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ABSTRACT: Recent works demonstrate that polyelectrolytes as a
hole transport layer (HTL) offers superior performance in
Ruddlesden−Popper perovskite solar cells (RPPSCs) compared
to poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS). The factors contributing to such improvement need to
be systematically investigated. To achieve this, we have system-
atically investigated how the two HTLs affect the morphology,
crystallinity, and orientation of the Ruddlesden−Popper perovskite
(RPP) films as well as the charge extraction of the RPPSCs.
PEDOT:PSS as a HTL leads to RPP films of low crystallinity and
with a number of large pinholes. These factors lead to poor charge
carrier extraction and significant charge recombination in the
RPPSCs. Conversely, a PCP-Na HTL gives rise to highly
crystalline and pinhole-free RPPSC films. Moreover, a PCP-Na HTL provides a better energy alignment at the perovskite/HTL
interface because of its higher work function compared to PEDOT:PSS. Consequently, devices using PCP-Na as HTLs are more
efficient in extracting charge carriers.

KEYWORDS: Ruddlesden−Popper perovskite, orientation, phase composition, hole transport layer, morphology

■ INTRODUCTION

Metal halide Ruddlesden−Popper perovskites (RPPs) are a
class of perovskite-like materials described by the formula of
A2′An−1BnX3n+1, which consists of a large aromatic alkylammo-
nium cation A′, a small organic cation A (methylammonium
MA or formamidinium FA), a divalent metal cation B (lead or
tin), and a halide anion X (Cl−, Br− or I−).1−7 The n value
represents the thickness of the corner-sharing [PbI6]

4−

octahedra layers capped by the bulky A′ cations.5,8,9 The
lower n members (3 ≤ n ≤ 5) of the RPP show much higher
ambient stability than the pure three-dimensional (3D)
perovskites. Therefore, they have been attracting increasing
attention as light-absorbing materials in solar cells
(SCs).1,2,9−11 However, the power conversion efficiency
(PCE) of this type of SC is still inferior to that of the pure
3D-based counterparts.
Early works on RPPSCs focused on manipulating the crystal

structure of the RPP by varying the n numbers and the bulky
A′ cations. Despite these efforts, RPPSCs showed very low
short circuit current density (JSC), fill factor (FF), and PCE
(<5%), which are limited by the poor charge transport between
the parallel-oriented inorganic octahedral layers isolated by the
bulky cations.1,2 In 2016, Tsai et al. reported the so-called hot-
casting method that enabled the growth of vertically oriented
RPP layers, with a consequent improvement of charge

transport and PCE of the RPPSCs.11 Later, alternative
strategies, such as directly drop-cast film deposition method,
solvent engineering, and the use of additives, have also been
developed to grow vertically oriented RPP layers.12−14

However, very little attention has been paid to how the
different substrate materials on which the perovskite layer
forms influence the orientation of the RPP layers. Only
recently, Chen et al. suggested that the orientation of the
inorganic octahedral layers of the RPP film is independent on
the substrates due to the liquid−air nucleation and growth
mechanism.15

The hole charge transport layer plays an important role in
determining the charge extraction and recombination in the
HPSCs.16−20 Particularly, the bottom hole transport layer
(HTL) affects not only the crystallinity but also the
morphology of the perovskite film. Moreover, this layer
influences the hole transfer and collection efficiency depending
on the energy barrier at the HTL/perovskite interface and the
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transport capability of the HTL. Poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) is one of the
most used HTLs in RPPSCs. Nevertheless, PEDOT:PSS has
notorious drawbacks such as strong acidity, which causes
corrosion to the ITO anode, determining a defective anode
interface.21 Moreover, perovskite films deposited on PE-
DOT:PSS are often noncompact and display a large number
of pinholes, leading to high leakage and trap-assisted charge
recombination losses in SCs.16,22,23 In a recent work, we found
that the deposition method and the solvents used for the
precursor solution influence the quantity of the n = 2 phase,
which is very crucial to the PCE of the RPP SCs.9 Although we
obtained higher efficiency by replacing the PEDOT:PSS with
the PH neutral PCP-Na, we did not investigate the underlying
reason for such improvement. Very recently, Chen et al. also
reported higher performance in RPP SCs using the PCP-Na
layer, and they simply attributed the higher efficiency to a
better energy level matching at the interface.24 However,
whether other factors are contributing to the improvement
remains unclear. In particular, we believe that the impact of the
HTL on the orientation and quantity of the n = 2 phase is an
important factor which deserves experimental investigation.
Herein, we aim to uncover the factors contributing to the

