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Surface Regulation through Dipolar Molecule Boosting the 
Efficiency of Mixed 2D/3D Perovskite Solar Cell to 24%
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Mixed 2D/3D perovskite solar cells (PSCs) show promising performances in 
efficiency and long-term stability. The functional groups terminated on a large 
organic molecule used to construct 2D capping layer play a key role in the 
chemical interaction mechanism and thus influence the device performance. In 
this study, 4-(trifluoromethyl) benzamidine hydrochloride (TFPhFACl) is adopted 
to construct 2D capping layer atop 3D perovskite. It is found that there are two 
mechanisms synergistically contributing to the increase of efficiency: 1) The 
TFPhFA+ cations form a dipole layer promoting the interfacial charge trans-
port. 2) The suppressed nonradiative recombination of perovskite through the 
coordination of TFPhFA+ cations with Pb–I octahedron, as well as the recrystal-
lization of 3D perovskite induced by Cl- ions. As a result, the PSC delivers an 
efficiency of 24.0% with improved open-circuit voltage (VOC) of 1.16 V, short-
circuit current density (JSC) of 25.42 mA cm-2, and fill factor of 81.26%. The 
device shows no decrease in efficiency after 1500 h stored in the air indicating 
the good stability. The utilization of TFPhFACl not only provides a facile way to 
optimize the interfacial problems, but also gives a new perspective for rational 
design of large spacer molecule for constructing efficient 2D/3D PSCs.
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recombination.[5,6] Surface treatment of 
3D perovskite with 2D perovskite is an 
effective way to improve device efficiency 
through regulating the band alignment, 
passivating the trap defects, and modu-
lating the film quality of 3D perovskite.[7–12]

Large organic spacer group functional-
ized with amines has been widely used 
to construct 2D capping layer. Compared 
with amine groups, formamidinium 
group has stronger interaction with Pb–I 
octahedron and faster charge transport 
properties.[13] Up to now, there are a few 
reports using formamidinium derivates 
to fabricate 2D perovskite layer. Formami-
dinium derivates, such as 2-thiophenefor-
mamidinium (ThFA), aromatic formami-
dinium (PhFA and p-FPhFA), have been 
reported by the same group and used as 
light absorbers in quasi-2D PSCs.[14,15] 
Chloro-phenylformamidinium (CPFA+) 
spacer cation was also investigated by  
Li et al., and the quasi-2D PSC has a PCE 

of 14.78% with good ambient stability.[16] Incorporation of small 
amount of aromatic formamidinium into bulk 3D perovskite is 
one way to enhance the device efficiency.[17] Although the PSCs 
using aromatic FA-based 2D or quasi-2D perovskites show 
excellent stability, the photovoltaic performances still lag far 
behind their 3D counterparts due to the poor conductivity, wide 
optical bandgap and higher exciton binding energy.[18–20] Thus, 
it is of great importance to balance the efficiency and stability of 
PSCs, and integrating the advantages of 2D and 3D perovskites 
paves a new way to achieve this goal.

Introducing interfacial dipole layer has been one of the  
popular strategies for PSCs in surface engineering.[21,22] An 
interfacial dipole can shift the electronic band structure and 
thus tunes the charge transport. 2D perovskite azetidinium lead 
iodide (AzPbI3) was found to induce a dipole interlayer between 
perovskite and hole transport material that promotes the charge 
transport.[23] Other organic materials such as ortho-fluorinated 
phenethylamine (2-F-PEAI), 2,2,2-trifluoroethylamine (F3EAI), 
and aniline derivant have been successfully applied to the 
PSCs to adjust the surface electronic structure.[24–26] In order 
to increase the molecular dipole moments, functional groups 
with large electronegativity are preferred, such as Cl, F or CF3 
groups, which will influence the interfacial carrier extraction 
kinetics.[15,27,28] Therefore, to construct an effective 2D cap-
ping layer, a rational design of molecular structure with proper 
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1. Introduction

