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Abstract: In this study, four organic solvents including 1,2-dichlorobenzene (DCB), chlorobenzene
(CB), methylbenzene (MB), and chloroform (CF) were used as solvents in the [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) electron transport layer (ETL) of perovskite solar cells (PSCs). This study
observed the effects of various solvents on the surface morphology of the ETL by using an optical
microscope (OM) and scanning electron microscope (SEM). The surface roughness, crystal structure,
and surface element bonding of the ETL were observed using an atomic force microscope (AFM),
X-ray diffractometer (XRD), and X-ray photoelectron spectroscope (XPS), respectively. The absorption
spectrum of the perovskite layer was explored using an ultraviolet-visible (UV-Vis) spectrometer. The
characteristics of the PSC device were analyzed in terms of its current density—voltage (J-V) curve,
external quantum efficiency (EQE), and electrochemical impedance spectroscopy (EIS) measurements.
The results showed that DCB is a solvent with a high boiling point, low vapor pressure, and high
dielectric constant, and using DCB as the solvent for ETL, the uniformity, coverage, and surface
roughness of the ETL showed better properties. The power conversion efficiency of the PSC in which
DCB was used as the solvent achieved a value of 11.07%, which was higher than that of the PSCs in
which other solvents were used.

Keywords: perovskite solar cells; electron transport layer; 1,2-dichlorobenzene; organic solvents

1. Introduction

Energy shortages and environmental pollution are two major problems faced by humanity in
the 21st century; thus, renewable energies have received attention from numerous countries. Among
renewable energy sources, solar energy has the advantages of being inexhaustible, unaffected by
geographical location, and of being nonpolluting, making it the most advantageous form of renewable
energy. Depending on the materials used, solar cells can be classified into silicon-based solar cells [1,2],
compound semiconductors [3-5], and organic semiconductors [6-8]. In recent years, perovskite solar
cells (PSCs) made of perovskite structural materials have received substantial attention. The term
“perovskite” is derived from an ore structure discovered in the 19th century. Its chemical formula is
CaTiO3, and it consists of eight calcium atoms that form a hexahedron, in which the center point of
each side contains an oxygen atom, with a titanium atom located at the center of the hexahedron. The
term “perovskite” is thus also a general term that refers to materials with such crystalline structures,
and the general formula for them is ABX3, where A and B are two distinct cations and X is an anion.

In 2009, Miyasaka et al. discovered that CH3;NH3Pbl;, an organic—inorganic hybrid perovskite
structural material, has a satisfactory absorption coefficient and excellent carrier mobility. They applied
this material to a dye-sensitized solar cell device structure to replace the original small-molecule
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dye, achieving a conversion efficiency of up to 3.8% and commencing research on PSCs [9]. Park
et al. adopted perovskite material as the sensitizer for quantum dot-sensitized solar cells together
with a liquid electrolyte, yielding an efficiency of 6.5% [10]. In 2012, a Swiss team led by Grétzel
collaborated with a Korean team led by Park and employed the solid-state material spiro-MeOTAD
as an electrolyte, developing an all-solid-state PSC with an efficiency of up to 9.7% [11]. In the same
year, a British team led by Snaith developed a solution-processed PSC that replaced the conventional
mesoporous TiO; electrode with the nonconducting material Al;O3 and used CH3NH3Pbls_,Cly as the
light-absorbing material, producing a more satisfactory carrier mobility and stability with an efficiency
of up to 10.9%; the team named these PSCs meso-superstructure solar cells [12]. In 2013, Grétzel et al.
developed a two-step sequential deposition method that produced a perovskite film by spin-coating a
Pbl, film and by immersing it in a CH3NHj3] solution, forming a more satisfactory surface morphology
and gaining an efficiency of 15% [13]. Snaith et al. produced a perovskite film through evaporation
deposition, which yielded an efficiency of up to 15.4% [14]. In 2014, Yang Yang et al. optimized the PSC
material parameters and used vapor-assisted deposition to enhance the efficiency to 19.3% [15]. After
several years of research and development, the certified maximum conversion efficiency of PSCs has
reached 25.2%. PSCs feature advantages such as low material costs and a simple production process;
moreover, their ultrathin light-absorbing electrode layer (<1 pm) can be produced through a solution
coating process. Accordingly, PSCs are expected to reduce power-generation costs to 1/4-1/5 that of
crystalline silicon solar cells. The high efficiency, low cost, and simple production process of PSCs
have transformed the field of solar cell technology. The technology for PSC preparation has not yet
fully matured, and the fundamental research behind it is actively expanding, with relevant research
teams enthusiastically engaged in research and development.

