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ABSTRACT: A wide variety of charge carrier dynamics, such as
transport, separation, and extraction, occur at the interfaces of
planar heterojunction solar cells. Such factors can affect the overall
device performance. Therefore, understanding the buried interfacial
molecular structure in various devices and the correlation between
interfacial structure and function has become increasingly
important. Current characterization techniques for thin films such
as X-ray diffraction, cross section scanning electronmicroscopy, and
UV−visible absorption spectroscopy are unable to provide the
needed molecular structural information at buried interfaces. In this
study, by controlling the structure of the hole transport layer
(HTL) in a perovskite solar cell and applying a surface/interface-
sensitive nonlinear vibrational spectroscopic technique (sum
frequency generation vibrational spectroscopy (SFG)), we successfully probed the molecular structure at the buried interface
and correlated its structural characteristics to solar cell performance. Here, an edge-on (normal to the interface) polythiophene
(PT) interfacial molecular orientation at the buried perovskite (photoactive layer)/PT (HTL) interface showed more than two
times the power conversion efficiency (PCE) of a lying down (tangential) PT interfacial orientation. The difference in interfacial
molecular structure was achieved by altering the alkyl side chain length of the PT derivatives, where PT with a shorter alkyl side
chain showed an edge-on interfacial orientation with a higher PCE than that of PT with a longer alkyl side chain. With similar
band gap alignment and bulk structure within the PT layer, it is believed that the interfacial molecular structural variation (i.e., the
orientation difference) of the various PT derivatives is the underlying cause of the difference in perovskite solar cell PCE.

■ INTRODUCTION

Perovskite, an organic−inorganic hybrid material, has shown
exceptional performance in planar heterojunction solar cells.
The power conversion efficiency (PCE) of perovskite solar cells
has increased from 3.8% in 2009 to over 20% in 2014.1−3 A
typical perovskite photoactive layer has an ABX3 crystal
structure, where A, B, and X are the organic cation, metal
cation, and halide anion, respectively.3 Recent research has
shown various approaches that can be adopted to improve
properties of the perovskite photoactive layer. Such approaches
have included varying the ABX3 chemical composition to tune
the band gap,3−6 using different solvent combinations to
prepare the perovskite precursor to change the perovskite
crystal structure during the annealing process,7 and adopting a
rapid cooling rate after annealing to prepare a smooth and
compact perovskite layer and minimize void formation.8 A
typical planar heterojunction perovskite solar cell has a
perovskite photoactive layer sandwiched between an electron
transport layer (ETL) and a hole transport layer
(HTL).2,3,5,9−17 By absorbing incoming photons, electrons

and holes are created inside the perovskite photoactive layer
and extracted by the ETL and HTL, respectively.
For a perovskite solar cell with a highly crystallized, smooth,

and compact photoactive layer, it is believed that device
performance is determined by how efficiently charge carriers
are transported and extracted across the interface by both the
ETL and HTL. In an inverted structure perovskite solar cell,
the ETL is typically a metal oxide (e.g., zinc oxide, titanium
oxide, etc.), and the HTL is usually composed of organic
molecules, such as Spiro-OMeTAD, benzodithiophene poly-
mers (e.g., PTB7), or polythiophenes (e.g., P3HT).3,5,18−21

Some of these organic molecules have shown promising
performance; the best PCE of solar cells made using these
molecules ranges from 10% to 20%. It is relatively
straightforward to analyze the structures of the ETL and
perovskite photoactive layers due to their high crystallinity.
However, structures of both the HTL bulk and the HTL
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interface are not well-known and have remained under debate
since the initial studies of organic photovoltaics (OPVs).22,23

Due to a lack of crystallinity, very few techniques can be used to
provide insight or meaningful information about the HTL bulk
structure. The bulk structure of an organic layer may be
investigated by some X-ray-based techniques, e.g., X-ray
absorption near edge spectroscopy (XANES), but such
techniques can be quite complicated and are synchrotron-
based. It is even more challenging to study the molecular
structure of the HTL interface due to the lack of appropriate
tools that can probe buried interfacial structures. It is believed
that interfacial molecular orientation plays a vital role in charge
transport, charge separation, and/or charge recombination; the
interfacial structure is usually assumed using bulk X-ray
diffraction results. Here, for the first time, we applied sum
frequency generation (SFG) vibrational spectroscopy,24 an
interface-sensitive nonlinear optical spectroscopic technique, to
investigate the buried interfacial structure between perovskite
and the HTL.
SFG is a second-order nonlinear optical process where two