Organic–inorganic perovskite solar cells (PSCs) have emerged 
as a rising star in the photovoltaic area owning to their high-
efficiency and easy-fabrication process.[1–3] In the past decade, 
the PSCs have made a remarkable breakthrough with a certi-
fied power conversion efficiency (PCE) of 25.7%.[4] Traditional 
3D perovskites using small organic cations such as CH3NH3

+, 
CH(NH2)2

+, and Cs+ suffer severe interfacial problems such as 
energy level mismatch, and trap defects induced nonradiative 

Adv. Funct. Mater. 2022, 2209921

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202209921 by N
orth C

hina E
lectric Pow

er U
niversity B

eijing, W
iley O

nline L
ibrary on [01/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202209921&domain=pdf&date_stamp=2022-11-28


www.afm-journal.dewww.advancedsciencenews.com

2209921 (2 of 9) © 2022 Wiley-VCH GmbH

functional groups is necessary, which can have a significant 
effect on the surface passivation mechanism and photovoltaic 
performance of PSCs.

Here, we introduce a formamidinium-based organic spacer, 
4-trifluoromethyl benzamidine hydrochloride (TFPhFACl), 
as 2D capping layer atop 3D perovskite. TFPhFA+ cations can 
coordinate with Pb–I octahedron, and form a 2D perovskite 
on top of 3D perovskite through Van der Waals interaction or 
hydrogen bonding. TFPhFA+ with large polarity induces an 
electric field that accelerates the charge transport. The inter-
facial trap states are suppressed through chemical interaction 
between TFPhFA+ and PbI2 residues. Besides, the existence of 
Cl− anions can induce recrystallization of 3D perovskite with 
less grain boundaries and improve the film quality. As a result, 
the photovoltaic performance of PSC treated with TFPhFACl 
exhibits a higher PCE of 24.0% compared with control device 
(21.9%). The devices show good air-stability and there is no 
decrease in efficiency after 1500 h.

2. Results and Discussion

The molecular structure of 4-trifluoromethyl benzamidine 
hydrochloride (TFPhFACl) comprises CF3, benzene ring, 
FA+ cations, and Cl− anions. The corresponding structure and 
the electrostatic surface potential map of TFPhFA+ are shown 
in Figure  1a,b. Fluorine with the highest electro negativity 
can increase the molecular dipole moment.[15] As shown in 
Figure 1b, CF3 terminal group has negative charge while FA+ 
exhibits positive charge. We calculated the dipole moment (µg) 
of TFPhFA+ as high as 15.6 Debye. This value is consistent with 
published one that calculated for the fluorinated phenethyl-
amine (F–PEA+).[24] 2D perovskite capping layer was prepared 
by dissolving TFPhFACl into isopropanol (IPA), followed by 
spin-coating onto the as-prepared 3D perovskite substrates 
and heating at 100 °C for 3 min to promote the crystallization. 

The procedure is illustrated in Figure 1c. The perovskite films 
or devices treated with and without TFPhFACl are termed as 
control and TFPhFACl, respectively. The chemical interaction 
mechanism between TFPhFA+ and 3D perovskite are depicted 
in Figure  1d. FA+ functional group with positive charge is 
prone to fill the cation vacancies and coordinate with inorganic 
[PbI6]4− octahedra through hydrogen bonding and Van der 
Waals force.[9] The formation of dipoles atop 3D perovskite can 
regulate the band alignment and facilitate the hole transport 
from perovskite to selective layer.[26,28] Moreover, the fluorinated  
terminal group with hydrophobic property can protect perov-
skite from the corrosion of water molecules, which is speculated 
to improve the device stability.[29] The increased hydrophobicity 
of TFPhFACl treated perovskite can be verified by measuring 
the water contact angle, as shown in Figure  S1 (Supporting 
Information). With TFPhFACl treatment, the water contact 
angle increases from 45.09° to 54.32°, indicating the enhanced 
water-resistivity, which is beneficial for the device stability.