PSCs typically contain an electron transport layer (ETL) and a hole transport layer (HTL), which
use energy-level matching to facilitate the transfer of carriers to the external circuit [16-18]. Therefore,
apart from the perovskite active layer, the ETL and HTL play crucial roles in enhancing the power
conversion efficiency (PCE) of PSC [19]. The surface uniformity, surface flatness, and surface coverage of
the ETL all contribute to the PCE of the device; thus, optimizing the ETL is essential. In PSCs, common
materials for ETLs are WOy, TiO,, ZnO, SnO5, [6,6]-phenyl-C61 butyric acid methyl ester (PCBM),
indene-Cg) bisadduct (ICBA), and tris[3-(3-pyridyl)-mesityl] borane (3TPYMB) [20]. Coating techniques
for producing ETLs include spin-coating, dip-coating, spray-coating, and screen-coating [21-24]. The
morphology of the charge transport layer is an important factor for charge separation and collection in
PSCs. Recently, for PSCs with planner-inverted structures, morphological control of the PCBM ETLs
have been actively investigated to improve the performance of the PSCs. For example, using poly
(methyl methacrylate) (PMMA) as an additive in the PCBM could reduce the aggregation of PCBM,
thereby increasing the PCE from 18.02% to 18.72% [25]. Using high boiling-point 1,8-diiodooctane as a
solvent additive, a smooth PCBM film and improved device efficiency (12.73%) were obtained [26].
Furthermore, a solvent vapor-annealing method was used to improve the morphology of the PCBM
films, and the PSC exhibited a high efficiency of 19.4% [27]. In this study, a PSC was prepared through
low-temperature spin-coating. The structure of the device was composed of glass/fluorine-doped
tin oxide (FTO)/poly (3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/perovskite
active layer/PCBM/Ag. Various organic solvents including 1,2-dichlorobenzene (DCB), chlorobenzene
(CB), methylbenzene (MB), and chloroform (CF) were used as solvents for the ETL. The effects of these
distinct solvents on the ETL and the PSC are investigated on the basis of comprehensive material
assessment and device characterization to identify the most suitable solvent for the ETL, thereby
achieving ETL and PSC optimization.
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2. Experiments

2.1. Preparation of Perovskite Precursor Solution and ETL Solution

All chemicals are analytical-grade products purchased from commercial sources and were used
as received without further purification. The perovskite precursor solution was prepared as follows:
0.5762 g of Pbl, powder (>99%, Sigma-Aldrich, St. Louis, MO, USA) and 0.1187 g of CH3NH3I (MAI)
powder (>98%, Sigma-Aldrich, St. Louis, MO, USA) were added to a mixed solvent consisting of
600 uL of dimethyl sulfoxide (DMSO) (ACS grade, Echo Chemical Co., Ltd., Miaoli, Taiwan) and
400 pL of gamma-butyrolactone (GBL) (>99%, Sigma-Aldrich, St. Louis, MO, USA). The mixture was
subsequently shaken for 20 min using an ultrasonic agitator, after which it was heated at 60 °C for 1 h
in a nitrogen atmosphere glove box. The preparation of the perovskite precursor solution was then
complete. The ETL solution was prepared by adding 0.002 g of PCBM powder (>99.5%, Sigma-Aldrich,
St. Louis, MO, USA) into DCB (anhydrous, 99%, Sigma-Aldrich, St. Louis, MO, USA), CB (anhydrous,
99.8%, Sigma-Aldrich, St. Louis, MO, USA), MB (anhydrous, 99.8%, Sigma-Aldrich, St. Louis, MO,
USA), or CF (Sigma-Aldrich, St. Louis, MO, USA); each of these solvents had a volume of 90 uL. The
mixtures were subsequently shaken for 5 min using an ultrasonic agitator, completing the preparation
of the ETL solution. Figure 1 shows the chemical structures of the DCB, CB, MB, and CF solvents.
Table 1 lists the chemical formulas, physical properties, and chemical properties of the DCB, CB, MB,
and CF solvents.
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Figure 1. The chemical structures of the (a) 1,2-dichlorobenzene (DCB), (b) chlorobenzene (CB), (c)
methylbenzene (MB), and (d) chloroform (CF) solvents.

