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ABSTRACT: Perovskite solar cells garnered commercial interest due to their
device’s impressive photon conversion efficiencies and improvements in long-
term stabilities. The critical indicators of high-quality perovskite solar cells are
often associated with morphological characteristics, such as grain size, compact
packing, surface smoothness, and formation of suitable interfaces with charge
transport layers. In the present study, the linear electroabsorption spectral signals
emanating from the interface of methylammonium lead triiodide perovskite films
grown on different electrodes and charge transport layers are shown to be
sensitive to surface roughness. The polymeric hole transporting layers
PEDOT:PSS on FTO/ITO substrates as underlayers were shown to produce
smoother films with weaker linear electroabsorption signals compared with the tin oxide electron transporting layer on the FTO
substrate as an underlayer, thereby highlighting the potential of linear electroabsorption spectroscopy to screen the quality of
perovskite solar cells.

■ INTRODUCTION
Perovskite solar cells are marching forward with great strides
due to the tremendous improvements in device architectures,
efficiencies, and long-term stabilities compared with conven-
tional solar cells. For example, the devices of single-junction
perovskite solar cells reported an efficiency of 26.2%, while the
silicon−perovskite tandem solar cell displayed an efficiency of
33.9%.1−5 Further, the active areas of perovskite solar cells
increased from millimeters to centimeters, and their device
performance stabilities crossed several 1000 h, which has
drawn commercial interest recently.2,6−10 However, device
performance degradation due to ion migration and deteriorat-
ing film quality due to aging or decomposition are still critical
issues that must be overcome to match the stabilities of
perovskite solar cell technologies on par with crystalline silicon
solar cells.11−15

Interestingly, the performance and stabilities go hand in
hand for perovskite solar cells. For example, E-beam
inspections of highly functional and stable perovskite solar
cells display compact packing, moderate crystallite sizes, and
smooth surfaces/interfaces.16−21 By taking the cues from
successful device architectures, several interesting structural
engineering techniques have been introduced to enhance the
longevity and performance of the devices. For example,
molecular additives were used to passivate the defects; the
bifunctional self-assembled monolayers were introduced
between the electrodes and the perovskite films to pacify
interfacial defects and improve the charge transport, and/or

the surface passivation was done with a two-dimensional
perovskite, polymeric materials, or small molecules to protect
the top surface from degradation and nullify the surface
defects.2,4,6,22−28 Therefore, it is imperative to develop a
molecular understanding of the effects of interfacial and
morphological characteristics of the absorbing layers on the
electronic properties of perovskite solar cell devices.

Electroabsorption (E-A) spectroscopy is a powerful tool in
providing a molecular level understanding of the excitons
produced in the bulk and interfaces with electrodes or charge
transporting materials. E-A spectra obtained by synchronizing
the field-induced change in transmitted light intensity at the
second harmonic of the modulation frequency have been used
to determine the exciton binding energies and effective masses
of carriers of perovskite nanocrystalline films.29−36 The effects
of irradiation light intensity and the modulation frequency
dependence of the applied external electric field on the ion
migration kinetics have been studied using second-harmonic E-
A spectroscopy.31 Similarly, E-A spectra obtained by
synchronizing the field-induced change in transmitted light
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intensity at the first harmonic of the modulation frequency
have been used to discuss the electronic structure of molecules
at the interfaces for orderly arranged systems, quantum wells,
and perovskite films.37−41 Usually, the first harmonic E-A
spectra produce first-derivative line shapes due to the linear
Stark effect. However, the first harmonic E-A spectra of
methylammonium lead triiodide (MAPI) perovskite films were
found to show second derivative-like shapes similar to those
obtained at the second harmonic of the modulation frequency,
which was assigned to the coexistence of both spectral
broadening and narrowing processes.37 Recently, it was
proposed that the second-derivative-like shape of the first
harmonic E-A spectra arose due to the differences in electronic
structures of MAPI films at the top and bottom interfaces,
which undergo red and blue Stark shifts upon application of
the external field.33 Herein, we show that the magnitude of the
first harmonic E-A signal is very sensitive to the underlayer on
which the perovskite film is grown. The film roughness of
perovskites is highly correlated to the functioning of its devices.
Similar to the device performance, the first harmonic E-A
signals are also shown to be associated with the roughness of
the perovskite films. Then, first-harmonic E-A spectroscopy is
proposed as an excellent option to examine the interface
quality of perovskite solar cells for their functionality and
longevity.