performance difference of the RPPSCs using PEDOT:PSS and
PCP-Na as HTLs. We systematically study how the HTLs
affect the morphology, crystallinity, and orientation of the RPP
films. When deposited on PEDOT:PSS, noncompact RPP
films characterized by a large quantity of pinholes and
structural defects probably due to its local anisotropic surface
energy are obtained. However, on pH-neutral PCP-Na,
compact RPP films could be deposited because of homoge-
neous surface energy for nucleation and growth. Both HTLs do
not influence the orientation of the n ≥ 3 phases; the inorganic
layers are perpendicular to the substrate in the RPP films. They
do, however, influence the orientation of the n = 2 phase, so
that it is randomly oriented on PEDOT:PSS but is highly
oriented on PCP-Na. The highly oriented and crystalline n = 2
phase on PCP-Na improves the crystallinity of the RPP film.
Moreover, the PCP-Na HTL reduces the energy barrier at the

perovskite/HTL interfaces. Therefore, the devices using PCP-
Na HTLs are more efficient in extracting the charge carriers,
resulting in a much higher PCE of 14.12% compared to 9.62%
of the devices using PEDOT:PSS HTLs.

■ EXPERIMENTAL SECTION
Materials. PEDOT:PSS (Clevios VP AI 4083) was purchased

from Heraeus. Perovskite precursor reagents such as PbI2 (>99.99%),
PEAI (phenylethylammonium iodide), and MAI (>98%) were
acquired from TCI EUROPE N.V. The electron transport material
PCBM was bought from Solenne BV. The electron transport material
C60 (>99.9%), hole-blocking material BCP (99.99%), and solvent
dimethylformamide (DMF) (99.8%) were acquired from Sigma-
Aldrich. All the chemicals were used as received from the suppliers.
PCP-Na was synthesized using a previously reported method.25

Device Fabrication and Characterization. In this work, the
procedures for cleaning ITO glasses and depositing HTLs are the
same as what we reported in a previous work.9 We prepared the
precursor solution of PEA2MA4Pb5I16 by dissolving PEAI, MAI, PbI2,
and NH4SCN with a molar ratio of 2:4:5:2 in the DMF solvent, which
has a concentration of 1.0 M for Pb2+. We obtained PEA2MA4Pb5I16
films by spin-coating the precursor solution at 5000 rpm for 45 s and
annealing at 100° for 10 min. Sequentially PCBM solution with a
concentration of 20 mg mL−1 in chlorobenzene was spin-coated on
top of the RPP films at 1000 rpm for 60 s. Then, C60, BCP, and
aluminum were deposited on top of PCBM, following the procedures
used in our previous work.9 J−V and external quantum efficiency
measurements of the devices were obtained following the procedure
reported previously.9

Perovskite Thin Film Characterization. Absorbance, X-ray
diffraction (XRD), scanning electron microscopy (SEM), grazing
incidence wide-angle X-ray scattering (GIWAXS), and photo-
luminescence (PL) measurements were performed following the
procedure reported in our previous work.9

■ RESULTS AND DISCUSSION
Figure 1a shows the configuration of the RPPSCs, in which
PEDOT:PSS and PCP-Na function as HTLs; the RPP film
depicted by a nominal formula (PEA)2(MA)4Pb5I16 (n = 5)
functions as the light-harvesting layer, and PC61BM/C60/BCP
function as the electron transport layer (ETL). Figure 1b
shows the energy level alignment at the interfaces of the