Table 1. The physical and chemical properties of the DCB, CB, MB, and CF solvents.

Solvent DCB CB MB CF
Formula C6H4C12 C6H5C1 C7H8 CHC13
Boiling point (°C) 180.5 131 111 61.15
Vapor pressure (kPa) 0.16 12 2.8 259
Dielectric Constant 9.93 5.62 2.38 4.81

2.2. Fabrication of the PSC Devices

Figure 2 depicts the PSC preparation process. First, the substrate was etched and cleaned.
A 0.6-cm-wide piece of Teflon tape was applied to one side of a 2 cm X 2 cm FTO glass substrate, and
3M tape was subsequently applied to the areas that were not covered by the Teflon tape. The Teflon
tape was subsequently removed, and zinc powder was evenly applied to the surface of the substrate
that was not covered by the 3M tape, on which hydrochloric acid was dripped to etch the area through
the reaction between the FTO, zinc powder, and hydrochloric acid. Subsequently, the substrate was
rinsed using deionized water to remove excess zinc powder and hydrochloric acid and was subjected
to ultrasonic agitation in isopropyl alcohol for 5 min, after which it was dried using nitrogen gas. Teflon
tape was subsequently applied to the nonetched area on the opposite side of the substrate (0.6 cm x
2 cm) to form a cathode to be measured, and the substrate was irradiated using a UV-ozone cleaner for
15 min to remove the organic substances on it and to increase its surface affinity. The HTL production
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method was as follows: the cleaned substrate was placed in a spin coater, and 50 uL of PEDOT:PSS
(UR-AI4083, Uni-onward Corp., Taipei, Taiwan) was coated evenly on it through 30-s spin-coating at
4000 rpm, after which it was heated at 150 °C for 10 min. Subsequently, the perovskite active layer was
produced through the following procedure: the substrate was cooled to room temperature and placed
in a nitrogen atmosphere glove box (99.995%). The substrate coated with PEDOT:PSS was placed
in a spin coater, and 40 pL of perovskite precursor solution was evenly applied to the surface of the
substrate through two-stage spin-coating, with the first stage involving 1000-rpm rotation for 10 s and
the second stage involving 7500-rpm rotation for 22 s. Toluene was injected at the 18th second of the
second stage. After the spin-coating was completed, the substrate was moved onto a hot plate and
heated at 100 °C for 5 min. After the substrate had cooled, spin-coating of the perovskite active layer
was repeated. The ETL production process was as follows: the substrate coated with the perovskite
active layer was placed in a spin coater, and 20 uL of ETL solution was evenly coated onto the surface
of the substrate through spin-coating at 1750 rpm for 30 s, after which it was removed from the glove
box. Finally, evaporation deposition of the Ag metal electrode was performed. A metal mask was
applied to the ETL-coated substrate, which was subsequently placed in the vacuum chamber of a
vapor deposition machine, where a mechanical pump was employed to pump the vacuum value to
2 x 1072 Torr, after which the turbine pump was activated and warmed for 2 min. The fine-pump
valve was subsequently activated, and the background vacuum value was pumped to approximately
2.2 x 107° Torr. The current supplier was activated to gradually increase the current value to 38 A, and
the baffle was opened to enable the Ag on the tungsten boat to spread onto the substrate after being
heated and vaporized. The duration of evaporation deposition was 4 min, after which the baffle was
closed, the current source of the evaporation deposition was turned off, and the vacuum of the chamber
was broken to complete PSC device production. The active area of the PSCs in this work was 0.1 cm?.

