
Science Bulletin xxx (xxxx) xxx
Contents lists available at ScienceDirect

Science Bulletin

journal homepage: www.elsevier .com/locate /sc ib
Short Communication
p-p stacking constructing efficient charge channels for perovskite
photovoltaics
https://doi.org/10.1016/j.scib.2023.11.052
2095-9273/� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

⇑ Corresponding author.
E-mail address: zkwang@suda.edu.cn (Z.-K. Wang).

1 These authors contributed equally to this work.

Please cite this article as: C.-H. Chen, F. Hu, K.-L. Wang et al., p-p stacking constructing efficient charge channels for perovskite photovoltaics, Scien
letin, https://doi.org/10.1016/j.scib.2023.11.052
Chun-Hao Chen a,1, Fan Hu a,1, Kai-Li Wang a, Jing Chen a, Tian-Yu Teng a, Yi-Ran Shi a, Yu Xia a,
Zhen-Huang Su b, Xing-Yu Gao b, Ilhan Yavuz c, Zhao-Kui Wang a,⇑, Liang-Sheng Liao a

a Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory of Advanced Negative Carbon Technologies, Jiangsu Key Laboratory for Carbon-Based
Functional Materials & Devices, Soochow University, Suzhou 215123, China
b Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China
cDepartment of Physics, Marmara University, Istanbul 34722, Turkey

a r t i c l e i n f o
Article history:
Received 20 September 2023
Received in revised form 2 November 2023
Accepted 21 November 2023
Available online xxxx
� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
Perovskite solar cells (PSCs) have emerged as strong potential
candidates for future photovoltaic technologies. The power conver-
sion efficiency (PCE) of PSCs has already surpassed 26%, approach-
ing their theoretical limit [1]. The commonly used device structure
for PSCs is ITO/SnO2/perovskite/2,20,7,70-tetrakis-(N,N-di-4-methox
yphenylamino)-9,90-spirobifluorene (spiro-OMeTAD)/Au [2].
Among various strategies to optimize device performance, the
most promising one involves interface engineering for the per-
ovskite thin film. Typically, organic ammonium salts can passivate
defects in the perovskite thin film, effectively enhancing device
efficiency [3]. Optimizing the band edges at the perovskite surface
and matching the interface energy levels can improve the open-
circuit voltage of the device [3,4]. Additionally, a water-resistant
barrier layer can effectively isolate water vapor and suppress lead
leakage, thus improving device stability and safety [5]. These
mature and effective strategies primarily focus on the interaction
between interface optimization molecules and the perovskite
layer. However, these strategies take little account of the interac-
tion between the interface molecules and the upper-hole transport
layer, spiro-OMeTAD.

The interaction between the interface molecules and the hole
transport layer can effectively improve the hole mobility and
match the interface energy level [6]. In this study, for the first time,
we thoroughly explored the p-p stacking interactions between the
interface modification layer and hole transport layer, investigating
their impact on charge carrier transport. In detail, 2-(naphthyl-2-
yl) ethylamine hydroiodic acid salt (NEAI) was opted as the inter-
face optimization molecules, which is a kind of typical condensed
nucleus compound with the common primary ammonium passi-
vating groups [3]. The intermolecular interactions include edge-
to-face CH-p interactions and face-to-face p-p stacking, with the
latter being beneficial for charge carrier transport in their channels
[7]. Through density functional theory (DFT) calculations, we found
that the p-p interaction between the naphthalene ring in NEAI and
spiro-OMeTAD is stronger than that of phenylethylamine iodide
(PEAI) and ethylamine hydroiodate (EAI) [8]. The stronger binding
energy improves the extraction and transport of charge carriers,
thereby enhancing the short-circuit current density of PSCs. Fur-
thermore, NEAI interface engineering enables the formation of a
layer of 2D phase with n = 1 at the perovskite surface, leading to
the construction of a 2D/3D perovskite heterojunction structure.
The 2D perovskite layer reduces the density of surface defect
states, decreases non-radiative recombination, and thereby
improves the open-circuit voltage of the device [9].

