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ABSTRACT: Lead bromide perovskite with high bandgap and good stability has
aroused broad interest for utilization in perovskite solar cells (PSCs) with high
photovoltage, especially as a candidate for the front cell of tandem solar cells. However,
the efficiency of lead bromide PSCs is still much lower than the standard lead iodide
PSCs, and the defects in the perovskite are one of the main limiting factors hindering
device performance. The construction of a 2D/3D perovskite interface is an effective way
to passivate the interfacial defects and achieve efficient and stable PSCs. Herein, a facile
and effective phenethylammonium bromide (PEABr) treatment method was applied to
build a 2D/3D perovskite interface in FAPbBr3 solar cells. An ultrathin layer of 2D
PEA2PbBr4 perovskite was successfully fabricated on the surface of 3D FAPbBr3
perovskite by depositing the PEABr solution on the 3D perovskite films. The 2D
perovskite layer significantly passivated the interfacial defects, leading to enhancement of
power conversion efficiency from 7.7% to 9.4% and fill factor from 67.6% to 77.6%.
Moreover, the hydrophobic alkyl chain in the PEA cation improved the moisture
tolerance of the perovskite and significantly increases the solar cell stability. Additionally, the PEABr treatment strategy was
successfully utilized for preparing semitransparent 2D/3D FAPbBr3 perovskite solar cells.

KEYWORDS: high bandgap perovskite solar cells, PEABr, FAPbBr3, 2D/3D perovskite, passivation

■ INTRODUCTION

Over the past decade, significant progress has been achieved for
perovskite solar cells (PSCs) with the highest power conversion
efficiency (PCE) now exceeding 25%.1−4 Among the various of
perovskite materials, lead bromide perovskite5−7 has recently
attracted great attention as an interesting candidate for the top
cell of tandem devices, benefiting from its high bandgap (around
2.3 eV), high Voc, and good chemical stability in ambient air.8−10

Hanusch et al. first reported FAPbBr3 solar cells with a PCE of
6.5%.11 Arora et al. and Chen et al. improved the quality of
perovskite films via two-step12 and one-step13 solvent engineer-
ing, respectively. Zhang et al. obtained high-quality FAPbBr3
films by adding the appropriate amount of urea in FAPbBr3.

7

According to the detailed analysis of the single-junction
FAPbBr3 solar cells, the maximum efficiency of this kind of
device is about 17%. However, until now, the efficiency of
FAPbBr3 is still far from its limit due to energy loss.14

The defects on the grain boundaries or the surface (interface
defects), which were generated due to the sublimation of the
organic components during thermal annealing, are one of the
main limiting factors hindering device performance.15−17 It is
well recognized that the charge recombination caused by defects
would lead to a decrease of fill factor (FF)18 and a decrease of
photovoltage. Moreover, interfacial defects also lead to severe
hysteresis due to the ion migration and lifetime degradation as a

result of the accumulation of moisture at the interface
defects.16,19−21

Extensive research strategies related to defect passivation have
been exploited to alleviate the above drawbacks.22−25 In
particular, Paek and co-workers reduced the surface defects by
preparing two-dimensional (2D) perovskite on three-dimen-
sional (3D) mixed perovskite films, increasing the PCE to
21.65%.26 The organic spacer cations in low dimensional
perovskite are usually hydrophobic. Therefore, low dimensional
perovskite commonly has a stronger resistance to water induced
degradation than 3D perovskite.27,28 In addition, the 2D
perovskite can coordinate to the surface of the 3D perovskite
surface, thereby significantly reducing the defect density and
improving the interfacial charge extraction efficiency.29−31 Thus,
by interfacial modification using a low-dimensional perovskite
thin layer on the 3D perovskite, the efficiency as well as stability
of the devices may be significantly improved.
Herein, we introduce a simple method to form a 2D/3D

heterojunction structure to passivate the defects on the surface
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of FAPbBr3. The phenethylammonium bromide (PEABr)
solution is deposited on the 3D perovskite and then an ultrathin
2D PEA2PbBr4 perovskite is formed. The PEABr exhibits
passivation ability as implied by increased steady-state photo-
luminescence and decreased trap-state density (ntrap), resulting
in a higher FF than the pristine device (77.6% compared to
67.6%, respectively). The champion efficiency of the device
treated with PEABr is as high as 9.4%. In addition to the
outstanding PV performance, the 2D perovskite formed at the
surface and grain boundaries of FAPbBr3 protects the FAPbBr3
from moisture and ion migration by passivating the interface
defects, leading to the improvement of the device stability. The

device with PEABr still retained over 91% of its initial efficiency
after 100 days. To demonstrate the potentials of PEABr treated
FAPbBr3 in semitransparent devices with PCE of 8.7% were
successfully fabricated by reducing the thickness of gold from 80
to 15 nm. This may be interesting for use in applications with
semitransparent solar cells with high photovoltage, or as a front
cell in a tandem solar cell.

■ RESULTS AND DISCUSSION

The two-step spin-coated 3D lead bromide perovskite films were
treated with PEABr solution without thermal annealing to
introduce 2D perovskite on the 3D FAPbBr perovskite (Figure

Figure 1. (a) The schematic structure and diagram of the 2D perovskite layer preparation on the 3D lead bromide perovskite. (b) The cross-sectional
view of the device with 2D perovskite layer. (c) X-ray photoelectron spectroscopy (XPS) and (d) X-ray diffraction (XRD) for the perovskite films with
and without surface modification with 2D perovskite prepared using different concentrations of PEABr.

