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Interfacial engineering between SnO2/MAPbI3

by maleate pheniramine halides toward carbon
counter electrode-based perovskite solar cells
with 16.21% efficiency†
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Carbon counter electrode-based perovskite solar cells (C-PSCs) are considered among the most

promising solar cells due to their excellent stability and low cost. However, the device performance is

still unsatisfactory because of numerous defects at the interface between the electron transport layer

(ETL) and perovskite (PVK) layer. In this work, we used two novel pheniramine halides containing maleic

acid (i.e., chlorphenamine maleate (CHM) and brompheniramine maleate (BHM)) to modify the SnO2/

MAPbI3 interface. All modifiers can passivate interface defects, reduce interface strain, and enhance

device performance. As a result, the champion power conversion efficiency (PCE) values of HTL-free

C-PSCs modified with CHM and BHM are 15.47% and 16.21%, respectively, which are much higher than

the 13.45% of the control device. Moreover, the unencapsulated BHM-modified device maintains

approximately 82.7% of its initial PCE under ambient conditions with 35% relative humidity at room

temperature for 800 h. This study provides a new idea for the application of multifunctional complex

molecules in high-efficiency and stable C-PSCs.

1. Introduction

In the past decade, organic–inorganic hybrid perovskite solar
cells (PSCs) have received extensive attention from scholars,
with the power conversion efficiency (PCE) significantly improving
from 3.8% to 25.7%.1–4 Unfortunately, high-efficiency devices
contain an organic hole transporting layer (HTL) and precious
metal electrodes, which increase the cost and energy consump-
tion and complicate the manufacturing steps.5,6 Recent studies
have shown that metal corrosion adversely affects the perfor-
mance and stability of the PSCs.7 Therefore, HTL-free carbon
counter electrode-based PSCs (C-PSCs) have become one of the
most promising alternatives owing to their low raw material cost

and simple manufacturing process.8–10 Recently, Ye et al. obtained
the highest PCE of 18.9% in C-PSCs without a HTL.11 Despite
all the progress, C-PSCs suffer from serious energy losses caused
by the high resistance of the carbon counter electrode (CE), poor
interface contact between the carbon CEs, and quality of the
electron transport layer (ETL) and the perovskite layer.12–14

The ETL and perovskite film are also crucial to the perfor-
mance and stability of PSCs, except for the influence of conductive
carbon paste.4,15,16 Generally, tin oxide (SnO2) is commonly used
as an ETL in PSCs due to the advantages of low-temperature
processing, high transmittance, excellent chemical stability and
low photocatalytic activity.17,18 However, the interfacial energy
between SnO2 and the perovskite can hinder the charge extraction
and transfer, leading to severe charge recombination.19–21

In particular, the undercoordinated Sn4+ and –OH groups on
the SnO2 surface could seriously affect the contact between
SnO2 and the perovskite, resulting in the degradation of
the quality of the perovskite film and the performance of the
PSCs.22

Various functional materials have been developed to regu-
late the energy alignment of the SnO2 and passivate the surface
defects, mainly including inorganic or organic salts,21,23,24

Lewis acid and base molecules,25 polymers, and quantum
dots.19,26,27 Among them, carboxyl (–O–CQO)28–30 and
halide (–Cl,31,32 –Br,33 etc.) groups can coordinate with the
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undercoordinated interfacial metal atoms, such as Sn and Pb,
to regulate the energy levels of SnO2, passivate the defect
density at the SnO2/perovskite interface, and ultimately improve
the device performance.