EAI-treated perovskite was considered as the pristine group,
which possesses a basic tertiary ammonium group. PEAI and NEAI
were compared and analyzed as experimental groups. Firstly, DFT
calculations were employed to elucidate the interaction patterns
and structures between PEAI, NEAI, and spiro-OMeTAD. We
observed two types of intermolecular interactions: CH-p (Fig. S1
online) and p-p. Due to extended orbital delocalization of a con-
densed ring like the naphthalene, their intermolecular interactions
exhibited stronger binding energies compared with the benzene
ring. The effectiveness of CH-p interactions in charge carrier trans-
port is an order of magnitude lower than that of p-p interactions
[10]. We further calculated the structures and binding energies
under p-p interactions as shown in Fig. 1a. The face-to-face dis-
tances between the benzene rings in PEAI and spiro-OMeTAD were
calculated as 3.48 Å, while the corresponding distance between
NEAI and spiro-OMeTAD was 3.72 Å, implying a similar magnitude.
ce Bul-
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Fig. 1. (Color online) DFT calculations of p-p interaction between NEAI and spiro-OMeTAD. (a) Chemical structure diagram of EAI, PEAI, NEAI, and spiro-OMeTAD, and DFT
calculations of p-p interaction between PEAI/NEAI and spiro-OMeTAD. (b) Schematic of perovskite surface after NEAI treatment.
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However, the binding energy between NEAI and spiro-OMeTAD
reached �13.3 kcal/mol, approximately twice that of PEAI and
spiro-OMeTAD (�6.8 kcal/mol), which has the opposite trend with
the face-to-face distance. We further validated the performance
modification effect of NEAI compared with PEAI using comprehen-
sive characterization. Fig. 1b illustrates the surface structure of the
perovskite film after NEAI treatment. The ammonium group fills
the A-site on the perovskite surface, while the naphthalene group
at the other end exhibits a face-to-face p-p stacking with the ben-
zene ring in spiro-OMeTAD. Additionally, through the grazing inci-
dence X-ray diffraction (GIXRD) characterization, we observed the
formation of a distinct 2D perovskite phase with n = 1 on the NEAI-
treated surface, enabling the construction of a surface heterojunc-
tion in perovskite.

Then we further validate the existence of p-p interactions. The
X-ray photoelectron spectroscopy (XPS) C 1s analysis was per-
formed on spiro-OMeTAD films doped with EAI, PEAI, and NEAI
with the same concentration of 0.1 M (1 M = 1 mol/L) (Fig. S2
online). We fitted the spectra of the three films and observed a
p-p* satellite peak at a binding energy of approximately 290.9 eV
[11]. In the case of spiro-OMeTAD doped with EAI, this peak is
attributed to the intrinsic p system between the benzene rings of
spiro-OMeTAD itself [12]. The fitting area of this peak accounted
for 1.66% of the total (Table S1 online). However, the fitting areas
of the peaks corresponding to the p system in spiro-OMeTAD films
doped with PEAI and NEAI were increased compared with the orig-
inal EAI-doped films, reaching 2.52% and 4.83%, respectively. Fur-
thermore, 1H nuclear magnetic resonance (NMR) tests were
performed on spiro-OMeTAD solutions doped with EAI, PEAI, and
different concentrations of NEAI (Fig. S3 online). There are no sig-
nificant chemical shift changes in the EAI-doped samples. We
observed a chemical shift towards higher field values in the peaks
corresponding to the conjugated structure of the spiro-OMeTAD
2

benzene rings, where the fluorene and arylamine core peaks were
located around 6.9 and 6.75 ppm, as NEAI doping increased. There-
fore, this further confirms the presence of p-p interactions
between spiro-OMeTAD and NEAI. In addition, due to the weaker
p-p interaction between the PEAI and spiro-OMeTAD than that of
NEAI, the chemical shift is relatively smaller.

J–V measurements on PSCs with surface treatments of EAI
(pristine) and NEAI (target) showed an improvement in JSC due to
the p-p interactions between NEAI and spiro-OMeTAD. The
average JSC increased from 25.2 mA/cm2 in the pristine device to
26.2 mA/cm2 in the target device as shown in Fig. S4 (online).
The average JSC of PEAI-treated devices is 25.45 mA/cm2, which is
slightly higher than the original device. Jph–Veff curves were plotted
to investigate charge collection and exciton dissociation (Fig. S5
online) [13]. The Jph/Jsat ratio of EAI treated original device and
NEAI treated optimized device is 0.973 and 0.985, respectively
under short circuit conditions. The ratio of the target device is
larger, which indicates that the charge collection and extraction
effect is better. It is proven that the p-p interaction between
naphthalene ring and spiro-OMeTAD is conducive to carrier trans-
port. Further, we studied the effect of NEAI interface treatment on
the hole mobility of perovskite by using the space-charge-limited
current (SCLC) model (Fig. S6 online). The mobility was increased
from the original 1.8 � 10�4 to 4.4 � 10�4 cm2 V�1 s�1 after
treatment. In addition, time-resolved photoluminescent (TRPL)
(Fig. S7 online) proves that the existence of p-p interaction is
conducive to the interfacial transport of carriers.

Furthermore, through cross-section scanning electron micro-
scopy (SEM) tests, we observed excellent crystalline quality of
the perovskite film with uniform and large grain sizes (Fig. S8
online). Compared with the pristine film, the NEAI-optimized film
exhibited superior surface connectivity and smoothness on the
perovskite layer. The photoluminescence (PL) mapping test was
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conducted on the perovskite film as shown in Figs. S9 and S10
(structure: ITO/SnO2/perovskite/spiro-OMeTAD). The target film
exhibited relatively weaker and more uniform PL intensity [14].
Furthermore, the intensity of the conductive atomic force micro-
scopy (CAFM) (Fig. S11 online) increased from the original 252
pA to the target 326 pA (Fig. S12, Fig. S13 online). This directly indi-
cates the improvement of hole extraction efficiency in spiro-
OMeTAD due to the NEAI treatment. The AFM 3D topography as
shown in Fig. S14 (online) demonstrates better surface flatness of
the optimized perovskite films.