Figure 1. (a) Device structure and (b) energy level of each layer in the device structure. SEM images of RPP films on PEDOT:PSS (c) and PCP-
Na (d) substrates; the scale-bar is 2 μm.
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RPPSCs, which is critical for charge transfer and extrac-
tion.22,26 Compared to PEDOT:PSS, PCP-Na shows a reduced
energy barrier at the perovskite/HTL interface because of its
higher work function as shown in Figure 1b. This is beneficial
to hole extraction and the built-in potential of the SC.
Figure 1c,d displays SEM images of the RPP films on the

two HTLs. Apparently, the HTLs have a significant impact on
the morphology of the RPP thin films. The RPP thin film on
PEDOT:PSS forms a large quantity of pinholes with diameters
ranging from several tens to several hundreds of nanometers.
These pinholes can severely affect VOC because the disrupted
crystallinity around them can give rise to a large number of
trap states and potentially cause significant trap-assisted charge
recombination.27−30 Moreover, they also cause high leakage
current by creating shorts between the HTL and ETL. Overall,
such a morphology is harmful for SC applications. In contrast,
the RPP film grown on PCP-Na shows a negligible number of
pinholes. Obviously, the surface energy of the HTLs
determines the wetting properties of the perovskite solution,
which in turn affects the nucleation and crystallization of the
perovskite film. Macroscopically, PEDOT:PSS and PCP-Na
layers are highly hydrophilic and enable good wetting of the
RPP precursor solution on these HTLs. However, microscopic
phase segregation happens between PEDOT and PSS.31,32 We
speculate that the local anisotropic wetting properties of
PEDOT- and PSS-rich domains may cause nonuniform surface
coverage. While for PCP-Na, the hydrophilic −SO3Na group is
chemically bonded to the hydrophobic backbone, resulting in
homogeneous wetting properties at a molecular level. This, we
believe, provides an environment for uniform nucleation and
subsequent crystallization and film growth, eliminating the
pinholes effectively.
Figure 2a shows the absorbance spectra of the RPP films

deposited on different HTLs. The absorption features at 514,
569, 605, 640, and 663 nm are attributed to the n = 1, 2, 3, 4,
and 5 phases, respectively.2,33 The RPP film on PEDOT:PSS
does not show the obvious excitonic peak of the n = 2 phase,
most probably because of its small quantity, while the RPP film

on top of PCP-Na shows a stronger excitonic peak at 569 nm,
indicating higher amounts of the n = 2 phase compared to that
of films deposited on PEDOT:PSS.
Figure 2b shows the XRD patterns of RPP films grown on

different HTLs. The two diffraction peaks coming from (110)
and (220) planes of the RPP crystallites and located at 14.15
and 28.48° are more intense when PCP-Na is used as the
HTL. This indicates that the RPP film on the PCP-Na layer
has a much higher crystallinity than PEDOT:PSS. Moreover,
the RPP film deposited on the PCP-Na layer exhibits obvious
peaks of (00l) planes belonging to the n = 2 phase at 2θ = 3.96,
7.88, 11.82, and 15.82°. These peaks are not observable in the
RPP film grown on PEDOT:PSS probably because of
disordered packing and the noncrystalline nature of the n =
2 phase. The RPP films on both HTLs do not show any
diffraction peaks of 5 ≥ n ≥ 3 phases at 2θ < 14.15°. This is
most probably due to the fact that these phases adopt the same
orientation as the n > 5 phases, displaying two dominant peaks
of (110) and (220) planes.
To gain more information about the phase composition and

distribution in these RPP films, we collected the steady-state
PL spectra of the RPP films on the two HTLs by illuminating a
400 nm pulsed laser on the perovskite films from the front and
back side Figure 2c,d, respectively. Hereafter, we refer to the
perovskite/air interface as the front side and the air/substrate
interface as the back side. The RPP film has a high absorption
coefficient of around 1.3 × 105 cm−1 at a wavelength of 400
nm, which has a penetration depth of about 33 nm into the
RPP film. This means the excitation at the front side (back
side) takes place mostly close to the top (bottom) part of the
RPP films. The PL spectra recorded at the front side (Figures
2c and S1a) display only one peak (around 775 nm) from the
3D-like phase for both RPP films, suggesting that low-
dimensional phases (n ≤ 7) are less prevalently close to the
top surface of these films. Interestingly, the main peak of the
RPP film on top of PEDOT:PSS upon excitation from the
front side is higher than for films on PCP-Na. The
photogenerated carriers produced on the top part of the film