Surface dipoles can regulate the band alignment by changing 
the vacuum level of perovskite.[28] A positive dipole will upshift 
the local vacuum level and therefore increase the work func-
tion of top surface.[26] The energy level diagram of the 3D 
and 2D perovskite films were characterized by ultraviolet 
photo electron spectroscopy (UPS) and shown in Figure  2a–c.  
The corresponding Tauc plots are illustrated in Figure  S2 
(Supporting Information). The work function of 3D perovskite 
and 2D films were calculated to be 4.57 and 4.77 eV, respectively. 
The valance band (VB) and conduction band (CB) for 2D and  
3D perovskite were calculated to be −6.19 and −5.75, −3.27 and 
−4.21  eV, respectively. The 3D control perovskite exhibits a 
n–type nature while the 2D phase shows a weak p–type prop-
erty. The formation of n–p type heterojunction can facilitate the 
carrier transport.[9,30,31] Kelvin probe force microscopy (KPFM) 
measurement was performed to characterize the surface con-
tact potential of perovskite films that is shown in Figure 2d–f. 
Compared with the 3D perovskite, which exhibits a dark and 

Figure 1. a) Molecular structure of TFPhFA+ cation. b) Electrostatic potential map and dipole moment of TFPhFA+ cation. c) Schematic diagram of 
surface treatment by TFPhFACl precursor to form 2D perovskite capping layer. d) Schematic diagram of the chemical interaction between TFPhFA+ 
and Pb–I octahedron.
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nonuniform potential distribution, the 2D/3D perovskite has a 
bright and uniform potential distribution. The high tip poten-
tial corresponds to the increase of work function after surface 
treatment that can be ascribed to the alignment of molecular 
dipoles induced by TFPhFA+ cations.[32] Besides, these mole-
cular dipoles are evenly distributed atop of 3D perovskite 
films in Figure 2e, since a smaller root mean surface potential 
of 5.95  mV is achieved for mixed 2D/3D perovskite while it 
is 15.58  mV for 3D perovskite. The formation of dipole layer 
by TFPhFA+ helps promote the charge transport at interface 
between perovskite and selective layers.[25]

In order to further investigate the chemical interaction 
between TFPhFACl and 3D perovskite layers, X-ray photo-
electron spectroscopy (XPS) were conducted and shown as 
Figure 3a–c. A clear and sharp F1s peak is observed for TFPh-
FACl treated sample in Figure  3a, verifying the successful 
incorporation of TFPhFA+ cations. In Figure  3b, two distinct 
peaks at the binding energies of 143.3 and 138.55  eV refer to 
Pb4f7/2 and Pb4f5/2 satellites for 3D perovskite, corresponding 
to the Pb2+ ions in the Pb–I octahedra. Whereas both peaks 
downshift to lower binding energies of 142.6 and 137.85 eV with 
TFPhFACl treatment, indicating that the chemical reaction  
between the organic cations and Pb2+ ions. It is worth noting 
that two small peaks at the binding energies of 141.6 and 
136.8  eV are observed for the control sample, which can be 
assigned to the Pb0 defects.[33] It was reported that the Pb0 
impurities were the decomposition product of PbI2 under 
X-ray irradiation.[34,35] The Pb0 exists as deep level trap defects 
contributing to the nonradiative recombination and deterio-
rates the photovoltaic performances. The area ratio of Pb0 at 