Perovskite
PEDOT:PSS

FTO Glass

Substrate cleaning HTL by Spin-Coating  Active layer by Spin-Coating  ETL by Spin-Coating
Evaporation
Analysis of device . J
characteristics Perovskite Perovskite
PEDOT:PSS PEDOT:PSS
FTO Glass Thin film analysis FTO Glass

Figure 2. The fabrication process of a perovskite solar cell.

2.3. Characterization of the ETLs and PSCs

This study comprehensively analyzed both the ETL and PSC. The effects of various solvents on
the surface morphology of the ETL were observed by using an optical microscope (OM) and scanning
electron microscope (SEM) (JEOL JSM-7000F, JEOL Inc., Peabody, MA, USA). The surface roughness,
crystal structure, and surface element bonding of the ETL were observed using an atomic force
microscope (AFM) (AutoProbe CP, Thermomicroscopes, Sunnyvale, CA, USA), X-ray diffractometer
(XRD) (Rigaku D/Max-2500V, Rigaku Corp., Tokyo, Japan), and X-ray photoelectron spectroscope
(XPS) (Thermo K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA), respectively. The absorption
spectrum of the perovskite layer was explored using an ultraviolet-visible (UV-Vis) spectrometer
(Optizen Pop, Mecasys, Daejeon, Korea). This study also analyzed the PSC device comprehensively.
Analysis methods included current density—voltage (J-V) curve analysis (CH Instruments 6116D,
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CH Instruments, Inc., Austin, TX, USA), external quantum efficiency (EQE) analysis (QE-R, Enlitech,
Kaohsiung, Taiwan), and electrochemical impedance spectrum (EIS) analysis (CH Instruments 6116D,
CH Instruments, Inc., Austin, USA) [28-30]. The J-V characteristics of the PSCs were measured
under illumination of simulated AM 1.5G solar light from a 550-W xenon lamp solar simulator (ABET
Technologies Sun 3000 Class AAA, Abet Technologies, Inc., Milford, CT, USA).

3. Results and Discussion

3.1. Characterization of the ETLs

After spin-coating the PCBM ETL, the effects of various solvents on the surface morphology of
FTO/PEDOT:PSS/perovskite/PCBM were investigated using the OM, SEM, and AFM. The analyzed
structure was a glass/FTO/PEDOT:PSS/perovskite active layer/PCBM ETL. First, initial observation
of the ETL formed with various solvents was performed using the OM; the results are presented in
Figure 3. A fairly flat electrode surface and uniformly dispersed PCBM were observed when DCB and
CB were used as the ETL solvent. When MB was used as the ETL solvent, the electrode surface was
less smooth and some patterns were formed, with observable aggregation of PCBM that could not be
uniformly dispersed. When CF was adopted as the ETL solvent, the substrate exhibited more obvious
patterns but less observable PCBM aggregation than when MB was employed as the solvent.

(b)

Figure 3. The optical microscope (OM) images of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
electron transport layers (ETLs) based on the (a) DCB, (b) CB, (c) MB, and (d) CF solvents.

To more clearly observe the ETL surface morphology obtained using different solvents, an SEM
was used, and the results are shown in Figure 4. In Figure 4a, DCB was used as the ETL solvent and
fairly obvious PCBM nanostructures with an approximate width of 30 nm—40 nm (estimated from the
enlarged SEM image) covered the surface of the perovskite active layer evenly. Figure 4b demonstrates
the use of CB as the ELT solvent. The dispersion and coverage of PCBM were relatively uniform.
In Figure 4c, MB was used as the ETL solvent. A decline in PCBM coverage was observed, with part of
the perovskite active layer exposed. Figure 4d demonstrates the surface morphology obtained when
CF was used as the ETL solvent. A greater decline in PCBM coverage was observed, and a greater
portion of the perovskite active layer was exposed compared to Figure 4c.