Figure 2. (a) Absorbance spectra, (b) XRD patterns, and semilogarithmic plot of steady state PL spectra excited from the (c) front and (d) back
sides of the RPP films grown on PEDOT:PSS and PCP-Na.
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undergo several processes in the presence of the HTL. First,
some free charge carriers may recombine with each other
radiatively. Second, some other free charge carriers may be
captured by the trap sites and recombine nonradiatively. Third,
some of the charge carriers diffuse away from the excitation
region. Because the top surface is far from the bottom
interface, the crystallinity of the sample plays an important role
on the diffusion length.34,35 Therefore, in case of PCP-Na,
more charge carriers diffuse away from the top surface because
of the higher packing order of the film, reducing the carrier
density on the top part of the film and possibility of the
radiative recombination process. In case of the samples on
PEDOT:PSS, this channel is cut by the disorder, and therefore,

the probability of charge recombination from the bulk is
higher. This landscape is in agreement with a much higher PL
intensity measured on a glass substrate, where namely, besides
surface defects, there is no other sink for photoexcitations.
The PL spectra recorded on the back side exhibit not only

emission from the 3D-like phase but also weak emission from
the n ≤ 7 phases (Figures 2d and S1b). These results
demonstrate the graded vertical phase distribution in the RPP
films on both HTLs, where the low-dimensional phases
preferentially stay at the bottom.
Upon back excitation, the charge carriers are generated close

to the perovskite/HTL interface. The charge carriers on both
RPP films can diffuse very efficiently to the perovskite/HTL

Figure 3. Time-resolved PL decay dynamics of the 3D-like phase of the RPP pristine film and films on PEDOT:PSS and PCP-Na layers excited
from both sides by a 400 nm laser.

Figure 4. GIWAXS images and schematic illustration of RPP films on (a,c,e) PEDOT:PSS, (b,d,f) PCP-Na detected at 0.25 and 2.0°, respectively.
The arrows indicate the diffraction signal of the (006) plane of the n = 2 phase.
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interface. Now that the diffusion is not hindered but there is
lack of crystallinity, and the trap states at the interface play a
more important role. As the RPP film on PCP-Na has a much
lower trap density, the nonradiative recombination is
considerably lower, leading to higher radiative charge
recombination. A further enhancement in the PL signal for
the PCP-Na sample is probably due to the energy transfer from
the low-dimensional phases present at the bottom of the
sample toward the bulk perovskite.
This is also evident from the comparison of the time-

resolved PL decay dynamics (see Figure 3) of the 3D-like
phase in the RPP perovskite films deposited on glass and
HTLs. The extremely low exciton binding energy of the 3D-
like phases enables free charge carriers to be the dominant
photoexcited species at room temperature.36−39 Upon front
excitation, the RPP films on both PEDOT:PSS and PCP-Na
exhibit faster PL decay dynamics than the RPP film on glass,
leading to a shorter charge carrier lifetime. As we mentioned
previously, the three processes, such as recombination of free
charge carriers, recombination of the hole (electron) with
trapped electrons (hole), and diffusion of the charge carriers
and subsequent hole transfer at the perovskite/HTL interface,
reduce the lifetime of these free charge carriers in the RPP
films. The recombination of free holes and electrons is higher
in the RPP film on PEDOT:PSS compared to that on PCP-Na,
while the quantity of holes transferred to the HTL is larger in
the RPP film on PCP-Na than that on PEDOT:PSS.
In general, the excitation at the back side produces a longer

charge carrier lifetime in RPP films compared to the excitation
from the front side because of energy transfer from low-
dimensional phases to the 3D-like phase. Unlike the excitation
at the front side, the PL decay of the RPP film on PEDOT:PSS
is much faster than that of the RPP film on PCP-Na because of
severe trap-mediated charge recombination. Conversely, the
compact and highly crystalline RPP film on PCP-Na gives rise
to long-lived charge carriers because of reduced charge
recombination. These results are consistent with our
observation in steady-state PL spectra.