141.65  eV decreases from 8.4% to 4.3% after TFPhFACl treat-
ment. The suppressed Pb0 peak is mainly due to the chemical 
reaction between TFPhFA+ and PbI2 residues. Similar pheno-
menon was also observed when use 2-CF3-PEA+ as large spacer 
cations.[33] In addition, the Pb–I bond length in 2D perovskite is 
slightly longer compared with FA-based perovskite, leading to 
the I 3d XPS spectra shift to a lower binding energy, as shown 
in Figure  3c. To confirm the chemical interaction between 
TFPhFACl and 3D perovskite, Fourier transform infrared 
spectroscopy (FTIR) analysis was performed using attenuated 
total reflection (ATR) mode, as shown in Figure  3d. For both 
control and TFPhFACl treated perovskites, strong absorp-
tion peaks observed at 1712 cm−1 corresponds to the stretching 
vibration of CN in FA+. The scissoring and anti-symmetry 
bending vibration of methyl (CH3) group from MA+ appear at  
1353 and 1471  cm−1, respectively.[36] Besides, the spectrum of 
TFPhFACl powder is shown in Figure  S3 (Supporting Infor-
mation). The peak at 1679  cm−1 corresponding to the CC 
stretching on benzene ring is observed both for TFPhFACl 
powder and TFPhFACl treated perovskite, indicating the suc-
cessful incorporation of TFPhFA+. At the same time, two small 
peaks at 1122 and 1319 cm−1 are observed in TFPhFACl powder 
relating to the CF3 stretching, and both peaks shift to high 
wavenumber of 1130 and 1324  cm−1 for 2D/3D perovskite.[37] 
These emerging peaks give strong evidence of the interaction 
between TFPhFA+ cations with their surrounding elements.

The morphologies of perovskite films with and without 
TFPhFACl treatment were conducted by the scanning  
electron microscopy (SEM) to show the influence of surface 
treatment. The surface morphologies of 3D perovskite films 

Figure 2. a) Energy level diagram of 3D perovskite, 2D perovskite and spiro-MeOTAD. b,c) UPS spectra of 3D and 2D perovskite. d,e) Surface potential 
maps of perovskite with and without TFPhFACl treatment. f) Potential amplitude along with the grey and cyan line shown in surface potential maps. 
The detected size is 5 × 5 µm, and the scale bar is 1 µm.
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treated by TFPhFACl with different concentrations of 0, 2.5, 5,  
and 7.5  mg  mL−1 are illustrated and shown in Figure  4a–d, 
and the corresponding cross-section images are shown in 
Figure  4e,f. Figure  4a shows the randomly distributed crystal 
grains for 3D perovskite film. When treating 3D perovskite 
with a low concentration of 2.5 mg mL−1, some dark areas can 
be observed and ascribed to the accumulation of 2D perovskite 
at valley region. Besides, it is clearly observed in Figure 4b that 
the grain boundaries of 3D perovskite surface became more 
distinct than before, and the lamellar-structured regions were 
disappeared. This suggests that surface treatment of TFPh-
FACl induces the recrystallization of 3D perovskite. At high 
concentrations of 5 and 7.5  mg  mL−1, the surface morpholo-
gies of underlying 3D perovskite films are hardly distinguished 
due to the formation of mixed 2D/3D perovskite. We compared 
the cross-section images of the control and TFPhFACl treated 
perovskite films (5 mg mL−1) in Figure 4e,f. In Figure 4f, cross-
section image of the perovskite film treated with 5  mg  mL−1 
TFPhFACl became more smoother with less grain boundaries 
compared with the control one, suggesting the recrystallization 
of 3D perovskite again. We speculate that the recrystallization 
of 3D perovskite may be caused by Cl− anions since chlorine 
sources such as MACl and PbCl2 can effectively promote the  
growth and enhance the film quality of perovskites.[12,38] 
Atomic force microscopy (AFM) images for the 3D and 2D/3D  
composite perovskite were performed and shown in Figure S4 
(Supporting Information). Compared with the 3D perovskite, 