■ EXPERIMENTAL METHODS
Indium tin oxide (ITO) and fluorine tin oxide (FTO)
substrates of size 3 cm × 2 cm were taken, and half of the
substrate was etched using zinc powder and 4 M hydrochloric
acid. The other half of the substrate was protected by masking
with Scotch brand tape during etching. The etched substrates
were thoroughly cleaned with water and detergent, followed by
ultrasonication twice in a solution of 1:1:1 ratio of water:-
acetone:isopropanol mixture. The ultrasonicated substrates
were rinsed with DI water, followed by pure acetone, and then
dried in the laboratory oven for about 3 h to ensure enough
drying of the substrates. The dried substrates were ozonized

for 30 min before spin-coating to improve the surface
wettability.

Poly(3,4-ethylenedioxythiophene)−poly(styrenesulfonate)
(PEDOT:PSS) and tin oxide (SnO2) nanoparticle suspension
in water (H2O) were taken in sample vials, stirred, and
sonicated for 30 min to ensure no aggregation. Further, the
dispersions were filtered using 0.45 μm nylon filter to separate
larger particles. Later, the suspensions were spread over the
substrates and spin-coated using a spin-coating machine set to
5000 rpm for 50 s. The spin-coated films were annealed at 150
°C for 10 and 30 min for PEDOT:PSS and SnO2 samples.

Later, MAPI films were spin-cast onto the substrates inside a
glovebox kept under the steady flow of dry nitrogen. MAPI
films were prepared using a mixture of lead iodide (PbI2) and
methylammonium iodide (MAI) in a 1:1 ratio dissolved in
dimethylformamide solvent. The precursor solution was stirred
for 12 h at 70 °C, filtered, and cooled to room temperature
before spin-coating. The MAPI films were spin-cast from the
precursor solutions using the antisolvent spin-coating method,
where precursor solution was loaded onto the substrates and
the rotor of the spin coater was spun at 5000 rpm for 50 s. At 5
s after the initiation of the rotation, chlorobenzene was
dropped onto the substrate at normal incidence to retard the
nucleation and improve the quality of the fabricated films. The
spin-coated samples were annealed at 100 °C for 10 min.
During the annealing process, the films turn from transparent
to dark brown color, ensuring the formation of perovskite
crystals.

An insulating poly(methyl methacrylate) (PMMA) film was
spun on top of MAPI to prevent it from degradation due to
moisture and oxygen. 45 mg of purified PMMA was dissolved
in 1 mL of toluene and stirred to obtain a clear precursor
solution suitable for spin-coating. PMMA precursor solution
was loaded onto the MAPI film and spin-coated at 5000 rpm
for 50 s. The 18 nm thick semitransparent aluminum
electrodes were deposited on top of the PMMA film using
the vacuum thermal deposition method. The films deposited
between the two electrodes, i.e., the conducting layer and
aluminum electrode, serve as active layers for applying the

Figure 1. (A−D) XRD patterns of MAPI films grown on various underlayers. (E) Surface-sensitive PL spectra of MAPI films grown on multiple
underlayers observed for its substrate side and MAPI side with an excitation wavelength of 450 nm.
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electric field. The thickness of the active layers was determined
by using a surface profiler (Dektak 150, Veeco).

The UV−vis absorption spectra of the perovskite samples
were measured using a JASCO spectrometer. The PL spectra
of perovskite samples were measured using a laboratory-built
PL spectroscopic system reported elsewhere.46 A 450 nm CW
diode laser was used as an excitation light source, and the
emission spectrum was measured by scanning the mono-
chromator’s grating and coupling the output to a silicon
photodiode and a digital multimeter. The excitation light was
blocked at the entrance of the monochromator using a 500 nm
long pass filter. The X-ray diffraction patterns were recorded
from a Bruker D8 Advance diffractometer equipped with
monochromatic Cu Kα radiation (λ = 1.5406 Å) operating at
40 kV and 40 mA. The samples were probed from 2θ = 10° to
60° at an increment of 0.0745°. Background correction is
performed on the acquired XRD patterns. For the contact
angle measurement, about 10 μL of the perovskite precursor
solution was carefully dropped on the substrate of interest and
placed on top of a glass plate holder. The droplet−substrate
interaction was viewed, and the corresponding image was
captured through a CCD camera, followed by the direct
contact angle calculation using FTA32 software. The scanning
electron microscopic images were measured using a Hitachi
SU8010, and atomic force micrographs were obtained using a
SEIKO SPA-300HV. As described elsewhere, the field-induced
change in the absorption spectra of MAPI samples was
obtained using a laboratory-built electroabsorption spectro-
scopic system.29−34,37,47 A sinusoidal wave of frequency 1 kHz
and electric field strengths of 0.05−0.3 MVcm−1 were applied
to samples to measure the E-A spectra with respect to the first
harmonic and second harmonic of the applied field.