According to the SEM, using MB and CF as the ETL solvent yielded relatively unsatisfactory
PCBM uniformity and coverage, which might result in relatively inadequate electron transport capacity
after the ETLs thus produced are made into devices. Different solvents resulted in varying ETL surface
morphologies, and the key to such variations lies in the solubility of PCBM in the solvent and the
volatility of the solvent. Solubility is proportional to the dielectric constant; thus, a higher dielectric
constant leads to greater solubility [31]. The order of the dielectric constants of the ELT solvents was
DCB > CB > CF > MB, with MB exhibiting less favorable solubility for PCBM compared with the other
three solvents. DCB exhibited excellent solubility, thus producing an ELT surface that was smoother,
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with PCBM evenly covering the perovskite active layer. Solvent volatility is inversely proportional
to the boiling point and proportional to vapor pressure. Spin-coating was adopted for the ETL in
this study, after which the substrate was placed at room temperature for 2 min for the solvent to be
removed through volatilization. Because the vapor pressure of CF was much higher than that of other
solvents, CF had been completely volatilized before a film could be evenly applied to the perovskite
active layer during the spin-coating process; this prevented the completion of spin-coating and resulted
in unsatisfactory coverage. The smaller dielectric constant of MB and its lower solubility for PCBM
resulted in PCBM aggregation. DCB and CB possessed higher dielectric constants and lower vapor
pressures; thus, they had more satisfactory performances in terms of PCBM uniformity and coverage.

(b)

Figure 4. The scanning electron microscope (SEM) images of PCBM ETLs based on the (a) DCB, (b) CB,
(c) MB, and (d) CF solvents.

This study used an AFM to determine the surface roughness of the ETL. Flatter ETL films can
reduce the number of defects in the evaporation deposition of the electrode and can enhance the
photocurrent and power conversion efficiency of the device. The AFM analysis results are presented
in Figure 5. Figure 5a shows the AFM image of the perovskite layer. The surface roughness of the
perovskite layer was 25.4 nm. When DCB and CB were used as the ETL solvents, the surface roughness
values of FTO/PEDOT:PSS/perovskite/PCBM were 5.8 nm and 13.2 nm, respectively; by comparison,
when MB and CF were used as the ETL solvents, the respective surface roughness values observed
were 35.2 nm and 55.7 nm. The AFM analysis results showed varying degrees of roughness resulting
from the use of different solvents; specifically, DCB yielded the lowest degree of surface roughness,
CB had a higher degree of roughness, MB had a notably higher degree of roughness, and CF had the
highest degree of surface roughness. When CF was used as the ETL solvent, the rapid volatilization of
the solvent resulted in inadequate coverage and thus yielded the greatest degree of surface roughness.
When MB was used as the ETL solvent, its low solubility caused uneven PCBM dispersion, which
resulted in the second highest degree of surface roughness. Regarding the surface roughness obtained
from the use of DCB and CB as the ETL solvents, DCB yielded a lower degree of surface roughness
and, hence, a smoother surface. This was because its boiling point and dielectric constant are higher
than those of CB, while its vapor pressure is lower than that of CB. The results demonstrated that the
boiling point, vapor pressure, and dielectric constant of the ETL solvent all have significant influence
on the surface morphology of the ETL.
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Figure 5. The atomic force microscope (AFM) images of (a) the perovskite layer and PCBM ETLs based
on the (b) DCB, (c) CB, (d) MB, and (e) CF solvents.