the surface roughness of TFPhFACl treated perovskite film 
decreases from 36.7 to 22.1  nm, which is beneficial for the  
deposition of hole transport material. Besides, the reduced 
grain boundaries and surface roughness of mixed 2D/3D 
perovskite film are beneficial for the charge carriers transport 
and improvement of photovoltaic performance.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) 
measurement is a powerful tool to characterize the crystallinity 
and crystal orientation of 2D/3D perovskites.[39] The penetra-
tion depth of the X-ray beam from surface to bulk is ~80  nm 
under the incident angle of 0.3°, allowing us to explore the 
near-surface region.[40] The GIWAXS patterns of the control 
and TFPhFACl treated perovskites are shown in Figure  5a,b, 
and the corresponding radically integrated intensity curves are 
shown in Figure 5c,d. The Debye–Scherrer diffraction rings at 
8.5 and 10 nm−1 correspond to the PbI2 signal and (110) plane 
of perovskite, respectively.[39] With TFPhFACl treatment, new  
diffraction rings at low q of 3–7 nm−1 are observed, indicating the 
successful formation of 2D perovskite on top of 3D perovskite. 
The integrated intensity of PbI2 signal is slightly decreased, 
confirming that excess-PbI2 was consumed through interacting 
with the organic spacer cation. Moreover, the 2D perovskite 
grows along with the out-of-plane direction, suggesting the  
vertical orientation, which benefits for the charge transport.[41]

The structural properties of 3D perovskite films with and 
without TFPhFACl treatment were further investigated by the 
X-ray diffraction (XRD) as shown in Figure 6a. The diffraction 

Figure 3. Characterization of chemical interaction between TFPhFACl and perovskite. a–c) XPS and d) FTIR spectra of perovskite films treated with 
and without TFPhFACl.
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peak at 12.7° corresponds to the PbI2 residues, which is sup-
pressed after TFPhFACl treatment by forming 2D perovskite.[42] 
It is worth noting that we did not find the 2D diffraction peak 

below 10°, and this can be ascribed to the vertical growth of 
2D perovskite.[41] The charge carrier recombination dynamics 
of 3D perovskite films before and after TFPhFACl treatment 

Figure 4. The morphology images of perovskite films treated with and without TFPhFACl. a–d) Surface images and e,f) cross-section images of 
perovskite films with different concentrations of TFPhFACl. The scale bar is 1 µm.

Figure 5. Structure properties of perovskite films. a,b) GIWAXS patterns of perovskite films treated with and without TFPhFACl. c,d) Corresponding 
radically integrated intensity of GIWAXS.

Adv. Funct. Mater. 2022, 2209921
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were studied by steady-state photoluminescence (SSPL) and 
time resolved photoluminescence (TRPL) spectra. The perov-
skite films were deposited onto a bare glass with light inci-
dent from perovskite side. As shown in Figure  6b, the SSPL 
intensity of mixed 2D/3D perovskite film exhibits six times 
enhancement compared with the control sample, attributing 
to the decreased nonradiative recombination. The charge car-
rier lifetimes can be calculated from TRPL spectra as shown 
in Figure  6c and Table  S1 (Supporting Information). TRPL 
spectra were fitted according to a biexponential decay func-
tion of I(t)  =  I0  +  A1exp(−t/τ1)  +  A2exp(−t/τ2), where τ1 and τ2 
are the lifetime constant.[43–45] The average lifetimes τaverage, 
where τaverage = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2), are calculated to be  

0.68 and 2.61 µs for the 3D and mixed 2D/3D perovskite films, 
respectively. The increased τaverage for the latter confirms the 
successful suppression of nonradiative recombination caused 
by trap defects.

Space charge limited current (SCLC) method was used to 
investigate the charge carrier dynamics of perovskites before 
and after TFPhFACl treatment.[16,24] The semi-devices were 
prepared with a structure of FTO/SnO2/perovskite/PCBM/Au  
and measured under dark condition. The dark I–V curves 
are shown in Figure  6d,e for 3D and 2D/3D perovskite, 
respectively. The trap density (Ntrap) of the perovskite can be  
calculated according to the formula of Ntrap  =  2ε0εrVTFL  qL−2, 
where ε0 and εr are the vacuum dielectric constant and relative 
dielectric constant (εr  =  25), q and L stand for the elementary 
charge (1.6  ×  10−19  C) and thickness of perovskite (800  nm), 
respectively.[44] The calculated Ntrap is 3.58  ×  1015  cm−3 for 3D 
perovskite while it decreases to 1.38  ×  1015  cm−3 for mixed 
2D/3D perovskite. The reduction of trap defects indicates 

less nonradiative recombination and efficient charge trans-
port, which are essential for the improvement of photovoltaic 
performance of PSCs. In Figure  6f, there is not much differ-
ence in light absorption for the control and TFPhFACl treated 
perovskite films. The formation of 2D capping layer does not  
contribute to the photocurrent due to its wide bandgap  
(≈2.9 eV, calculated from Figure S2b Supporting Information).