■ RESULTS AND DISCUSSION
MAPI perovskite films were grown on different underlayers,
namely, SiO2, FTO, ITO, ITO/PEDOT:PSS, FTO/PE-
DOT:PSS, and FTO/SnO2 underlayers. Here, SiO2 is an

insulator commonly used in E-A spectroscopy, whereas FTO
and ITO are electrodes used in n−i−p and p−i−n architecture
of solar cells, and PEDOT:PSS and SnO2 are hole and electron
transporting materials, respectively. XRD patterns of the
fabricated MAPI films on various underlayers are shown in
Figure 1A−D. The XRD patterns broadly resemble the well-
known room temperature tetragonal phase42 of MAPI;
however, the peak intensities and positions show sensitivity
to the underlayer used to grow the films. For example, the 14°
peak displayed a weaker intensity for MAPI films grown on
FTO than on ITO or SiO2 underlayers. The absorption spectra
of MAPI films grown on various underlayers are shown in
Figure S1. The absorption spectra show band edges due to the
excitonic bands with band tails and slight variations in the
absorbance values. The variations in the absorbance values of
the films could be due to differences in the thicknesses of the
films grown on different underlayers. The effects of the
substrate on the electronic band structures were studied using
surface-sensitive photoluminescence (PL) spectroscopy, as
shown in Figure 1E. The PL spectra of MAPI films show
emission bands from the band edge states in the region
between 770 and 780 nm as listed in Table S1. The peak
position and bandwidth of the PL spectra of MAPI films are
sensitive both to the growth substrate and to the measurement
direction (e.g., measurements from the substrate side vs
opposite film side), suggesting that both band bending and
perovskite film quality such as morphology or surface
roughness depends on the growth substrate and the interface
between MAPI and substrate.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images were taken to probe the effect of
the underlayer on the surface morphology and roughness, as
shown in Figure 2. SEM images show that MAPI films
fabricated on different underlayers produced good-quality films
without any pinholes. The underlayers affected the grain size
distributions and surface roughness of the films, as shown by
the SEM and AFM images. ITO electrodes produced smoother

Figure 2. Scanning electron micrograph (SEM) images of MAPI perovskite grown on (a) SiO2, (b) FTO, (c) ITO, (d) ITO/PEDOT:PSS, (e)
FTO/PEDOT:PSS, and (f) FTO/SnO2 underlayers. The insets on the SEM images are the atomic force micrographs displaying the surface
roughness of the corresponding films. (g) Contact angles of precursor solutions on various layers as indicated.
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films than did the FTO and SiO2 insulator underlayers.
Introducing the PEDOT:PSS polymeric hole transport layer
decreased the surface roughness of MAPI films produced on
FTO plates, whereas the SnO2 metal oxide electron trans-
porting layer increased the surface roughness of the MAPI film.
All in all, FTO/PEDOT:PSS produced a smoother film with a
surface roughness of 12.5 nm, and FTO/SnO2 produced a
rough film with a surface roughness of 25 nm. The observed
variations in the surface roughness of MAPI films can be
ascribed to changes in the nucleation rate caused by the change
in the surface wettability of the underlayers. Contact angle
measurements shown in Figure 2g show the underlayer
dependent variations in the surface wettability with variations
of 3°. The contact angles of precursor solutions on ITO and
FTO/PEDOT:PSS surfaces were shown to be ∼9° and 10°,
respectively, which produced smoother MAPI film surfaces
with roughness of 14.3 and 15.6 nm, respectively.

In the present study, E-A spectra of MAPI film fabricated on
different substrates were measured at the second harmonic and
first harmonic of the modulation frequency of the applied
electric field, as shown in Figure 3. The second harmonic E-A
(EA2f) spectra show characteristic second-derivative-like band

shapes under the presence of the applied electric field. The
magnitudes of EA2f signals grow linearly (refer to Figure S2) to
the square of the applied electric field. The second-derivative-
like shape of the EA2f excitonic absorption band results from
the broadening of exciton absorption bands upon application
of the external electric field. The broadening of excitonic bands
was assigned to a change in the sample’s electric dipole
moment (Δμ) following absorption, associated with the
applied electric field.29,31,33,34 The observed EA2f spectra
were scaled to the absorbance values of their excitonic
absorption bands to nullify the effects of thickness on the
magnitude of the observed changes. The EA2f spectra show
slight variation in the signal intensities based on the underlayer
used for film growth, but this purely comes from the sample
condition, which can be regarded as an experimental error.

As shown in Figure 3, the first harmonic E-A (EA1f) spectra
also show a second-derivative-like band shape similar to the
EA2f spectra, but a switching behavior with respect to the
polarity of the applied field was observed, in contrast to the
EA2f spectra. The EA1f spectral band magnitudes grow linearly
with respect to the applied field (refer to Figure S3),
confirming the origin of the observed spectra. Note that the

Figure 3. E-A spectra of MAPI films grown on various underlayers as a function of (a) second harmonic (EA2f) and (b) first harmonic (EA1f) of the
applied ac sine wave modulation frequency. The modulation frequency was set to 1 kHz, and the field strength was set to 0.3 MV cm−1.