We conducted GIWAXS experiments at incident angles (αi)
of 0.25 and 2° (Figure 4) to further investigate how the HTLs
affect the orientation of the perovskite phases. Independent on
the X-ray penetration depth, the RPP films on both HTLs
show sharp Bragg spots at qz ≈ 1.0 Å−1, which could be
indexed to be (110) planes of the n ≥ 3 phases, packing in the
out-of-plane direction.8,13 This means that the inorganic slabs
of n ≥ 3 phases are perpendicular to the substrate. The Bragg
spot at qr ≈ 1.0 Å−1 assigned to the in-plane-oriented (110)
planes is much weaker, confirming the dominant vertical
orientation of the n ≥ 3 phases. When X-rays penetrate the
entire film (αi = 2°), very weak diffraction features appear at qz
≈ 0.85 A−1 in the RPP films, which is indexed to be the (006)
plane of the n = 2 phase, and is absent in the case of the
shallow X-ray penetration depth (αi = 0.25°). These results
confirm that there is a very little n = 2 phase, and at the same
time, they corroborate the notion that the two-dimensional
(2D) phases preferentially crystallize at the bottom of the film.
Compared to the high n members, the orientation of the n = 2
phase has a much stronger dependence on the HTLs. The
diffraction spot indicates a highly oriented n = 2 phase with the
[PbI6]

4− layer parallel to the substrate on the top of PCP-Na,
while the diffraction arc represents the randomly oriented n =
2 phase in the RPP film on PEDOT:PSS. The line cut plots in
the out-of-plane and in-plane direction further confirm our
observation here (Figure S2). The highly oriented and
crystalline nature of the n = 2 phase in the RPP film on top
of PCP-Na indicates that the n = 2 phase segregates into
domains. Because the 3D-like phase component is dominant in
the RPP film, the n = 2 phase forms small segregated domains
embedded in the 3D-like phase, which do not hinder the
charge transport and extraction.40 Moreover, the highly
crystalline n ≥ 3 phases in the RPP film on top of PCP-Na
facilitate the charge transport. Conversely, the randomly
oriented and noncrystalline n = 2 phase in the RPP film on
top of PEDOT:PSS is distributed more uniformly in the 3D-
like phase without obvious segregation, which creates energy
disorder for charge transport. The less crystalline n ≥ 3 phases

Figure 5. (a) J−V curves, (b) external quantum efficiency spectra, (c) steady-state PCE tracked at a maximum power point, and (d) the statistics of
the PCE for the devices using PEDOT:PSS and PCP-Na HTLs.
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in the RPP film on top of PEDOT:PSS are also unfavorable for
charge transport.
In one of our recent works, we found that the parallel-

oriented 2D (n = 2) tin perovskite induces the formation of
highly oriented and crystalline 3D tin perovskites.5 The in situ
GIWAXS experiments proved that the suppressed bulk
crystallization of the 3D phase in the presence of these highly
oriented n = 2 phase tin perovskites is responsible for its
stronger crystallinity and orientation.41 The same mechanism
may apply to the RPP films investigated in this work.
Therefore, we conclude that the larger amount of the highly
ordered n = 2 phase is favorable for highly crystalline n ≥ 3
phases in the RPP film on the PCP-Na HTL.
Figure 5a shows the J−V curves under illumination of the