To investigate the influence of TFPhFACl induced capping 
layer on the photovoltaic performance, we fabricated the PSCs 
with an architecture of FTO/SnO2/perovskite/spiro-MeOTAD/Au.  
The statistics of photovoltaic parameters are shown in Figure S5 
(Supporting Information). The thickness of the perovskite layer 
is ~800 nm that is enough for light absorption.[46] The statistics 
of photovoltaic parameters of PSCs have an optimal concen-
tration of 5  mg  mL−1 for TFPhFACl treatment. I–V hysteresis 
of the control and TFPhFACl treated devices is negligible, as 
shown in Figure S6 (Supporting Information). The photovoltaic 
current–voltage (J–V) curves of the best performing PSCs for 
the control and TFPhFACl devices are shown in Figure 7a. The 
control PSC without TFPhFACl treatment delivers an efficiency 
of 21.9% with a JSC of 25.49 mA cm−2, a VOC of 1.08 V and an 
FF of 79.77%. Compared with the control PSC, the champion 
TFPhFACl treated PSC delivers a much higher PCE of 24.0% 
with a JSC of 25.42 mA cm−2, a VOC of 1.16 V, an FF of 81.26%. 
With TFPhFACl treatment, the suppressed nonradiative recom-
bination together with the acceleration of charge transport 
induced by surface dipoles contribute to the improvement in 
VOC and FF. Figure  7b,c show the statistical VOCs and PCEs 
for two kinds of PSCs. The average VOC increases from 1.05 V 
for the control PSCs to 1.15 V for the TFPhFACl treated PSCs, 
resulting in the PCE increased from 19.7 to 22.4%. JSCs for 

Figure 6. Characterization of perovskite films treated with and without TFPhFACl. a) XRD spectra of perovskite films. b) SSPL and c) TRPL of perovskite 
deposited on the glass substrates. d,e) SCLC curves of semi-devices with a structure of FTO/SnO2/perovskites/PCBM/Au measured under dark condi-
tion. f) UV–visible absorbance of different perovskites.
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two devices are similar since there is no big difference in light 
absorption and integrated JSCs based on the external quantum 
efficiency (EQE) are shown in Figure 7d.

Figure  7e illustrates the dependence of VOC on the light 
intensities to investigate the charge extraction and recombina-
tion kinetics of PSCs before and after TFPhFACl treatment. 
The relationship between VOC and light intensity follows the 
equation of VOC = nkBTln(I)/q + C, where n is the ideal factor, 
kB is the Boltzmann constant, T is the temperature, q is the  
elementary charge and C is the constant.[47] Diode ideality factor 
n ranges from 1 to 2. When n =  1, electrons and holes exhibit 
bimolecular recombination; when n  =  2, electrons and holes 
exhibit a monomolecular recombination (Shockley–Read–Hall  
(SRH) recombination). By linear fitting the VOC under  
different light intensities, n is calculated to be 1.94 for the  
control PSC and 1.31 for TFPhFACl treated PSC, respectively. The 
reduced n for the latter indicates suppressed trap-assisted SRH 
recombination that contributes to the increase of VOC and FF.  
Electrochemical impedance spectroscopy (EIS) is further 

studied to understand the interfacial charge transfer and  
carrier recombination. As shown in the Figure 7f, the Nyquist 
plots of PSCs were measured under a bias voltage of 0.8 V with 
the frequency from 1  MHz to 0.1  Hz and fitted according to 
the inserted equivalent circuit. Two semi-arcs of Nyquist plots 
are clearly observed for all samples. Semicircle in the high  
frequency region relates to the charge transport resistance (Rct) 
and the semicircle in the low frequency region correspond to 
the recombination resistance (Rrec). After surface treatment, the 
series resistance (Rs) is slightly decreased from 4.89 to 4.02 Ω. 
There is little difference in Rct. Larger Rrec (224  Ω) for the  
TFPhFACl treated PSC was obtained compared with the control 
PSC (169.6 Ω), indicating the restrained nonradiative recombi-
nation at the interface.