For example, Chen et al. found that 4-imidazoleacetic acid
hydrochloride (ImAcHCl) can be used as a passivation layer at
the SnO2/perovskite interface in planar PSCs because it can
passivate the interface defects by reactions with the hydroxyl
group (–OH) on the SnO2 surface.28 Diao et al. used maleic
anhydride to improve the efficiency and stability of PSCs, and
its hydrolysate (maleic acid) can also act as a passivator for
perovskites. The perovskite film would become more compact
and smooth due to the interaction between carboxyl groups
(CQO) and the undercoordinated Pb2+.34 In addition, Dong
et al. used 2,4,5-trichlorobenzenesulfonic acid potassium salt
(3Cl-BSAK) as a functional ETL, and the undercoordinated Sn
on the surface of the SnO2 film was efficiently passivated with
the Cl in 3Cl-BSAK.35 Xiong et al. reported that biguanide
hydrochloride (BGCl) was chemically linked to the SnO2 film
via Lewis coordination or electrostatic coupling to enhance
electron extraction.36 Zhang et al. used the strong interaction
between F� ions or CQO groups in potassium trifluoroacetate
(KTFA) and Sn2+ or Pb2+ to improve the quality of the SnO2 and
perovskite films, passivate the interface defects, and suppress
ion migration.37 These works demonstrate that adding appro-
priate multifunctional modification molecules to the SnO2/
perovskite interface can improve the quality of the SnO2 films
and passivate the interface defects. Consequently, designing
and developing more efficient multifunctional interface modi-
fiers are greatly important to further improve the PCE and
stability of C-PSCs.

Herein, we demonstrate a multifunctional interfacial modi-
fication strategy using two novel maleate pheniramine halides
(CHM and BHM) to modify the interface between SnO2 and the
perovskite. The two maleate pheniramine halides can interact
with the –OH in SnO2 and undercoordinated Pb2+ in the
perovskite; thus, the interface between them could be stabi-
lized. Moreover, the Cl– or Br– groups in the benzene ring can
form Sn–X bonds with the Sn atoms in the SnO2 ETL, thereby
effectively reducing dangling bonds on the surface. Further-
more, the device based on BHM exhibits a lower trap density
and a higher PCE than the device based on CHM. Finally, the
device based on BHM attains a PCE as high as 16.21%, with
much improved stability under ambient conditions.

2. Results and discussion

Fig. S1 (ESI†) shows the 2D molecular structures and 3D
conformer schematics of CHM and BHM. The PSCs are fabri-
cated in the FTO/SnO2/MAPbI3/carbon architecture. The CHM
and BHM are used as interface passivation layers to modify the
SnO2/MAPbI3 interface (Fig. 1a). On the one hand, the CQO in
CHM or BHM can be esterified with –OH on the surface of the
SnO2 film to passivate the defects and avoid the oxidative
decomposition of SnO2, thereby improving the device stability.38

On the other hand, the electron-donating CQO on CHM or BHM
can interact with the undercoordinated Pb2+ ions in the MAPbI3

perovskite, promoting the crystallization of the perovskite and
passivating the film defects.25,33,36 In addition, the halogen atoms
on the benzene ring act as a Lewis base to passivate the under-
coordinated Sn on the surface of the SnO2 film, which can
enhance the carrier transport at the interface of the ETL and
the perovskite layer.

We initially systematically compare the effects of two modi-
fier on the photovoltaic performance of the device, as shown in
Fig. S2 and S3 (ESI†) with the statistics listed in Table S1 and S2
(ESI†). The devices exhibit the best performance when the
amount of CHM and BHM is 18 and 20 mg mL�1, respectively.
Fig. 1b shows the photoinduced photocurrent density–voltage
(J–V) curves of PSCs using different maleate pheniramine
halide modifier, including key parameters such as the short-
circuit current density (JSC), open-circuit voltage (VOC), fill factor
(FF), and PCE summarized in Table S3 (ESI†) (the record PCE of
the state-of-the-art HTL-free CE-based MAPbI3 PSCs is shown in
Table S4, ESI†). The PSCs based on CHM (18 mg mL�1) show a
PCE of 15.47%, with a VOC of 1.089 V, a JSC of 22.30 mA cm�1,
and a FF of 0.639. With the introduction of BHM (20 mg mL�1)
in the ETL, the PCE is increased to 16.21%, with a VOC of
1.103 V, a JSC of 22.63 mA cm�1, and a FF of 0.649. Compared
with CHM based devices, the VOC of the BHM based device is
significantly increased from 1.087 � 0.01 V to 1.104 � 0.01 V.
Interestingly, the significant increase in efficiency is mainly
attributed to the improvement in VOC, which may be related
to the decrease in non-radiative recombination of defects at the
interface between the ETL and the perovskite. As shown in
Fig. 1c and Fig. S4 (ESI†), 40 individual devices were subse-
quently fabricated to characterize consistency and reproduci-
bility. The incident photon-to-electron conversion efficiency
(IPCE) and the integrated JSC for the champion devices are
plotted in Fig. 1d. The corresponding integrated JSC values of
SnO2, SnO2/CHM, and SnO2/BHM ETL-based devices were
20.85, 21.27, and 21.88 mA cm�1, respectively, which were
consistent with the JSC values from the J–V results. Subse-
quently, we measured the steady-state power output (SPO) of
the best performing devices of each substrate for 100 seconds at
a fixed voltage near the maximum power point (MPP) obtained
from the peak J–V curves (Fig. 1e).39 The device based on
untreated SnO2 possessed an output current density of
16.76 mA cm�1 and an output PCE of 12.66%, whereas the
CHM-modified device (19.52 mA cm�1 and 15.05%) and BHM-
modified device (20.35 mA cm�1 and 16.01%) produced a
higher current density and PCE at the same time.