The crystal structure of the FTO/PEDOT:PSS/perovskite/PCBM was analyzed using XRD, and
the analysis results are presented in Figure 6. The signals at 26.5°, 33.7°, 37.8°, and 51.6° are the
characteristic peaks of the FTO, whereas the signals at 14.1°, 19.9°, 23.5°, 24.6°, 28.5°, 31.9°, 40.6°, and
43.2° are the characteristic peaks of the CH3NH;3Pbl; perovskite active layer, with corresponding lattice
planes of (110), (112), (211), (202), (220), (310), (224), and (314) [32]. Overall, using DCB, CB, and MB as
the ETL solvents did not yield any significant difference in the signals of CH3NH3Pbls. However, using
CF as the ETL solvent led to a slight decrease in the CH3NH;3Pblj crystal signals at 28.5° and 31.9° and,
particularly, at 14.1°, where the crystal signal exhibited the most significant decline. The formation of
CH3NH;3Pbl; was proven by the diffraction peaks around 14.1°, 28.5°, and 31.9°, which were assigned
to the (110), (220), and (310) lattice planes of the tetragonal perovskite structure, respectively. When CF
was used as the ETL solvent, the CH3NH;3PbI; film showed lower signal peaks, which revealed the
lower crystallinity of the perovskite layer. The results imply that the CF solvent might have undergone
a chemical reaction with the perovskite CH3NH;3Pbl;, which resulted in the destruction of the original
CH;3NH;3PbI; crystal. Therefore, CF is less suitable as the ETL solvent.
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Figure 6. The X-ray diffractometer (XRD) results for PCBM ETLs based on various solvents.

Subsequently, surface element bonding of the ETL was analyzed using the XPS, and the spectra of
O1s, 13d, and Pb4f were investigated. The XPS Ols analysis results are presented in Figure 7a: the
binding energy of O was approximately 532.5 eV and was composed of the C—O and C=0O bonds in
PCBM. At 532.5 eV, the order of the four solvents’ signal strengths was DCB > CB > MB > CF. Because
the binding energy of O existed only in PCBM, higher ETL uniformity and coverage led to a stronger
O binding energy intensity. By contrast, the O binding energy was minimal when CF was used as
the solvent because the ETL uniformity and coverage of CF were low. Figure 7b presents the results
of XPS I3d analysis. The source of the I-bond was the CH3NH3Pbl; perovskite layer, and the signals
of the binding energies 631 eV and 619.5 eV correspond to the I 3d3, and I 3ds,; peaks, respectively.
The order for the binding energy strength of the solvents was CF > MB > CB = DCB. Because XPS is
a surface analysis technique, no I-bond signal was detected on the surface when DCB and CB were
used as the ETL solvents, indicating that the ETL uniformity and coverage were satisfactory, and the
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bonding signal of the lower-layer CH3NH;3PbI; could not be detected. Conversely, when MB was
used as the ETL solvent, the exposed CH3NH;3PbI; bond was detected because of its inadequate ETL
coverage and uniformity. The signal strength detected from the use of CF as the ETL solvent was
higher than that of MB, which indicated that its ETL uniformity and coverage were even less favorable.
Furthermore, the bonding of Pb was analyzed, and the results are provided in Figure 8. The XPS
full spectrum analysis results indicated that the signals at the binding energies of 137.1, 142.1, 284.2,
532.2,619.2,631.3, and 977.2 eV corresponded to the Pb 4f;/,, Pb 4f5/, Cls, Ols, 1 3dsp, I 3d35, and
O Auger peaks, respectively. The results indicated that, when CF was used as the ETL solvent, the
signal strength of the Pb binding energy was the highest. Similar to I, the source of the Pb bond was
CH3NH;3Pbls, which was mainly generated from the inadequate uniformity and coverage of the ETL.
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Figure 7. The X-ray photoelectron spectroscope (XPS) (a) Ols and (b) I3d analysis results for PCBM
ETLs based on various solvents.
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Figure 8. The XPS full spectrum analysis results for PCBM ETLs based on various solvents.