The photovoltaic performances were continuously monitored 
to check the stability of PSCs as shown in Figure  7g–i. The 
unencapsulated devices were stored in a dry box with a humidity 
below 20% and measured under the humidity of 40–50%. 
The normalized efficiency change is shown in Figure  7g and 

Figure 7. Characterization of PSCs. a–c) photovoltaic performance of PSCs including J–V curves, statistics of VOCs and PCEs. d) External quantum 
efficiency (EQE) spectra, e) light-dependent VOC changes and f) EIS of PSCs. g–i) Air stability of the PSCs measured under the humidity of ≈40% and 
stored in a dry box with a humidity below 20%.
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the corresponding J–V curves are shown in Figure  7h,i. Both 
devices show good stability after 1500 h storage and the PCEs 
shows no decrease, indicating the good air stability.

3. Conclusion

In this work, TFPhFACl was applied as organic spacer cation 
to construct 2D perovskite atop 3D perovskite for the first time. 
We show that the TFPhFACl molecule with different chemical 
groups has multifunctional passivation effects on the 3D perov-
skite films, and thus affects the charge carrier transport and 
recombination of PSCs. First, the large polarity of TFPhFA+ 
cations forms a dipole layer at top surface that facilitates the 
charge transport from perovskite to selective layer. Second,  
the nonradiative recombination is suppressed not only through 
the chemical interaction between TFPhFA+ and PbI2 by 
forming 2D perovskite, but also through the recrystallization of 
3D perovskite induced by Cl− anions. These synergistic effects 
are responsible for the improvement of photovoltaic perfor-
mance of PSCs. As a result, the PCE of PSC with TFPhFACl 
treatment was improved from 21.9% to 24.0% mainly due to the 
increase in FF and VOC. There is no decrease in efficiency  for  
TFPhFACl treated PSCs after 1500 h stored in a dry box indi-
cating the good air-stability. This work provides a facile and 
effective way to improve the efficiency of PSCs. The utilization 
of TFPhFACl enlarges the category of organic spacer cation for 
surface passivation and constructing 2D/3D heterojunction, 
which can be also applied to other perovskite-based electronical 
devices. More importantly, it provides a new perspective for 
choosing and designing an efficient organic spacer molecule 
for interface engineering.

4. Experimental Section
Materials: The 15  wt.% SnO2 colloidal solution was purchased from 

Alfa Asear. PbI2 (99.99%) was purchased from Tokyo Chemical Industry 
(TCI). Methylammonium iodide (CH3NH3I, MAI), formamidinium iodide 
(CH(NH2)2I, FAI), methylammonium chloride (CH3NH3Cl, MACl), 4-tert-
butylpyridine (tBP), li-bis(trifluoromethanesulfonyl)imid (LI-TFSI), and 
2,2′,7,7′-Tetrakis[N,N-di(4-methoxy phenyl)amino]-9,9′-spirobifluorene 
(spiro-MeOTAD) were purchased from Xi’an Polymer Light Technology 
Corporation. 4-Trifluoromethyl benzamidine hydrochloride was purchased 
from Aladdin. N, N dimethylformamide (DMF), dimethyl sulfoxide 
(DMSO), isopropanol (IPA), acetonitrile (ACN), and chlorobenzene (CB) 
were purchased from Sigma–-Aldrich. All chemicals were used without 
further purification.