X-ray photoelectron spectroscopy (XPS) measurement is
used to analyze the surface chemical properties of SnO2,
SnO2/CHM, and SnO2/BHM films.40 The full scan XPS spectra
are presented in Fig. S5a (ESI†). The CHM/SnO2 and BHM/SnO2

films show several additional peaks located at ca. 401.5 eV and
398.8 eV, respectively, ascribed to the N 1s peak (Fig. S5b, ESI†),
C–N, and O–CQO (Fig. 2a) contrary to the pristine SnO2,
indicating the combination of CHM/BHM and the SnO2. Mean-
while, the Sn 3d3/2 and 3d5/2 peaks from BHM/SnO2 and CHM/
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SnO2 are shifted to higher binding energies than the pristine
SnO2 in Fig. 2b. This finding is mainly attributed to the
electrostatic coupling interaction of halogen atoms in phenir-
amine halides with Sn atoms in SnO2.35,41 This result is further
supported by the formation of Sn–X bonds (Fig. S5c and d,
ESI†), leading to the enhanced electron extraction capability of
ETLs. Additionally, it can be determined that BHM bound more
strongly to SnO2 than CHM by calculating the CHM and BHM
complexation energies with SnO2 (Fig. S6, ESI†). The O 1s
for pure SnO2 film displays two distinct peaks at 530.29 and
531.40 eV, corresponding to the Sn–O bond (lattice oxygen, OL)

in SnO2 and the oxygen vacancies (OV) or surface absorbed
hydroxyl groups (OOH), respectively (Fig. 2c).35,38 Both groups
moved to a higher binding energy after CHM (530.43 eV for OL

and 531.70 eV for OV or OOH) and BHM (530.66 eV for OL and
531.90 eV for OV or OOH) treatments, indicating the esterifica-
tion reaction between –OH at the surface of the SnO2 film and
–COOH of CHM or BHM. Fig. 2d evidently shows that the two
distinct peaks of 143.31 and 138.44 eV that belong to Pb 4f5/2

and Pb 4f7/2 in the PbI2 film, respectively, are also shifted to
lower binding energies after CHM (143.09 eV and 138.21 eV)
and BHM (143.01 eV and 138.13 eV) modification. The peak

Fig. 1 (a) Schematic illustration of the formation of the BHM or CHM passivation layer between SnO2 and the perovskite layer. (b) J–V curves of devices
(0.06 cm2) based on SnO2 (orange), SnO2/CHM (cyan), and SnO2/BHM (red) under AM 1.5 G illumination. The scan rate is 0.1 V s�1. (c) Statistical diagrams
of the parameters including the PCE of the PSCs based on SnO2 and SnO2 modified by CHM of and BHM calculated from individual 40 devices. (d) The
IPCE spectra and the corresponding integrated JSC of the champion devices of PSCs based on different ETL layers. (e) The stabilized power output of the
champion devices and current density measured as a function of time for the devices based on SnO2, SnO2/CHM and SnO2/BHM biased at the maximum
power point at 0.756, 0.771 and 0.787 V bias, respectively.
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shifts of CQO and O–CQO, and the appearance of the new
peak of the Pb–O bond in modified films, further confirm the
chemical interaction between O–CQO and CQO in the CHM or
BHM and undercoordinated Pb2+, as expected in the O1s XPS
spectra (Fig. S7, ESI†).37