photons are combined at an interface to generate a third
photon that sums the energy of the two incoming photons. The
selection rule of SFG dictates that this photon-combining
process can only occur in a medium which lacks inversion
symmetry. Most bulk media have inversion symmetry and
cannot generate an SFG signal. For surfaces and interfaces,
inversion symmetry is broken, and the SFG process can occur,
allowing for SFG vibrational spectroscopy to be an intrinsic
surface/interface-specific technique. In our SFG studies, the
two incoming beams are visible (532 nm) and frequency-
tunable infrared (IR) beams. By tuning the IR beam frequency,
one can selectively probe various functional groups at an
interface. Resolving the molecular orientation of such func-
tional groups is achieved by controlling the polarization of each
incoming beam as well as the generated SFG beam. Recent
progress in SFG research has shown that SFG is a powerful tool
to investigate surfaces and interfaces of many systems such as
biological systems,25−30 organic molecules,31,32 and water
surface/interfaces28,33−39 as well as organic semiconductor
materials.40−46 The research reported in this article aims to
understand the correlation between the structure of poly-
thiophene (PT) at the buried perovskite/polythiophene (PT)
interface in a solar cell and the solar cell efficiency.
This work focuses on a three-layer planar heterojunction

perovskite solar cell. Titanium oxide serves as the ETL, and the
HTL is made of PT derivatives. Solar cell samples with a similar
structure were used for PCE measurements. Here, titanium
oxide (ETL), perovskite, and PT (HTL) were sequentially
deposited on top of an ITO-coated glass slide. UV−vis
spectroscopy was used to study the band gaps of different PT
derivatives. X-ray diffraction was used to characterize the
crystallinity of perovskite and the alignment of the perovskite
layer. X-ray diffraction and grazing incidence X-ray diffraction
could also be used to study the bulk properties of the PT layer
when the crystallinity of the PT layer was high. SFG was used
to study the buried interface between PT and perovskite.
Scanning electron microscopy (SEM) was used to study the
surface morphology of the PT-coated perovskite surface. More
details of the sample preparation and the experimental results
will be presented below.
Numerous factors can affect the PCE of a solar cell.3−7,9,47,48

By systematically varying the side chain length of certain PT
derivatives, we found that PT molecular orientations at the

buried interface were different. In addition, we found that using
PT derivatives with different side chain lengths as the HTL
material altered the PCE of the perovskite solar cell. We believe
that the differences in PCE are related to the varied PT
orientations at the interface.

■ MATERIALS AND METHODS
All PT derivatives (poly(3-hexylthiophene) (P3HT), poly(3-octylth-
iophene) (P3OT), poly(3-decylthiophene) (P3DT), poly(3-dode-
cylthiophene) (P3DDT)) were purchased from Rieke Metals
(Lincoln, NE) and used as received. Methylammonium iodide
(MAI) was ordered from Dyesol (Queanbeyan, Australia) and was
also used as received. Lead chloride was purchased from Aldrich-Sigma
(St. Louis, MO) and was used without further purification. The TiO2

layer was synthesized via a sol−gel method.9 ITO glass substrates were
sequentially washed with acetone, isopropanol, and distilled water (15
min each, assisted with ultrasonication). ITO glass was further cleaned
by a 2 min glow discharge oxygen plasma. The TiO2 sol−gel precursor
was then spin-coated onto the ITO substrate at 2000 rpm for 1 min to
prepare the TiO2 ETL. The TiO2 ETL on ITO glass was then
annealed in air at 150 °C for 15 min, followed by 500 °C for 30 min.
The perovskite precursor solution (278 mg PbCl2 and 478 mg MAI
dissolved in 1.7 g of DMF and mixed at 70 °C overnight before use)
was then spin-coated onto the TiO2 coated ITO glass at 2000 rpm for
60 s in a nitrogen-filled glovebox. After that, the spin-coated perovskite
layer was annealed at 110 °C for 60 min. After cooling down, the PT
derivatives (P3HT at 1.5 wt %, P3OT at 1.75 wt %, P3DT at 2.0 wt %,
and P3DDT at 2.25 wt %) were spin-coated onto the perovskite layer
at 1500 r.p.m for 45 s. Finally, the counter electrode was deposited by
thermal evaporation of silver (100 nm) with a thermal evaporator at a
pressure of 3 × 10−6 Torr.