Device Fabrication: Fluorine-doped tin oxide (FTO) glasses with 
a sheet resistance of 8  Ω  sq−1 were ultrasonicated and cleaned with 
detergent, ethanol and acetone and DI-water for 10  min in sequence. 
Before depositing SnO2 electron transport layer (ETL), the precleaned 
FTO substrates were subjected to UVO treatment for 10  min. For ETL 
deposition, water-diluted SnO2 precursor solution (with a volume ratio 
of VH2O:VSnO2  =  4:1) was spin-coated onto precleaned FTO substrates 
at 4000  rpm for 30  s, followed by annealing at 150  °C for 30 min. The 
perovskite film was prepared by a two-step deposition method according 
to the published report.[48,49] PbI2 (1.5  m) was dissolved in a mixed 
solvent of DMF/DMSO with a volume ratio of 9:1. The PbI2 precursor 
solution was spin-coated at 1500  rpm for 30  s and preheated at 70  °C 
for 1  min. The organic ammonium salt solution containing 90  mg 
FAI, 6.4 mg MAI, 9 mg MACl, and 1 mL IPA was spin-coated onto the 
as-prepared PbI2 films, followed by annealing at 150  °C for 15  min in 

air to promote the crystallization of perovskite. For 2D capping layer, 
4-trifluoromethyl benzamidine hydrochloride was dissolved in IPA with 
different concentrations including 0, 2.5, 5, and 7.5 mg mL−1, followed 
by spin-coating at 4000 rpm for 30 s. Post annealing at 100 °C for 3 min 
was necessary to promote the crystallization of 2D perovskite. For pure 
(TFPhFA)2PbI4 2D perovskite, 44.8 mg TFPhFACl, and 46.1 mg PbI2 was 
dissolved in 400 µL DMF and 100 µL DMSO, followed by spin-coating 
at 4000  rpm for 30  s and heating at 100  °C for 10  min. Finally, hole 
transport material including 72 mg spiro-MeOTAD, 27 µL tBP, and 15 µL 
Li-TFSI (520 mg mL−1 in ACN) was spin-coated at 4000 rpm for 30 s on 
top of perovskite layers, and 80 nm Au was thermal-evaporated to obtain 
the PSCs.

Computational Methods: All calculations were done using the 
Gaussian 16 program. Geometry optimization calculations for TFPhFA+ 
were performed by using b3lyp 6-311+g(d) method.[50] The electrostatic 
potential (ESP) of the model were analyzed using Gaussian view.

Characterization: The morphologies of perovskite films were 
characterized by the scanning electron microscopy (SU8010, Hitachi) 
and atomic force microscopy (FMNanoview 1000). X-ray photoelectron 
spectroscopy (XPS) was characterized by an ESCALAB 250Xi (Thermo 
Fisher Scientific) system equipped with Al Kα radiation. Ultraviolet 
photoelectron spectroscopy (UPS) was performed using a ESCLAB 
Xi+ system equipped with a He I (21.22 eV) radiation source. Grazing-
incidence wide-angle x-ray scattering (GIWAXS) was performed with 
an incident angle of 0.3° using a Xeuss 3.0 system (Xenocs) equipped 
with a Eiger2R 1  m detector. The GIWAXS pattern was fitted using a 
Fit2D software. X-ray diffraction spectra were carried out by an X-ray 
diffractometer (D8 Advance, Bruker). Steady-state and the time-resolved 
photoluminescence (PL) were performed by a FLS980 fluorescence 
spectrometer (Edinburgh Instrument) equipped with a 450 W Xe lamp 
and a picosecond-pulsed diode 405  nm laser (EPL-405). The current–
voltage (J–V) photovoltaic performances were measured with the 
scanning rate of 0.165 V s−1 under AM 1.5 illumination using a Keithley 
2400 source meter with an aperture area of 0.1  cm2. The external 
quantum efficiency (EQE) of PSCs was achieved using a QE-R system 
(Enli Tech.). The charge transport dynamics of PSCs were analyzed using 
a Zahner Zennium electrochemical workstation and fitted by a ZView 
software.
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