The FTIR results in Fig. 2e show that in contrast to unmo-
dified SnO2, three characteristic peaks at ca. 1596, 1481, and
1465 cm�1 in the modified films are due to benzene rings in the
BHM, indicating the existence of BHM in the SnO2 films
(Fig. S8, ESI†). For the BHM/SnO2 film, the peaks belonging

to the Sn–O vibration shift from 562 to 579 cm�1, suggesting
the interaction between the –OH in SnO2 and –COOH in BHM.
Furthermore, the peak at 1046 cm�1 in the SnO2 film can be
ascribed to the stretching vibrations of the O–O in the ion-
radical forms of adsorbed oxygen of type O2

� on the SnO2

surface.42 A weak absorption peak at 1072 cm�1 is observed
after the BHM treatment, which may also be due to the
esterification. The peaks at 447 and 459 cm�1 belong to
Sn–Cl and Sn–Br vibrations in the modified film (Fig. S9a,
ESI†), respectively. These results can further demonstrate the

Fig. 2 XPS spectra of (a) C 1s, (b) Sn 3d, and (c) O 1s for unmodified SnO2, SnO2/CHM and SnO2/BHM, where the peak was deconvoluted showing
background (blue lines), measured data (black lines) and fitted peaks (magenta, grey and olive). (d) The XPS spectra of Pb 4f from the PbI2, BHM, and
PbI2-BHM films. (e) FTIR spectra of film samples of SnO2, BHM, and the mixtures SnO2-BHM in the range of 1800 to 400 cm�1. (f) FTIR spectra of film
samples of PbI2, BHM, and PbI2-BHM in the range of 3000 to 500 cm�1.
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existence of CHM and BHM, consistent with the XPS results.
Fig. 2f and Fig. S9b (ESI†) show the FTIR spectra of PbI2, BHM
(CHM), and PbI2-BHM (PbI2-CHM) films. The results indicate
that the interaction between BHM and the perovskite is
ascribed to the chemical affinity of Pb2+ with the maleate acid
group. An additional peak at around 1700 cm�1 is due to the
CQO stretching vibration in the PbI2-BHM or PbI2-CHM
film.23,30 Meanwhile, the characteristic peaks of the CQO
stretching vibration in CHM (1706 cm�1) and BHM (1702 cm�1)
shift to 1710 cm�1 (CHM) and 1711 cm�1 (BHM), further demon-
strating the chemical interaction between the maleate acid group
in the maleate pheniramine halides and undercoordinated Pb2+

or Pb clusters in the perovskite.
We measured the conductivity of various ETLs with the

device structure of FTO/ETL/Au. The conductivity of the ETL
is related to the slope of the current–voltage (I–V) curve.
As shown in Fig. 3a, the SnO2/CHM and SnO2/BHM show a
larger slope than the pure SnO2, suggesting that the film
conductivity was slightly improved after CHM and BHM treat-
ments, which is likely to be beneficial for electron transfer.43

The optical transmission spectra of SnO2, SnO2/CHM, and
SnO2/BHM are shown in Fig. 3b. These films show high
transmittance in the visible region, indicating excellent optical
quality. Acquired from the UV visible spectra (Fig. S10, ESI†),
the bandgap (Eg) of the SnO2 and SnO2 modified films is
the same at 3.85 eV. The absorption spectra in Fig. 3c also
show that the CHM or BHM treatment has a negligible effect on
the perovskite films. The films without and with modification
by CHM and BHM exhibit the same bandgap of 1.60 eV in
Fig. S11 (ESI†).

Ultraviolet photoelectron spectroscopy (UPS) measurement
is performed to investigate the energy band structure of
ETLs.22,27 The conduction band minimum (EC) and valence
band maximum (EV) without and with CHM and BHM mod-
ification are calculated using the energy cutoff (Ecutoff) region
(Fig. 3d) and the energy onset (Eonset) region (Fig. 3e). Fig. 3f
illustrates the energy band alignment between the ETLs and
perovskite. In the equation of EV = Ecutoff � Eonset � h, where
hn is the energy of the He a ultraviolet photon source. We
calculated the EV to be �8.27, �8.14, and �8.09 eV for SnO2,
SnO2/CHM and SnO2/BHM, respectively. We then calculated
the EC of SnO2, SnO2/CHM, and SnO2/BHM samples at �4.42,
�4.29, and �4.24 eV from EC = EV + Eg, respectively. After
modification, the VBM and CBM of SnO2 are closer to the
conduction band and valence band of the perovskite. As a
result, the interface energy barrier is reduced, and interface
recombination is inhibited to improve the VOC of the devices.
Furthermore, in contrast to the CHM/SnO2, the energy band
alignment of BHM/SnO2 is closer to the perovskite, which is
one of the reasons for the better photovoltaic performance of
the corresponding devices.