Samples for SFG experiments were prepared in the same fashion
but without silver deposition. To probe the buried interface using
SFG, a layer of spin-coated poly(methyl methacrylate) (PMMA) (5 wt
% in dichloromethane (DCM), spin-coated at 1500 r.p.m. for 1 min)
was deposited on top of the PT layer prepared for SFG study.
Different PT film thicknesses were achieved by varying the
concentration of the PT solutions. SFG spectra were then collected
from the perovskite/PT/PMMA layered samples using different
polarizations of the input and output beams. SEM samples were
prepared by spin-coating PTs onto the perovskite surfaces, and SEM
images were obtained using a JEOL-7800FLV scanning electron
microscope. Film thicknesses were measured by a depth profilometer
(Dektak 6 M stylus Surface Profilometer, Veeco). The film thickness
of a PT layer was deduced by taking the difference between the
perovskite/PT film thickness and the pure perovskite film thickness.

PT derivatives spin-coated on quartz slides were used for UV−vis
spectroscopy. Spectra were collected using a Shimadzu UV-1601 UV−
vis spectrometer. Quartz slides were washed with acetone, isopropanol,
Contrex, and distilled water (15 min each, assisted with ultra-
sonication), followed by a 1 min glow discharge oxygen plasma
treatment.

Devices used for space charge limited current (SCLC) measure-
ments were fabricated with an ITO/PT/Au structure, where the PT
layer was spin-coated onto ITO glass with the same procedure as
mentioned above. All SCLC measurements were performed in
ambient air.

For transient photovoltage (TPV) measurements, a green LED was
used as the light source along with a function generator as power
supply. Decay of the voltage was monitored with an oscilloscope. All
TPV measurements were performed using the devices fabricated with
the previously described method.

The devices used for photoluminescence (PL) measurements were
made with an ITO/TiO2/perovskite/PT structure (as described
previously) but without the silver electrode. All PL measurements
were performed in ambient air.
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■ SFG THEORY
Basic SFG theory, its selection rule, data interpretation, and molecular
orientation calculation have been studied extensively,24,25,27,30,49,50 the
details of which will not be repeated here. The SFG experimental setup
used for this study was introduced previously31,40,51 and is briefly
presented in the Supporting Information. Here, we only present a
method for SFG data analysis so that the results presented in later
sections can be understood more easily. In SFG experiments, the SFG
signal intensity is proportional to χeff

(2) and the intensities of the two
input beams:

χ∝ | |I I ISFG eff
(2) 2

IR vis (1)

χeff
(2) is the effective second-order nonlinear optical susceptibility at the
interface. Different χeff

(2) components can be measured through different
polarization combinations of the input and signal beams (ssp: s-
polarized signal beam, s-polarized visible input beam, and p-polarized
input IR beam; and sps: s-polarized signal beam, p-polarized visible
input beam, and s-polarized input IR beam), and we call them χeff,ssp

(2)

and χeff,sps
(2) , to name some examples. We then have

χ ω ω ω β χ= L L L( ) ( ) ( ) sinyy yy zz yyzeff,ssp
(2)

1 2 2 (2)

χ ω ω ω β χ= L L L( ) ( ) ( ) sinyy zz yy yzyeff,sps
(2)

1 2 1 (3)

where χyyz and χyyz are different components of χ(2) within the
laboratory-fixed coordinate, which is defined with the z-axis lying along
the interface normal and x-axis in the input beam incident plane. Lii (i
= x, y, or z) is defined as the Fresnel coefficient, and β1 and β2 are

angles between the surface normal and the input visible/infrared
beams, respectively.

Here, we aim to study the buried PT/perovskite interface. Samples
prepared using a thin layer of PT spun onto a perovskite surface will
generate SFG signal from multiple layers; contributions originate from
both the PT/air surface and the PT/perovskite interface. Since the PT
layer is thin, we are unable to separate the signals from the surface and
the interface spatially. Unfortunately, we are unable to use a thick PT
film because doing so would attenuate or block the IR beam. A
polymer/air interface often generates a much stronger SFG signal than
that from a buried interface, causing large errors for structural studies
of the buried interface. Here, we deposited a thin layer of PMMA on
top of the PT layer. This allows signals at the PMMA/PT interface
(interface I) and the perovskite/PT interface (interface II) to have
similar intensities. By varying the PT film thickness, we are able to
modulate the interference of the SFG signals between interface I and
interface II to separate the contribution of each. The detected SFG
signal from the PT layer can be written as

