fabrication helps in the penetration of the ET
organic molecule into the perovskite film below, which tends
to develop a pseudo-bulk heterojunction and repair the defects
of perovskite film,25 further evidenced through PL results.
Figure 3b illustrates the steady-state PL spectra of the pristine
perovskite film and perovskite/ETL with various ratios of the
mixed CB−DCB solvent system. Steady-state PL quenching
has been realized in perovskite/PCBM-ETL, which indicates
the charge transport.49−52 Since the interaction between
perovskite/PCBM leads to the charge extraction process
from perovskite to PCBM, several pioneering works have
already been done on the charge extraction from perovskite to

ETL/HTL and quenching in PL intensity.38,53−55 In the case
of the CB0.5−DCB0.5 solvent treated PCBM film, the
quenching is comparatively higher, which may be attributed
to the better charge transport. However, when considering the
layer stacking of perovskite with ETL/HTL or even the
complete device, the concept of photoluminescence quenching
in SS-PL cannot be merely considered due to the charge
transfer from perovskite to the extraction layer, though it also
includes other physical effects such as charge carrier
recombinations and trapping within the layer and at the
perovskite−ETL interface.54,56 As we have discussed in earlier
sections, where the surface morphology was hampered in the
case of the CB0−DCB1.0 solvent processed PCBM and resulted
in a nonuniform film with comparatively higher surface
roughness than mixed cases, this might be due to the
inadequate duration of solvent annealing in the case of the
solvent with lower vapor pressure, which might result in the
surface defects. Hence, PL quenching in CB0.5−DCB0.5 treated
ETL in perovskite/ETL specifies the better charge transport in

Figure 4. (a) Schematic for inverted PSC with the BA0.02(FA0.83Cs0.17)0.98Pb(I0.83Br0.17)3 perovskite as photoabsorber. (b) Graphical representation
of PCBM film processing with single and mixed solvent systems and their effect on the morphology and interface. (c) Current density−voltage (J−
V) plots. (d) EQE spectra of the device to the different solvents in PCBM. (e) Dark current density−voltage plots for the three sets of devices in
each case of single and mixed solvent processed PCBM ET layer in perovskite/PCBM films in inverted PSCs, i.e., CB1.0−DCB0 (red line), CB0.75−
DCB0.25 (green line), CB0.5−DCB0.5 (magenta line), and CB0−DCB1.0 (blue line). (f) Impedance spectrum characterization; Nyquist plots of
impedance spectra in PCBM layers manufactured from different PCBM solvents obtained by applying 1 V bias in the dark; fitting done with the
equivalent circuit shown in panel f.
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the perovskite/ETL interface. Steady-state (SS) PL measure-
ments were further conducted with perovskite and perovskite/
PCBM films over a range of time for each case. There is only a
slight variation in PL intensity that has been observed in the
SS-PL data over time from 0 to 5 min specially after 5 min PL
data, as shown in Figure S5a−e along with the statistical data
on time vs PL intensity (Figure S5f). The measurements were
all performed at the top surface of the film in perovskite/
PCBM, and there was a prominent blue shift of approx. 6 nm
detected for the perovskite/PCBM bilayer (771 nm) shown in
Figure 3c and Figure S5, which might be attributed to the
passivation of trap states. It has already been reported
elsewhere that the SS-PL wavelength shifts toward the blue
region for the perovskite/PCBM bilayer, which might be
ascribed to trap state passivation on the top surface or near
grain boundaries.38,57 In the present investigation, we have
observed that the optimized concentration of the high boiling
point solvent in the mixed solvent system lessens the solvent
volatilization and helps in the fabrication of a smooth and
better quality film with reduced surface roughness (as depicted
in the GIXRD and AFM data) by allowing the penetration of
PCBM into the voids in the perovskite film. Based on these
observations, we can correlate the development of better
quality film formation with reduced traps at the surface and
grain boundaries and hence its effect on the optical property of
perovskite. To check the consistency in PL intensity
throughout the film, SS-PL measurements at three different
points within the same film in selected pristine perovskite and
perovskite/PCBM (CB0.5−DCB0.5) film (as shown in Figure
S6) were further conducted with constant instrumental
parameters. The inset in Figure S6 (right panel) shows the
SS-PL graph for perovskite/PCBM (CB0.5−DCB0.5) film with
almost equal intensities at different spot points, and Figure S6
(left panel) shows the histogram for both sample intensities at
three different points that confirms the consistency in PL
intensities.
TRPL measurement was further conducted for perovskite

and perovskite/PCBM on glass substrate to elucidate the
evidenced quenching in steady-state PL spectra to realize the
effect of mixed solvent treatment on perovskite/PCBM charge
transfer.
The average lifetime was calculated with the formula τavg =

∑αiτi
2/ ∑ αiτi .