champion SCs using the two HTLs, and Table 1 summarizes

the performance parameters. The device using PEDOT:PSS as
the HTL shows a VOC of 1.09 (1.07) V, a JSC of 14.30 (14.16)
mA cm−2, a FF of 0.61 (0.58), and a PCE of 9.62% (8.76%),
when measured in the forward (reverse) direction, respectively.
Devices using PCP-Na as the HTL have superior performance,
that is, a VOC of 1.15 (1.14) V, a JSC of 15.54 (16.17) mA cm−2,
an FF of 0.79 (0.72), and a PCE of 14.12% (13.35%) in the
forward (reverse) scan. The PCEs of these two devices
recorded at a maximum power point are stable over time and
show very close numbers to those obtained from the J−V
curves (Figure 5c). Figure 5b shows the external quantum
efficiency spectra of the different SCs, which give rise to an
integrated current density of 15.97 and 14.70 mA cm−2 for
PCP-Na and PEDOT: PSS SCs, respectively. These values
verify the JSC obtained from J−V curves. The statistical
distribution of the PCE (Figure 5d) measured over more than
10 devices for each HTL consistently proves the superior
performance of the device using the PCP-Na HTL. The severe
trap-mediated charge recombination and recombination of the
free electrons and holes leads to bigger hysteresis and lower
PCE of the PEDOT:PSS device. In contrast, the reduced
charge recombination in PCP-Na-based devices leads to a
much higher device performance.

In order to study the charge recombination in SCs using
different HTLs, we monitored the variation in JSC and VOC

when devices are exposed to different light intensities (I). In
the logarithmic plot of JSC as a function of I (see Figure 6a),
the device using PEDOT:PSS exhibits a slope much lower than
one (0.82), confirming significant recombination of free holes
and electrons because of inefficient charge transport and
extraction. As discussed previously, the low crystalline 3D
perovskite phase and disordered n = 2 phase could be the main
factors inhibiting the charge transport. The pileup of the free
charge carriers increases their recombination. Conversely, the
PCP-Na device has a much steeper slope (0.95), confirming
the reduced recombination of free charge carriers. This is
attributed to more efficient charge transport in the highly
crystalline RPP film and hole extraction at the perovskite/PCP-
Na interface. Similarly, this explains the improved current
density and FF of the PCP-Na-based devices. Figure 6b shows
the light intensity dependence of VOC of these two devices.
The PEDOT:PSS-based device has a steep slope (1.93 kT/q),
indicating severe trap-mediated charge recombination losses.
While the PCP-Na-based device has a much shallower slope
(1.35 kT/q), indicating a considerably reduced trap-mediated
charge recombination loss. These results are fully consistent
with the transient PL data and explain the difference in the
performance of the SCs fabricated on the two investigated
HTLs.

■ CONCLUSIONS

In conclusion, we studied how the HTL impacts film quality
and charge extraction in the RPPSCs. We compared the
crystallinity and phase purity of RPP films grown on top of two
different HTLs, namely PEDOT:PSS and PCP-Na. When
PEDOT:PSS is used as the HTL, the RPP films are of lower
crystallinity and exhibit large pinholes. In addition, PE-
DOT:PSS induces the random orientation of the n = 2
phase at the perovskite/PEDOT:PSS interface. These factors
create significant trap-assisted and free charge carrier
recombination, leading to poor charge carrier extraction and
low PCE. Conversely, PCP-Na gives rise to highly crystalline
and compact RPP films. The order of the n = 2 phase at the
HTL interface is instrumental to obtain the high degree of
crystallinity. Consequently, PCP-Na extracts the charge
carriers more efficiently, resulting in a significant improvement
(up to 14.12%) of the PCE.

Table 1. Performance Parameters of the Devices Using
PEDOT:PSS and PCP-Na HTLs

device VOC (V) JSC (mA cm−2) FF PCE (%)

PEDOT:PSS 1.09 14.30 0.61 9.62
1.07 14.16 0.58 8.76

PCP-Na 1.15 15.54 0.79 14.12
1.14 16.17 0.72 13.35

Figure 6. Light intensity dependence of JSC (a) and VOC (b) of the devices using PEDOT:PSS and PCP-Na HTLs.
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