χ ω ω ω β χ

ω ω ω β χ

χ

=

+

+ φ

L L L

L L L

( ) ( ) ( ) sin

( ) ( ) ( ) sin

e

yy yy zz yyz

yy yy zz yyz

i

eff,ssp
(2) interfaceI interfaceI

1
interfaceI

2 2
interfaceI

interfaceII interfaceII
1

interfaceII
2 2

interfaceII

NR
ssp

(4)

To simplify eq 4, Fresnel coefficients of different polarization
combinations can be written as

ω ω ω β= | |F L L L( ) ( ) ( ) sinyyz yy yy zz
interfaceI interfaceI interfaceI

1
interfaceI

2 2 (5)

Figure 1. (a) Chemical formula of the PT derivatives used as the HTL material in this study. (b) PT derivatives dissolved in chlorobenzene show
identical solution colors. (c) UV−vis spectra of spin-coated PT derivative thin films. (d) X-ray diffraction patterns of fabricated perovskite solar cells
without silver electrodes. (e) Zoomed-in X-ray diffraction signals at 2θ ranging from 4.0° to 6.0° of the corresponding signals shown in (d).
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ω ω ω β= | |F L L L( ) ( ) ( ) sinyyz yy yy zz
interfaceII interfaceII interfaceII

1
interfaceII

2 2 (6)

Combining eqs 1 and 4−6, we have

χ χ χ∝ | + + |ϕ φI C F Fe eyyz yyz
i

yyz yyz
i

SFG
interfaceI interfaceI interfaceII interfaceII

NR
2

(7)

where Φ and φ are the phase difference between the SFG signals
generated from interface I and interface II and the phase difference
between the nonresonant background and interface II, respectively.
The nonresonant background term can be obtained from SFG spectral
fitting, and in this case, it is negligible. Previous studies have shown
that SFG signal has a strong dependence on the interference of light
caused by different thicknesses of the object film,51−54 and in this case,
the Fresnel coefficients of different interfaces in the above equations
can be calculated using a three-layer interference model.51,55−57 The
Fresnel coefficients are also dependent on the PT film thickness (the
thickness is embedded in the phase term of eq 7). To deconvolute
χyyz
interfaceI and χyyz

interfaceII from the overall collected SFG signal intensity,
we need two ISFG measurements from films of two different
thicknesses. Combining the measured SFG signals of the PT layers
with two different thicknesses with calculated Fresnel coefficients of
the two interfaces for each sample, we can deduce the χyyz

interfaceI and
χyyz
interfaceII and furthermore reconstruct the SFG spectra originating from
each layer, which will be shown in the presented results below. The
film thicknesses of the PT layers in this study were carefully chosen to
be 60 and 100 nm.51,53,56−58

■ RESULTS AND DISCUSSION
As shown in Figure 1a, the PT derivatives used in this study
differ only in their alkyl side chain length. Because the electric
and optical properties of organic conjugated molecules rely
heavily on their conjugated structure and conjugation length,
altering the alkyl side chain length of the material used for the
PT layer may not strongly affect such properties. Therefore, all
PT derivatives utilized here should share a similar band
structure. Figure 1b and c indicates similar optical properties of
all the PT derivatives in the visible light frequency range. All PT
derivatives showed an identical orange color in solution (Figure
1b). The measured UV−vis absorption of the PT thin films
indicated a common major absorption peak at approximately
510 nm and a shoulder peak at approximately 600 nm (Figure
1c).48,59,60 The band gap of a PT derivative determines its hole-
extracting nature at its contact with perovskite. Because of the
similar absorption behavior in the visible range, the different PT
derivatives utilized here are expected to have a similar band
structure (the band diagram of P3HT (HTL), perovskite, and
TiO2 (ETL) is shown in Figure S1). Additionally, when
different materials share similar band gap, mobility, and
interfacial properties, their ability to extract holes is expected
to be similar due to HOMO−HOMO alignment. A different
band alignment can affect charge carrier transportation across
the interface by changing open-circuit voltage, or it can even
create a barrier to charge transport and therefore affect the
overall PCE in a solar cell device. Here, because of the identical
band gap alignment in all the PT derivatives studied, the band
gap effect on PCE can be neglected. Information about the bulk
structure of the PT derivatives may also be obtained from the
UV−vis spectra. Since all four PT derivatives showed almost
identical UV−vis spectral features, we believe that they should
have similar bulk structures. Previous studies have shown
controversial results about the correlation between side chain
length and hole mobility for thiophene-based materials. Some
stated that longer side chains lead to lower PT hole mobility,61