58 A reduction in average lifetime was observed
from 23.2 ns (perovskite) to 2.35 ns (Figure S7 and Table S2)
for the CB0.5−DCB0.5 mixed solution-treated PCBM ETL in
perovskite/PCBM film. The results obtained for the CB0.5−
DCB0.5 case shows better charge extraction

33,54,59 as compared
to the other films. In other words, the CB0.5−DCB0.5 mixed
solution-treated PCBM ETL in perovskite/ETL film allows

efficient charge transfer to the contact layer resulting in a
shorter PL lifetime.
To elucidate the effect of solvent on the PCBM layer on the

device performance, the PSCs glass/ITO/NiOx/2PACz/
BA0.02(FA0.83Cs0.17)0.98Pb(I0.83Br0.17)3/PCBM/BCP/Ag were
fabricated for the CB1.0−DCB0, CB0.75−DCB0.25, CB0.5−
DCB0.5, and CB0−DCB1.0 solvent processed PCBM layer in
perovskite solar cells, and the device structure is shown in
Figure 4a. Based on the above results and related explanations,
the plausible schematic representation is depicted in Figure 4b.
The solvent processing with mono and mixed solvent systems
and their effect on the morphology of PCBM were studied
with SEM and AFM results. Figure 4b shows the illustrative
representation in which, for pure CB and DCB cases, the
PCBM film is nonuniform with high surface roughness and
pinholes, which are attributed to the fast solvent evaporation of
the solvent in the former case and inadequate processing
parameters for the latter one. Nevertheless, in case of the
mixed solvent processed PCBM film, the surface coverage is
comparatively better (as observed from SEM and AFM
micrographs), and based on the significant increase in
steady-state PL quenching and efficient charge extraction
from TRPL data, it can be concluded that simply increasing
the concentration of the solvent with lower vapor pressure up
to an optimized ratio benefits the penetration of PCBM within
the perovskite voids and helps in defect passivation, which may
lead to enhanced interfacial interaction and better charge
extraction and transport.25,60

The J−V characteristics and detailed photoelectric param-
eters of PSCs fabricated from different solvent processing of
the PCBM in PSCs are shown in Figure 4c and Table 1. For
CB1.0−DCB0, CB0.75−DCB0.25, CB0.5−DCB0.5, and CB0−
DCB1.0 as solvents processed PCBM, the PCEs for champion
devices are 17.72, 17.77, 18.46, and 17.57%, respectively,
whereas Figure S8 depicts the statistical distribution of PCEs in
22 devices. In addition, Table S3 summarizes the best reported
efficiencies in the literature of very similar mixed halide−mixed
cation Pb-based perovskite solar absorbers and as reported in
the present work.
With a champion device PCE of 18.46%, the stabilized

power output (SPO) of 17.6% has been achieved as depicted
in Figure S9. It has been observed that the value of current
density (Jsc) is minimum for CB1.0−DCB0 (20.1 mA/cm2) and
CB0−DCB1.0 (20.01 mA/cm2); however, with replacement of
25% CB with DCB in the CB0.75−DCB0.25 solvent treated
PCBM layer, the Jsc increases to 20.44 mA/cm2, and with
further increase in the contribution of DCB to 50% in the
mixed solvent treated PCBM (CB0.5−DCB0.5), the Jsc increases
to 20.81 mA/cm2.

Table 1. PV Parameters of Mixed Solvent Processed PCBM ETL in Perovskite/PCBM Films for Inverted PSCs under AM 1.5
Illumination

perovskite Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

CB1.0−DCB0 average 19.62±0.38 1.077±0.01 79.8±0.68 16.89±0.35
champion 20.18 1.099 79.18 17.72

CB0.75−DCB0.25 average 20.02±0.44 1.07±0.02 80.50±0.76 17.24±0.42
champion 20.44 1.092 79.61 17.77

CB0.5−DCB0.5 average 20.2±0.5 1.092±0.01 80.93±0.9 17.86±0.36
champion 20.81 1.106 80.21 18.46

CB0−DCB1.0 average 19.93±0.6 1.086±0.02 77.84±1.75 16.84±0.54
champion 20.01 1.11 79.1 17.57

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c02913
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02913/suppl_file/ae1c02913_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In addition, with the use of CB0.5−DCB0.5 as PCBM solvent,
a very small increase in the average open circuit voltage (Voc
∼1.1 V) and fill factor (FF ∼80.21) was observed, which can
be considered to be due to improved film and charge
extraction in perovskite/PCBM. Since the higher internal
voltage relates to the open circuit voltage (Voc) of the device,
in-depth study on this relation have been reported in some
pioneering research that the Voc equals the internal voltage
only for the high efficiency PSCs, whereas Voc is lower than the
internal voltage in case of poor efficiency devices.61,62

However, in the present study, we have observed SS-PL
intensity reduction that depends on various physical effects,
which can be correlated to the Voc as stated earlier.
Nevertheless, the variation in the Voc is within a small window
to be justified with respect to the internal voltage, and
exploring this insight and correlations is a subject of future
investigation.
Figure 4d displays the external quantum efficiency (EQE)

curves for CB1.0−DCB0, CB0.75−DCB0.25, CB0.5−DCB0.5, and
CB0−DCB1.0 solvent processed PCBM. The PCBM with
CB0.5−DCB0.5 system showed the highest EQE value in the
wavelength range of 630 to 700 nm. This has been attributed
to better film quality with maximum surface coverage and
enhanced interaction between perovskite and PCBM, which
leads to improved light absorption and charge collection and
more efficient charge separation.63−65