To further validate the crystalline effects of different materials
on the surface treatment, GIXRD analysis was conducted on the
perovskite films (Fig. S15 online). Specifically, we found a strong
(020) peak of the n = 1 two-dimensional phase in the NEAI
surface-treated perovskite film at q = 4 nm�1, which was almost
absent in the EAI-treated films and not obvious in PEAI-treated
films. As shown in Fig. 1b, NEA+ acts as the R-site in the two-
dimensional phase, forming an ordered n = 1 phase on the surface
[15]. The formation of the two-dimensional phase enabled the con-
struction of a 2D/3D perovskite heterojunction, which reduced the
density of surface defect states, minimized non-radiative recombi-
nation in the perovskite absorber layer, and thereby improved the
open-circuit voltage of the devices. The peak wavelength of the
perovskite PL (Fig. S16 online) shifted from 812 to 807 nm, that
is, the bandgap increased from 1.53 to 1.54 eV, which confirmed
that the NEAI treatment altered the band edges and formed a
2D/3D perovskite heterojunction [4]. The increase in PL intensity
indicated a reduction in non-radiative recombination which is also
consistent with the results in PL mapping as shown in Fig. S17 (on-
line). The TRPL spectra of the perovskite films (structure: ITO/Per-
ovskite) in Fig. S18 (online) showed that the target perovskite film
displayed a longer lifetime, increasing from the original 232 to
414 ns. The PEAI treated perovskite film showed a lifetime of
295 ns. The NEAI treatment formed a thin layer of two-
dimensional phase on the surface, reducing non-radiative recombi-
nation and greatly extending the carrier lifetime. The treated films
exhibited lower trap density of states (tDOS) (Fig. S19 online) in
Fig. 2. (Color online) The performance of the perovskite photovoltaic devices. (a) The J–
density. (c) The PCE distribution of 20 sets of devices for pristine and target PSCs. (d) Stea
PCE degradation curves.
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the shallow trap region of 0.3–0.35 eV and the deep trap region
above 0.4 eV. This indicates a reduction in point defect and dan-
gling bond density on the surface of the NEAI-treated perovskite
films. The derived drive-level capacitance profiling (DLCP) curves
through capacitance–voltage (C–V) measurements, as shown in
Fig. S20 (online), revealed a significant reduction in trap density
in the upper layer of the treated film.

Finally, the performance of the devices was tested. The J–V
curves showed higher JSC and VOC in the optimized devices
(Fig. 2a and Fig. S21 online). The performance parameters of the
devices are listed in Table S2 (online) The original devices treated
with EAI exhibited JSC of 25.5 mA/cm2, VOC of 1.13 V, fill factor
(FF) of 78.1%, and PCE of 22.57%. The devices treated with PEAI dis-
played JSC of 26.1 mA/cm2, VOC of 1.16 V, FF of 80.2%, and PCE of
24.32%. After optimization with NEAI, the devices showed JSC of
26.4 mA/cm2, VOC of 1.18 V, FF of 80.3%, and PCE of 25.04%. The
external quantum efficiency (EQE) of the optimized devices, as
shown in Fig. 2b, had an integrated JSC of 25.64%, which closely
matched the actual JSC. In addition, the optimized device exhibited
negligible hysteresis (Fig. S22 online). The PCE distribution fol-
lowed a Gaussian distribution and the average PCE improved from
the original 22.09% to 24.49% (Fig. 2c). The PEAI treated devices
showed an average PCE of 23.25% (Fig. S23 online). Fig. 2d dis-
played the JSC and PCE measured at the maximum power point
(MPP) within 3 min. The PCE increased from 21.78% to 24.27% after
optimization with better output stability. Importantly, the stability
of the devices significantly improved (Fig. 2e and Fig. S24 online)
because of the lower trap density of states of the optimized per-
ovskite films. After 1000 h of tracking tests, the PCE of the opti-
mized devices remained at 94.5%, significantly higher than the
original devices (70.4%) and the PEAI-treated ones (85.8%).

In summary, for the first time, we thoroughly explored the p-p
stacking interactions between the interface modification layer and
hole transport layer, investigating their impact on charge carrier
transport optimization. NEAI interface engineering facilitates the
formation of a 2D phase on the perovskite surface, creating a
2D/3D perovskite heterojunction structure. This work underscores
V curves under AM 1.5G. (b) EQE of the NEAI-treated PSCs and its integral current
dy photocurrent and PCE at the maximum power output point within 3 min. (e) The
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the crucial role of p-p interactions and 2D/3D heterojunction engi-
neering for high-performance perovskite photovoltaics. Ultimately,
we achieve dual optimization of current and voltage, resulting in a
champion PCE of 25.04%.
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