but others claimed that chain length does not appreciably affect
mobility.62 We measured the hole mobilities of the PTs with

the shortest and longest side chain lengths, P3HT and P3DDT,
via space charge limited current (SCLC) experiments using an
ITO/PT/Au sandwiched structure. The results show that they
have the same mobility, indicating that the mobility is
independent of PT side chain length in our case (Figure S2).
Bulk structures of different materials will also affect the

efficiency of charge carriers transported across these films and
therefore have an impact on solar cell PCE. Figure 1d shows X-
ray diffraction patterns of fabricated perovskite solar cells
without silver electrodes. These X-ray diffraction patterns
contain large contributions from the perovskite (110)
plane.47,48,63 Figure 1e shows an enlarged section of Figure
1d with 2θ ranging from 4.0° to 6.0°. This range was chosen
based on previously reported poly(3-hexylthiophene) (P3HT)
X-ray diffraction patterns, where polycrystalline P3HT was
shown to have an X-ray diffraction peak at approximately
5.2°.40,64−67 In this study, none of the PT derivatives showed
any visible X-ray diffraction pattern on top of the perovskite
surface, indicating the low crystallinity of the HTL prepared
with all PT derivatives. Most organic semiconducting polymers
are polycrystalline, but the observed X-ray diffraction patterns
here showed that the PT films are mostly amorphous with a
very low degree of crystallinity. In addition to powder X-ray
diffraction, grazing incidence X-ray diffraction (GIXRD) was
also used to study bulk structures within the PT. GIXRD is
believed to have better sensitivity for thin film materials since
X-rays propagate through the film. However, no visible peaks of
any PT layers were observed (Figure S3 indicates GIXRD
results). Both powder X-ray diffraction and GIXRD results
suggested that the crystallinity inside the PT layer was low.
As presented in the Materials and Methods section, the UV−

vis spectra discussed above were collected from PT films on
quartz, not on perovskite. We could not collect UV−vis spectra
from PT films on perovskite due to the broad absorption of
perovskite. Clearly, the PT films on quartz have some
crystallinity, and therefore, the absorption peak at 600 nm
could be observed. We have previously studied the crystallinity
of PT films on various substrates. Such studies demonstrated
that PT films constructed on different substrate surfaces or
prepared using different solvents indeed led to varied
crystallinities.40,43 Here, the amorphous PT films are caused
by the strong interactions with the perovskite surface. We
therefore conclude that the PT polymers were mostly
amorphous with a minimal degree of crystallinity in the solar
cells in this study.
In addition to the bulk properties of the PT HTL, X-ray

diffraction patterns can also be used to study perovskite thin
film orientation. According to Figure 1d, the perovskite film has
the (110) crystal plane in parallel to the film surface (defined as
the x−y plane). Such an oriented perovskite structure can be
further confirmed by comparing the data from the perovskite
film to that from perovskite powder samples. The perovskite
powder sample was prepared by scraping a perovskite thin film
off the glass slide after annealing and grinding it into power
form; these data can be found in Figure S4. Various new peaks
were observed in the X-ray diffraction pattern collected from
the perovskite powder sample, indicating that for the powder
sample, different crystal planes can be parallel to the x-y sample
plane.
While the optical properties and bulk properties can be

studied with UV−vis spectroscopy and X-ray diffraction,
information regarding the interfacial molecular structure is
still lacking. As reported above, the optical and bulk properties
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Figure 2. (a) Fresnel coefficient of the χyyz component as a function of the PT layer film thickness (PMMA/PT/perovskite trilayer sample). (b)
Fresnel coefficient of the χyzy component as a function of PT layer film thickness (PMMA/PT/perovskite trilayer sample). (c) Illustration of
interfaces I and II, as defined in the SFG experiment. All three layers are separated for clarity.