A UV/Vis spectrometer was used to explore the effects of using various solvents in the ETL on the
absorption spectrum of the perovskite active layer. The analyzed wavelength range was 300-800 nm,
and the results are presented in Figure 9. The experimental results indicated that the CH3NH;Pbl3
perovskite active layer possessed satisfactory light absorption characteristics at 310-550 nm, and the
order of the absorption spectrum intensity for the solvents was DCB > CB > MB > CE. When DCB was
used as the ETL solvent, the perovskite active layer had optimal light absorption, whereas using CF as
the ETL solution yielded the least satisfactory light absorption. The reason may be that CF underwent a
chemical reaction with the perovskite active layer; thus, using CF as the ETL solvent caused the optical
absorption properties of the perovskite active layer to become inadequate and might be detrimental
to the device’s performance. This finding was consistent with the results of XRD analysis. Figure 10
presents an SEM cross-sectional image of the PSC device. The structure from bottom up consisted of
FTO/PEDOT:PSS/perovskite active layer/PCBM/Ag, and the thickness values of the FTO, PEDOT:PSS,
perovskite active layer, PCBM, and Ag were observed to be approximately 170.5 nm, 54.1 nm, 281.3 nm,
and 187.5 nm, and 60.2 nm, respectively.
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Figure 9. The absorption spectra of the perovskite active layers based on various ETL solvents.

Figure 10. The SEM cross-sectional image of the perovskite solar cell.

3.2. Characterization of the PSC Devices

This study subsequently analyzed the effects of producing ETLs using distinct solvents on the
PSC device, with the analysis methods including J—V, EQE, and EIS analyses. First, the device was
subjected to -V curve analysis to investigate the effects of using various solvents as the ETL solvent
on the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and PCE of the PSC
devices. The results are presented in Figure 11 and Table 2: when using distinct solvents (DCB, CB,
MB, and CF) as the ETL solvents, the solvents with the lowest and highest Jsc were CF (9.76 mA/cm?)
and DCB (21.26 mA/cm?), respectively. CF and CB yielded the lowest and highest Voc (0.70 V and 0.85
V, respectively); CF and DCB possessed the lowest and highest FF (0.26 and 0.62, respectively); and CF
and DCB yielded the lowest and highest PCE (1.78% and 11.07%, respectively). In the PSC device, the
ETL transports the excited electrons to the electrode, and the ETL film quality is proportional to its
Jsc, FE, and PCE. The J-V analysis indicated that the performance of the device (Jsc, Voc, FE, and PCE)
was unideal when MB and CF were used as the ETL solvents, with these solvents yielding efficiencies
of 4.74% and 1.78%, respectively, and were thus unsuitable as the ETL solvents because of factors
such as ETL coverage, uniformity, and roughness. Using DCB and CB as the ETL solvents resulted
in satisfactory device performance, with the Jsc of DCB being 1.41 mA/cm? higher than that of CB,
indicating more satisfactory electron transport, whereas the Voc of CB was 0.01 V higher than that of
DCB. The FF performance of DCB and CB revealed the key difference between their PCEs, with DCB’s
FF being 0.02 higher than that of CB. The factors affecting FF were impedance between interfaces,
series resistance, and shunt resistance. AFM analysis indicated that DCB resulted in a lower surface
roughness than CB did; thus, the surface was rougher when CB was used as the ETL solvent, leading
to an increased resistance between the interfaces and decreased FF and, hence, the 0.95% difference in
PCE between the two solvents.
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Figure 11. Current density—voltage (J-V) characteristics of the perovskite solar cells (PSCs) based on
various ETL solvents.

Table 2. Photovoltaic characteristics of PSCs based on various solvents for the ETL.

Solvent Jsc (mA/cm?) Voc (V) Fill Factor PCE (%)

DCB 21.26 0.84 0.62 11.07
CB 19.85 0.85 0.60 10.12
MB 15.24 0.74 0.42 4.74
CF 9.76 0.70 0.26 1.78

This study subsequently performed EQE analysis of the PSC devices. The range of the EQE
measurement wavelength was 300-800 nm, and the analysis results are presented in Figure 12. The PSC
device yielded satisfactory EQE values at 380-750 nm. When using distinct solvents as the ETL solvent,
the highest peaks of EQE for DCB, CB, MB, and CF were 88.5%, 83.7%, 62.3%, and 38.6%, respectively.
Overall, the values of EQE and Jsc (DCB = 21.26 mA/cm?, CB = 19.85 mA/cm?, MB = 15.24 mA/cm?,
and CF = 9.76 mA/cm?) showed the same trend of DCB > CB > MB > CF. EQE analysis indicated again
that a satisfactory ETL had a significant influence on the electron collection and transport. With the
most satisfactory performance in uniformity, coverage, and surface roughness, DCB possessed the
highest EQE compared with the three other solvents and was thus the most suitable as the ETL solvent.