The effect of different ETLs on the quality of perovskite films
was investigated by X-ray diffraction (XRD). In Fig. 4a, the
relatively sharp peaks at 14.2631, 28.5841 and 32.0311 corre-
spond to the (110) (220) and (310) planes of the perovskite for
all samples.44 This finding indicates that the addition of BHM

and CHM in SnO2 has slight effects on the structure of the
perovskite. Fig. 4b demonstrates the full width at half maxi-
mum (FWHM) for the (110) peak of perovskite films with
various ETLs. Therefore, the modified ETLs have a favorable
effect on the crystallinity of the perovskite film due to the
significant decrease in the FWHM. The contact angles of SnO2,
SnO2/CHM, and SnO2/BHM shown in Fig. 4c are 17.51, 14.51,
and 12.01, respectively. The smaller contact angle results in the
wettability interface for the perovskite.45 Therefore, the small
contact angle of the ETLs could provide a low surface energy,46

which is probably responsible for the improved crystallinity of
the perovskite coated on the BHM/SnO2 ETL.21,47 Fig. 4d shows
the top-view scanning electron microscopy (SEM) images of the
perovskite films deposited on different ETLs, including SnO2,
SnO2/CHM, and SnO2/BHM. The images clearly show that
compact and dense surface morphologies were obtained.
Compared with the perovskite film deposited on the pure
SnO2 substrates, the CHM or BHM modified perovskite films
have a more uniform morphology, larger grains, and fewer
grain boundaries. Fig. S12 (ESI†) shows the distribution dia-
gram with an average grain size of the perovskite spin-coated
on ETLs. The grain size is increased from 289 nm to 473 nm for
the BHM-modified sample. Fig. S13 (ESI†) shows the cross-
sectional SEM images of the complete solar cell structure. The
perovskite film is approximately 650 nm. The grains of the
perovskite film coated on the BHM/SnO2 substrate are suffi-
ciently large enough to penetrate through the film thickness,
without any pinhole. The result is consistent with the top-view
SEM images.

We estimated the recombination dynamics in different
ETLs by photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) spectroscopy.48 The prominent PL in
the FTO/SnO2/BHM or CHM/perovskite in Fig. 5a indicates more
efficient charge mobility after CHM or BHM treatment. Fig. 5b
and Table S5 (ESI†) show the lifetime and average carrier lifetime
(tave) of the TRPL spectra calculated by the equation I tð Þ ¼

I0 þ A1 exp �
t

1

� �
þ A2 exp �

t

2

� �
, and tave ¼

A1t12 þ A2t12

A1t1 þ A2t2
, where

A1 and A2 are the amplitude of t1 and t2, I0 is a constant, and
t1 and t2 are the fast and slow decay component, respectively.49

The tave of the modified ETLs is only one third (90.23 ns for BHM/
SnO2) or one half (178.48 ns for CHM/SnO2) of the original film
(273.62 ns for SnO2). In addition, to illustrate that the modifica-
tion of BHM and CHM inhibits the generation of perovskite
defects, we constructed glass/BHM or CHM /perovskite film
structure models. According to Table S6 and Fig. S14 (ESI†),
compared with the tave of control samples (84.71 ns), the ones
of the BHM (156.23 ns) and CHM (142.95 ns) modified samples
show an obvious increase. These results suggest that the interface
modification of CHM and BHM can effectively reduce the defects
and improve the efficiency of electron extraction and transport
between ETLs and the perovskite.