Figure 3. SFG ssp spectra collected from a PT thin film sandwiched between PMMA and perovskite: (a) P3HT, (b) P3OT, (c) P3DT, and (d)
P3DDT. SFG sps spectra collected from the same samples: (e) P3HT, (f) P3OT, (g) P3DT, and (h) P3DDT. Reconstructed spectra including the
overall spectrum and the spectra for interfaces I and II for P3DDT, ssp: (i) P3DDT film of 100 nm, (j) P3DDT film of 60 nm. (k) χyyz/χyzy ratio as a
function of the tilt angle of the net transition dipole of the thiophene ring CC stretch (with respect to the surface normal).
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of different HTLs prepared with PT derivatives with different
side chain lengths are nearly identical.
We then studied molecular structures of PT derivatives at the

interface between the HTL and perovskite. As stated in the
introduction, molecular orientation at buried interfaces can be
deduced by the signals detected using sum frequency
generation spectroscopy (SFG) with different polarization
combinations of the input and signal photons. To facilitate
analysis of the interfacial structures at the PT/perovskite
interface, a PMMA capping layer was deposited on the PT
layer. Dichloromethane (DCM), a poor solvent for P3HT, was
chosen for casting PMMA in an effort to minimize any changes
to the P3HT layer in a P3HT/PCBM bilayer organic solar
cell.48,68 To confirm that DCM has minimal impact to the PT
layer, SFG spectra collected from a P3HT layer before and after
spin-coating with pure DCM can be found in the Supporting
Information (Figure S5). The SFG spectrum of P3HT remains
the same, demonstrating that DCM has no adverse effects on
the PT surface structure.
With the PMMA capping layer, Fresnel coefficients of

different χ(2) components as a function of PT film thickness at
both interface I (the PMMA/PT interface) and interface II (the
PT/perovskite interface) are shown in Figure 2. Detected SFG
signals from the layered structures shown in Figure 2c
originated from both interfaces I and II. To extract the SFG
response from only interface II (or the χ(2) component of
interface II), SFG spectra were collected from samples with at
least two different PT film thicknesses. Thicknesses of 60 and
100 nm were chosen for study. Corresponding Fresnel
coefficient values of both interfaces at the PT film thicknesses
of 60 and 100 nm can be obtained from Figure 2 (χssp probes
χyyz, χsps probes χyzy). These values are used to deduce the value
of χ(2) from interface II.
Figure 3 shows SFG spectra of both ssp and sps polarizations

collected from all PT derivatives. The peaks of interest are the
CC symmetric stretches in the thiophene five-membered
ring at 1430 cm−1; such a symmetric five-membered thiophene
ring has C2v symmetry. It has been extensively reported that
such a CC symmetric stretch has a net transition dipole
moment pointing perpendicular to the planar PT backbone.
The smaller shoulder at 1375 cm−1 is the C−C vs (ring) stretch,
and both peaks are consistent with previous studies.41,69,70 We
fitted these SFG spectra, with the detailed peak fitting results
listed in the Supporting Information (Table S1). It is worth
mentioning that the SFG spectra have contributions from both

interfaces I and II. Using the Fresnel coefficients of each
interface, we are able to deduce the χyyz and χyzy components for
each individual interface. Here, we are more interested in the
interface between PT and perovskite: interface II. Using the
fitted data listed in Table S1, we can calculate the ratio of χyyz/
χyzy for interface II, from which we can deduce the orientation
of the PT at that interface. Figure 3k shows the correlation
between the deduced χyyz/χyzy value and the PT backbone
orientation.
Interestingly, the measured χyyz/χyzy ratio showed an

increasing trend with increasing length of the PT alkyl side
chain. The smallest χyyz/χyzy measured was 0.36 with P3HT,
while the largest χyyz/χyzy was 3.72 with P3DDT. Using these
experimentally measured χyyz/χyzy values and their correlations
with the tilt angle of the PT backbone, plotted in Figure 3k, we
can determine the backbone orientations of PT molecules at
the buried PT/perovskite interface. The P3HT polythiophene
backbone orientation was deduced to be approximately 20°
with respect to the surface normal, increasing to approximately
60° for P3DDT. From these results, we are able to conclude
that the thiophene backbone of P3HT adopts a more normal
(upright) orientation on the perovskite (110) crystal plane, and
P3DDT’s thiophene backbone lies more tangentially (flat). The
angles of P3OT and P3DT lie in between those of P3HT and
P3DDT. Therefore, for PT molecules on the perovskite (110)
plane, in all four PT derivatives examined here, a shorter alkyl
side chain results in a more upright orientation of the PT
backbone.
It has been shown extensively that surface or interfacial

molecules can have preferred orientations due to the disruption
of inversion symmetry at the surface/interface, where specific
interactions exist.71 For example, many surface/interfacial
functional groups of amorphous polymers exhibit preferred
orientations, and such orientations can be varied at different
interfaces due to interfacial interactions.71 We also showed that
because of such interfacial interactions, polythiophene mole-
cules exhibit varied orientations when in contact with different
surfaces and with different side chains.40,43 Here, PTs have
different side chains, which led to strong or weak interactions
with perovskite, resulting in varied PT backbone orientations
while in contact with perovskite.
We have not investigated the behavior of the PT side chain at

the buried PT/perovskite interface, because perovskite methyl
groups may also contribute to the C−H stretching signals,
which will overlap with the side chain SFG signal. Here, it is