Figure 4. Effects of surface roughness on EA signal magnitudes were monitored at (a) the second harmonic and (b) the first harmonic relative to
the applied frequency. Broken lines are guides for the eye.
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EA2f spectral signal grows linearly to the square of the applied
electric field, as mentioned above. The observed second-
derivative-like shape of the EA1f spectra and polarity
dependence are consistent with the earlier reports.33,37 The
EA1f spectra often produce first-derivative shapes in highly
oriented samples and no signals in randomly oriented samples.
The first-derivative shape of the EA1f spectra in the oriented
samples is due to the shift of excitonic absorption bands caused
by Δμ following absorption in the presence of the applied
electric field, whereas in randomly oriented samples these
spectral shifts cancel out on an ensemble average, leading to no
signals. Contrary to expectations, EA1f spectra of MAPI
samples show second-derivative-like shapes. Recently, it was
reported that the observed second-derivative-like shapes of the
EA1f spectra originate from different magnitudes of the spectral
shifts arising from the top and bottom interfaces of MAPI
films.33 Similar to the EA2f spectra, EA1f spectra were also
scaled to nullify the effects of the second harmonic field on the
first harmonic signals in Figure 3.

The magnitudes of EA2f and EA1f signals at the minimum
peak of the exciton band were plotted against sample
roughness as shown in Figure 4. The EA2f signals show a
random distribution within experimental uncertainties, whereas
EA1f signals show an excellent correlation to the surface
roughness, i.e., with a plateauing effect for roughness over 20
nm. FTO/PEDOT:PSS/MAPI film with a surface roughness
of 12.5 nm showed a weaker first harmonic E-A band intensity,
whereas FTO/SnO2/MAPI with a surface roughness of 25 nm
showed a stronger first harmonic band intensity. The
underlying physics behind the observed correlation between
the film surfaces and the EA1f signals might have multiple
origins , such as the accumulation of space charges at the
opposite electrodes due to photoexcitation, ion migration,
optical interference, interface defects, etc. However, effects
such as optical interference and ion migration can be ignored
as the former is more sensitive to reflection mode measure-
ments than the transmission mode measurements, and
likewise, the latter is manifested at low frequencies and high
photon fluxes. The EA experiments were conducted at high
frequencies and low photon fluxes where ion migration is
minimal. Therefore, the observed EA1f signals might be a result
of asymmetric electric fields at the interfaces due to dangling
bonds or accumulated space charges where the former is more
likely than the latter as the photon fluxes are small but cannot
be ruled out. Similarly, differences in the orientations of grains
or grain sizes at the interfaces may also lead to asymmetric
electric fields and to EA1f signals; however, they are not
possible to quantify, as the back interfaces are always buried.
Further, the grain sizes and surface morphologies shown from
the SEM images in Figure 2 do not offer quantifiable changes
that can be correlated to EA1f signals, but the surface roughness
parameter evaluated from AFM that correlates quite well to the
EA1f signals is usually a manifestation of various underlying
physical phenomena mentioned above.

Despite the complex physical processes, the observed
correlation of EA1f signals with surface roughness has practical
implications. For example, the performance of MAPI solar cell
devices and their hysteresis effects were often shown to be
sensitive to film surface roughness. MAPI films with smoother
morphologies displayed higher efficiencies, minimal hysteresis,
and long stability.17,18,20,21,43−45 SEM micrographs can be used
to assess the quality of films; however, they need special
sampling procedures, and films cannot be used after the

measurements. However, EA measurements can be performed
on the working devices without impacting their performances.
Therefore, the correlation of EA1f signal magnitudes with
surface roughness is quite interesting as they serve as visual
guides to connect the molecular properties with the device’s
electrical properties. It is worth mentioning that simple electric
field effects on steady-state absorption techniques have the
potential to be used as a valuable tool to screen fabricated
perovskite films (developed using various methods on a variety
of underlayers) for their quality and to correlate device
performances with respect to standard devices.

■ CONCLUSIONS
In summary, MAPI films on different substrates grown under
identical conditions show variations in grain sizes and
roughness. ITO substrate was shown to produce smoother
films when compared with FTO or SiO2 substrates as
underlayers. Polymeric PEDOT:PSS hole transporting layers
deposited on FTO/ITO substrates were shown to produce
smoother films when compared with electron transporting
layers deposited on FTO substrates. First-harmonic E-A
spectra were shown to have a clear correlation with the
surface roughness, whereas second-harmonic E-A spectra were
shown to be insensitive to the surface morphological
conditions within the experimental uncertainties. The
sensitivity of the first-harmonic E-A signal to surface roughness
might serve as an excellent indicator to characterize the
interfaces of perovskite solar cells to predict their quality for
long-term operation.
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