The space charge-limited current (SCLC) measurement was
conducted to quantify the trap densities of the perovskite films
coated on different ETLs. Fig. 5c, d and Fig. S15 (ESI†) show the
dark I–V curves of the electron-only devices with a structure of
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FTO/ETL/perovskite/PCBM/Ag. The I–V curve has linear correla-
tion at low bias voltage, showing an ohmic-type response.
When the bias voltage exceeds the trap-filled limit voltage
(VTFL), the current begins to increase nonlinearly, indicating
that all the available trap states would be filled. The equation of
the trap density (nt) is obtained as follows:

nt ¼
2e0erVTFL

eL2

where e0 is the vacuum permittivity, er is the relative dielectric
constant (er = 33.5),50 e is the electron charge, and L is
the thickness of the perovskite film. The trap density of
the perovskite film on SnO2 ETLs is 3.33 � 1015 cm�3.
Surprisingly, the trap density of the perovskite film on
CHM/SnO2 and BHM/SnO2 ETL is reduced to 2.28 � 1015

and 1.93 � 1015 cm�3, respectively. The lowest trap density
of the BHM/SnO2 device is due to the low grain boundary

Fig. 3 (a) Conduction properties of various films under dark conditions. (b) Transmission spectra of the SnO2 film and modified SnO2 films.
(c) Absorption spectra of perovskite films deposited on SnO2 and modified SnO2 films. (d) UPS spectra of the secondary electron cutoff region and
(e) onset value energy for pristine SnO2 and modified SnO2 films. (f) Energy level diagram of SnO2, SnO2/CHM, SnO2/BHM, and the perovskite. The blue
sphere represents photovoltaic electrons, and the green arrows refer to electronic transportation.
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density in the perovskite film (Fig. 4d) and the strongest
chemical interaction between the perovskites and the modi-
fied SnO2 ETL (Fig. 2).33

Electrochemical impedance spectroscopy (EIS) is employed
to gain deep insight into charge transfer and recombination.51

Fig. S16 and Table S7 (ESI†) show the Nyquist plots of the
devices with different ETLs. The series resistance (Rs) of the
SnO2 is slightly increased after CHM and BHM treatment.
In the EIS analysis, the high-frequency and low-frequency
regions represent the charge transfer resistance (Rtr) and
recombination resistance (Rrec), respectively. Compared with
SnO2 and SnO2/CHM-based PSCs, the SnO2/BHM-based device
shows the smallest Rtr of 233.3 O and the largest Rrec of 2500 O,
indicating the best film morphology, most efficient carrier
transport and lowest recombination. Fig. 5e shows the dark
current densities of the solar cells with different ETLs. It shows

a decreasing tendency with the CHM and BHM modification,
which may be related to the improvement of carrier transport
efficiency and the reduction of leakage current induced by
charge recombination.52

Stability is one of the most important characteristics of
PSCs. Fig. 5f shows the normalized PCE of the unencapsulated
devices with different ETLs stored under ambient conditions
with 35% relative humidity and room temperature. The CHM
and BHM modified devices retain over 80% of their initial PCE
after 800 h, but the device with SnO2 only maintains ca. 30% of
its initial PCE. This large gap indicates that the long-term
stability of the device has been greatly improved after inter-
facial modification. This may be ascribed to the large grain size
of the perovskite film, so the perovskite degradation at the
grain boundary is inhibited, which ultimately leads to the
improvement of device stability.

Fig. 4 (a) XRD spectra of perovskite films deposited on the SnO2 ETL and modified ETLs. (b) The dependence of FWHM on the (110) crystal plane of
perovskite films with CHM or BHM treatment compared with pristine SnO2 ETLs. (c) The contact angle measurements of perovskite precursor solution on
FTO/SnO2, FTO/SnO2/CHM, and FTO/SnO2/BHM. (d) The SEM top-view images of perovskite films deposited on the SnO2, SnO2/CHM, SnO2/BHM
substrates; the scale bar is 200 nm.
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3. Conclusions

We developed an effective maleate pheniramine halide modified
SnO2 ETL for the MAPbI3 perovskite solar cell and achieved an
increased PCE of 16.21%. The excellent device performance is
related to the larger grain size, better crystallinity, lower trap
density and interface energy barrier of the MAPbI3 film deposited
on BHM/SnO2. Therefore, improved charge transfer efficiency
and inhibited interface recombination are realized in the
highly efficient devices. Meanwhile, the long-term stability is

significantly improved with the modified SnO2 ETL. We believe
that this work has made great strides in developing high-quality
electron transport layers, which will play an important role in
promoting the progress of perovskite photovoltaics.
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