Figure 4. (a) Schematic showing the cross section of a fabricated perovskite solar cell. (b) J−V curves under AM 1.5 illumination of solar cell devices
fabricated with various PT derivatives.
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more important to study the thiophene backbone because in
organic semiconductors, only the conjugated system is
responsible for charge carrier extraction and transportation.
We believe that this thiophene backbone will be the dominant
factor for the entire hole extraction process across the PT/
perovskite interface.
The surface morphologies of perovskite solar cells with

various PT derivatives detected by SEM can be found in Figure
S6. All perovskite/PT surfaces showed good homogeneity, with
a visible perovskite crystalline domain. A rigid and homoge-
neous perovskite surface is usually the key for high-performance
perovskite solar cells, as reported previously.3,8 The perovskite
crystalline domain remains visible after each PT layer coating,
and surface morphology does not depend on the PT side chain
length.
After we characterized the optical properties of the HTL on

perovskite using UV−vis spectroscopy, the bulk structure and
crystallinity using X-ray diffraction, the surface morphology
using SEM, and the interface structure using SFG, we fabricated
perovskite solar cell devices with the structure shown in Figure
4 to test how various PT derivatives would affect overall device
PCE. Detailed fabrication methods were reported in the
Materials and Methods section. Figure 4 shows the PCE from
the champion cell made with each PT derivative. All PT
derivatives showed almost identical Voc of approximately 0.8 V,
with FF factors calculated at or above 50% (detailed Voc, Jsc, and
FF values are listed in Table 1). While the band gap difference

between the HTL (ETL) and the photoactive layer is believed
to dominate Voc in a solar cell, the above result proves the same
band gap alignment for different solar cells made using different
PTs as reported in Figure S1. Interestingly, solar cells made
using different PTs have varied Jsc values. P3HT, with the most
upright orientation, has a Jsc of 21.22 mA, while P3DDT, with
the most lying down orientation, has a Jsc of 9.3 mA.
For a photovoltaic device, the interface between the

perovskite layer and HTL is where holes are extracted. Solar
cells prepared with different PT derivatives having different side
chains in this study contain identical ETL and perovskite layers.
The different PT orientations at the interface in these solar cells
affect the hole transport process. Because holes are transported
through HOMOs, the relative orientation between the
HOMOs of PT and perovskite as a result of different PT
orientations becomes the key for solar cell performance.
According to previously studied HOMOs of both P3HT and
lead iodine-based perovskite,72,73 they would overlap better
with a lying down PT thiophene backbone orientation.
Therefore, an edge-on thiophene backbone would lead to a
greater offset of HOMO−HOMO between perovskite and PTs.
Our experimental data obtained above show that the solar cell
made of PT with a more normal (edge-on or standing up)
thiophene backbone orientation at the interface has a 2 times
higher Jsc than that made of PT with a more tangential (lying
down) thiophene backbone. We therefore believe that an offset

HOMO−HOMO alignment between the perovskite and HTL
is better for hole extraction at such an interface, while a more
overlapped HOMO−HOMO between perovskite and HTL
would possibly lead to more electron−hole recombination at
the interface, meaning that hole extraction at the perovskite/
HTL interface is far less efficient.
To better understand the charge carrier lifetime and trap

density, transient photovoltage (TPV) and transient photo-
current (TPC) experiments were performed on devices
fabricated with P3HT and P3DDT, respectively (Figure S7).
As the TPV results show, the device fabricated with P3HT has a
longer charge carrier lifetime than does that fabricated with
P3DDT. The TPC result shows a longer decay for the device
fabricated with P3DDT compared to that of P3HT, indicating a
high density of trapping states in the device fabricated with
P3DDT. Because the TPC experiment was performed on an
entire photovoltaic device, it is difficult to distinguish the trap at
the perovskite/PT interface from the trap in the PT layer
(bulk). If the trapping state at the interface plays a role in hole
extraction, the orientation of the PT backbone may also have a
direct correlation with the abundance of the trapping
state.3,74−77