-=-DCB
-e—-CB
80F —-MB
- CF

300 400 500 600 700 800
Wavelength (nm)

Figure 12. External quantum efficiency (EQE) spectra of the PSCs based on various ETL solvents.

The impedance characteristics of the PSCs were analyzed using EIS [33]. The measurement
frequency range was 20 Hz-1 MHz, and the AC amplitude was 0.01 V. Figure 13 presents the EIS
analysis results. A semicircle generally appeared in the EIS analysis of the PSC and represented the
impedance of the carrier transported between the ETL/perovskite active layer/HTL interfaces [34], with
less impedance indicating a quicker carrier transport rate.

The experimental results demonstrated that using CF as the ETL solvent yielded a large carrier
transport impedance, followed in order by MB. When DCB and CB were used as the ETL solvents, the
resulting carrier transport impedances were smaller, among which the carrier transmission impedance
of DCB was slightly smaller than that of CB. The only changes in this study were the use of various
solvents in the ETLs; thus, the reason for the differences in the impedance values in the EIS analysis
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was concluded to be the influence of the solvents. The surface roughness of the ETL affected the
impedance between the ETL and the electrode as well as the impedance of the carriers transported
within the device. The differences in FF in the ]-V curve analysis provided preliminary verification of
the relationship between the ETL surface roughness and impedance, whereas the EIS analysis more
clearly elucidated the differences in the ETL surface roughness with respect to the internal impedance
of the device. Overall, DCB was the most satisfactory ETL solvent among the four solvents.

900

N v'AA AA
300 g
X, 09%%,

150 \ vv""
. .
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Figure 13. Electrochemical impedance spectroscopy (EIS) Nyquist plots of the PSCs based on various
ETL solvents.

4. Conclusions

In this study, four organic solvents (DCB, CB, MB, and CF) were used as the solvents for PCBM
ETLs to investigate their effects on the ETL and the resultant PSC devices. The PSC devices possessed
a structure that comprised glass/FTO/PEDOT:PSS/CH3;NH3Pbl;/PCBM/Ag. Using DCB and CB as
the solvents yielded a more uniform surface, whereas PCBM aggregation and a decline in PCBM
coverage were observed when MB and CF were used as the solvents. The different ETL morphologies
were caused by the uniformity and coverage of the ETL, which were due to the distinct solubility of
PCBM in the various solvents. In addition, the volatility, boiling point, vapor pressure, and dielectric
constant of the solvents also affected the ETL. According to the XRD analysis results, the crystal signal
of the CH3NH;3Pbl; exhibited a slight decline when CF was used as the ETL solvent. This may be
attributable to a chemical reaction between the solvent CF and CH3NH3Pbl3, which destroyed the
original CH3NH;3Pbl; crystal; thus, CF was less suitable as an ETL solvent. In terms of the analysis of
the PSC device characteristics, the ]-V analysis results indicated that using DCB as the ETL solvent
yielded a higher Jsc, FF, and PCE (21.26 mA/cm?, 0.62, and 11.07%, respectively). According to EQE
analysis, PSC had the highest EQE value (88.5%) when DCB was used as the ETL solvent; the EIS
analysis results indicated that the carrier transport impedance within the device was the smallest when
DCB was used as the ETL solvent. In summary, DCB is a solvent with a high boiling point, low vapor
pressure, and high dielectric constant, and using it as the PCBM ETL solvent yields satisfactory ETL
uniformity, coverage, and surface roughness as well as excellent device performance, thus making it
the most suitable solvent for preparing the ETL of PSCs.
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