Figure 4e depicts the dark J−V curves for CB1.0−DCB0,
CB0.75−DCB0.25, CB0.5−DCB0.5, and CB0−DCB1.0 solvent
processed PCBM in PSCs. For the CB0.5−DCB0.5 solvent
system processed PCBM in perovskite solar cells, the reverse
bias is lower in comparison to the other three cases, suggesting
that the PCBM has less leakage current for the CB0.5−DCB0.5
solvent processed PCBM in PSC. As discussed in the earlier
sections, the morphology control and film uniformity play a
vital role on the device performance, and it has been observed
that the films fabricated with CB1.0−DCB0 and CB0−DCB1.0
have comparatively nonuniform surface, pinholes, and high
surface roughness (as shown in FE-SEM and AFM micro-
graphs, Figures 1 and 2). The leakage current reduction in dark
J−V relates to the reduced trap densities that correlate to the
crystallinity of the perovskite film and reduced non-radiative
recombinations.66 The dark J−V trend for CB0.5−DCB0.5
(magenta line) and CB0.75−DCB0.25 (green line) for all the
three set of devices is consistent; however, as shown in Figure
4e, in CB1.0−DCB0 and CB0−DCB1.0, due to the existence of
non-uniformity in film morphology, the dark J−V data show
inconsistency.
Figure 4f shows the Nyquist plot obtained by applying 1 V

bias in the dark for CB (CB1.0−DCB0), DCB (CB0−DCB1.0),
and mixed solvent (CB0.75−DCB0.25 and CB0.5−DCB0.5)
processed PCBM electron transport layer for PSCs. The
semicircle in Figure 4f provides information about the charge
recombination resistance (Rrec). As shown in Table S4, the
values obtained from the impedance study for the series show
the same trend observed in J−V parameters for all the cases.
The Rs value reduced from 32.5 to 16.9 Ω for CB1.0−DCB0
and CB0.5−DCB0.5, respectively. This result is consistent with
the series resistance reduction for CB0.5−DCB0.5 determined
from the J−V curve. Moreover, the factors affecting device fill
factor are generally the impedance between perovskite/ETL,
series (Rs), and shunt resistance (Rsh). The Rs for CB0.5−
DCB0.5 treated PCBM layer in PSCs is much lower at approx.
16.9 Ω, and by keenly correlating this with the AFM surface

roughness where the surface roughness was minimum for the
case of CB0.5−DCB0.5, it can be concluded that the ETL
surface was smoother and the resistance between perovskite/
ETL decreased when 50% of low bp solvent was replaced by
high bp DCB for processing PCBM layer in PSCs, which is
attributed to the enhanced FF, interfacial coupling, and charge
dissociation. In addition, the Rrec value is the highest (Rrec =
1461.94 Ω) for CB0.5−DCB0.5 as a solvent for PCBM in PSC,
which can help in improving the perovskite/PCBM interface
by allowing slow evaporation of the solvent and easing the
diffusion of PCBM into perovskite voids, which helps in
repairing the perovskite surface, eventually strengthening the
interfacial interaction between perovskite and PCBM, prevent-
ing electron−hole recombination, and improving electron
transport.67,68 However, in case of CB0−DCB1.0 where the
100% DCB was used to process the PCBM layer, due to the
higher boiling point and too low vapor pressure, the solvent
evaporation becomes slower, which may result in the formation
of surface defects, which can be clearly observed with the
increased value of series resistance. The mixed solvent
processing of the PCBM layer helps in the fabrication of
smoother ETL with maximum surface coverage. Eventually,
the existence of high boiling point DCB solvent in the
optimum concentration leads to the slow evaporation of the
solvent and penetration of PCBM within perovskite holes,
resulting in improved interfacial coupling and hence better
charge extraction and device performance. Therefore, this
study provides a way to improve the device performance of
PSCs by employing a simple mixed solvent strategy for
electron transport layer processing.

■ CONCLUSIONS
High-quality PCBM-ETL film fabrication for inverted PSC has
been achieved through a mixed solvent engineering strategy
using CB and DCB solvents. It has been shown to cause strong
interfacial coupling between perovskite and ETL, which
significantly results in strong PL quenching in mixed solvent
treated ETL, further confirmed with the decay dynamics.
Moreover, the variation of boiling points in this mixed solvent
system leads to the slow evaporation of the solvent, controls
the rate of ETL drying, and helps the PCBM to patch the voids
and non-uniform surfaces in the perovskite film. TR-PL and
EIS measurements revealed lesser electron−hole recombina-
tion at the perovskite/ETL interface, thus improving the
electron collection efficiency. The PSC results revealed an
efficient enhancement in the device performance of 18.46%.
Our finding provides an in-depth understanding of how the
mixed solvent systems promote better film fabrication of
PCBM-ETL by precisely modifying the solvent ratio in the
mixed solvent system and helps in enhancing the interfacial
contact of perovskite/ETL without involving extra surface
passivation, which further aids in the efficient charge extraction
and hence helps in increasing the device performance in PSCs.
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