We also performed a PL quenching study on both
perovskite/P3HT and perovskite/P3DDT samples. Our results
clearly show that the device made with P3DDT exhibits a
stronger PL response compared to that with P3HT (Figure S8)
and indicate that P3HT extracts holes more efficiently than
P3DDT. Because hole extraction only occurs at the interface,
such a finding is consistent with our proposed mechanism.
Previous studies have investigated interfacial structures in

photovoltaic applications. For example, Ayzner et al. proposed
that a varied LUMO−LUMO offset between CuPc and C60 can
change the electron transfer rate up to four times.22 A similar
claim was made by Rand et al.23 Combined with these results,
our data above indicate that the electron orbital alignment at
the interface plays the key role in device performance. Such
electron orbital alignment is determined by the interfacial
molecular orientation. This is why interfacial molecular
orientation is crucial to photovoltaic device performance.

■ CONCLUSION
We have investigated the interfacial orientations of PT
molecules with different side chain lengths at the PT/
perovskite buried interface and their correlation with the
performance of perovskite photovoltaic devices. In addition to
the interfacial structure, the optical properties, bulk structures,
and surface morphologies of the PT layers were also studied.
Interestingly, all PT derivatives with different side chain lengths
showed identical UV−vis absorption spectra in the wavelength
range of 350 nm-750 nm, demonstrating similar band structure
of all PT derivatives. No signals could be detected from these
PT layers using XRD and GIXRD, indicating that such PT
materials have a dominant amorphous structure in bulk (or
exhibit very low crystallinity).
Our SFG studies showed that the orientation of the PT

thiophene backbone at the buried PT/perovskite interface
depended on the alkyl side chain length (Figure 5). PCE
measurements indicated that the performance of perovskite
solar cells varied with PT side chain length. Therefore, we
believe that the orientation of the PT thiophene backbone at
the perovskite interface is correlated to perovskite solar cell
performance. It was found that normal (standing up) and
tangential (lying down) thiophene backbone orientations led to

Table 1. Photovoltaic Performance of Perovskite Solar Cells
Fabricated with Different HTL Materials

HTL material Voc (V) Jsc (mA/mc
2) FF PCE (%)

P3HT 0.82 19.97 58.88% 9.64
P3OT 0.79 17.84 48.66% 6.86
P3DT 0.83 14.96 53.43% 6.64
P3DDT 0.85 9.31 49.44% 3.91
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different Jsc values (up to a two times difference) while keeping
Voc similar. Voc of a solar cell is determined primarily by the
band gap energy difference, so the similar Voc values measured
in this study further validate the similar band structures of
different PTs. The Jsc result of more than a two times difference
between the longest and shortest polythiophene side chains
(P3HT, 20.0 mA/cm2; P3DDT, 9.3 mA/cm2) shows a strong
correlation of the hole extraction efficiency and the PT
backbone orientation at the HTL/perovskite interface. Our
data indicated that a more normal orientation of the HTL
backbone at the HTL/perovskite interface is better for hole
extraction efficiency. Here, we demonstrated that an offset
HOMO−HOMO alignment between the perovskite and HTL
(determined by the interfacial PT backbone orientation) is
better for hole extraction at the PT/perovskite interface.
Therefore, the orientation of the PT backbone at the buried
perovskite/HTL interface plays an important role in determin-
ing solar cell efficiency. We believe that this conclusion can be
applied to different perovskite solar cell systems using different
HTL materials including Spiro-OMeTAD. That is, the
interfacial orientation of the ring structure of Spiro-OMeTAD
at the perovskite/Spiro-OMeTAD interface likely would impact
the solar cell efficiency, which will be investigated in detail in
the future.
We believe that this is the first study to correlate the buried

interfacial structure in a perovskite solar cell to its performance.
It was found that the interfacial molecular orientation
influences solar cell PCE. If the interfacial orientation of the
thiophene backbone could be more perpendicular to the
interface, the solar cell performance should be improved. We
believe that, in the future, rational design of the buried interface
in solar cells will result in improvements to performance. This
research again demonstrates the power of SFG to probe buried
interfaces. While for solar cell research, this study only studied
the HTL/photoactive layer interface of perovskite solar cells, it
is believed and already demonstrated to some extent that other
interfaces such as photoactive/ETL, donor/acceptor, etc. in
different photovoltaic materials and structures will also have a
strong impact on charge carrier dynamics across the interface. It
is feasible to apply SFG to understand the structural and
functional relations of these interfaces in photovoltaic devices.
Such knowledge will have broader impacts on the research field
of photovoltaics in the future.
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