Figure 2. (a) Current density−voltage curves (J−V) and (b) incident photon-to-current efficiency (IPCE) spectra for the best performance devices
without and with PEABr. The concentration of the PEABr is 1.25 mg mL−1. Photovoltaic parameters for the devices without and with PEABr (10
devices), including (c) PCE, (d) FF, (e) short-circuit current density (Jsc), and (f) Voc.
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1a, please find the fabrication details in the Supporting
Information, SI). The PSC devices treated with PEABr
concentrations from 0 mg mL−1 to 1.5 mg mL−1 were fabricated
to optimize the concentration of PEABr solution for the 2D
perovskite layer formation.
The structure of the PSC was confirmed by scanning electron

microscope (SEM), as shown in Figure 1b, the thickness of the
FAPbBr3 film was around 500 nm and the cross-section
structure of glass/FTO/PAH-SnO2/3D-FAPbBr3 perovskite/
2D-perovskite/spiro-MeOTAD/Au was monitored.
The surface of the perovskite films was examined by using X-

ray Photoelectron spectroscopy (XPS). The high-resolution
XPS spectra of C 1s showed peaks centered around 284.8 and
288 eV. The intensity of the signal at 284.8 eV increased with the
addition of PEABr, which implied the existence of carbon-rich
PEABr on the surface of the perovskite. The crystal structure of
as-fabricated perovskite films was further measured using XRD.
As shown in Figure 1d, an additional peak at an angle of
approximately 5.2°, that is attributed to the 2D (PEA)2PbBr4
structure, could be detected after the PEABr treatment. The
XRD pattern of pure PEA2PbBr4 in the Figure S2, and
comparing to the XRD pattern of the FAPbBr3 film treated
with 10 mg mL−1 PEABr solution, the peak from 2D perovskite
can be clearly observed, which proves the existence of the
(PEA)2PbBr4 perovskite structure on the FAPbBr3 films after
the treatment of the PEABr.25,32 XRD patterns with various
incident angles (from the 2° to 5°) were also measured for the
sample with PEABr (1.25 mg mL−1). As shown in Figure S3, the
characteristic peak of 2D composite (around 5.2°) disappeared
when the incident angle increased to 5°. Thus, we conclude that
the thickness of the 2D layer is just a few nanometers. For the
main diffraction peaks of the FAPbBr3 (located at 14.8° and
29.7°), after being treated with 1.25 mg mL−1 PEABr, the
intensity was higher than that of other perovskite films, which
indicate improved crystallinity of the perovskite films after the
surface modification.
FAPbBr3 PSCs treated with different concentration of PEABr

solution were fabricated to optimize the concentration of the
PEABr solution. As shown in Figures 2a and S4 and Tables 1 and
S1, the optimal concentration is 1.25mgmL−1, which lead to the
highest PCE.
The J−V curves for the devices without and with PEABr (1.25

mg mL−1) modification are compared in Figure 2a, and the
corresponding data are listed in Table 1. The pristine device
showed a lower PCE of 7.6% at a reverse scan together with a Jsc
of 8.0 mA cm−2, Voc of 1.4 V, and an FF of 67.6%, while the
device with PEABr treatment demonstrated the higher PCE of
9.4% at a reverse scan with Jsc = 8.8 mA cm−2,Voc = 1.4 V, and FF
= 77.6%. The SEM images of the perovskite films are shown in
Figure 3, and the corresponding IPCE spectra of the cells are
shown in Figure 4b. The device with PEABr treatment showed
higher IPCE in almost all wavelengths from 350 to 550 nmwhen
compared to the pristine device, showing that the photon to

charge carrier conversion is enhanced after PEABr treatment to
obtain the 2D perovskite interface. These results are in good
agreement with the J−V curve, which showed that the PEABr-
treated device has better photovoltaic performance than the
pristine device. Figure 4 c−f monitors the PV parameter
statistics of the devices with and without PEABr treatment. The
results show that the PSCs showed good reproducibility in
performance. Noticeably, from Tables 1 and S1, the FF of the
devices improved significantly after the treatment of PEABr
(from 67.6% to 77.6%), which contributed the most to the
improvement of PCE.
The enhanced FF can be explained by changes in the losses

connected to resistance in the device.18,33 The resistance in the
solar cells is often described as the series resistance (Rs1) and
shunt resistance (Rsh), which are related to the materials, carrier
recombination, and the contact between charge transport layer
etc. In general, for a high FF, it is important to increase the Rsh
and reduce the Rs1. From our results in Tables 1 and S1, the
devices with PEABr treatment have higher Rsh and lower Rs than
the pristine device, which leads to the higher FF and then the
higher PCE.
To further understand the influence of the PEABr treatment

on the perovskite films, SEM and AFMwere performed to study
the surface morphology of perovskite films. According to the
SEM results in Figures 3a,b and S5, good perovskite films
without pinholes could be obtained for all samples. There is no
obvious difference in the particle size of the different perovskite
films. But comparing the picture in Figure 3a,b, there are
differences observed in the surface morphology indicating
formation of a 2D perovskite interface for the sample with
PEABr modification, which are consistent with the results of the

Table 1. Photovoltaic Parameters for the Best Performance Devices without and with PEABr Surface Modification

devices scan direction PCE (%) FF (%) Jsc (mA·cm−2) Voc (V) Rsh (Ω·cm2) Rs1 (Ω·cm2)

pristine reverse 7.6 67.6 8.0 1.39 2605 9
forward 6.6 63.2 8.0 1.32 1056 15.5
average 7.0 ± 0.7 65.3 ± 4 8.0 ± 0.4 1.39 ± 0.1 3000 12

with PEABr reverse 9.4 77.6 8.8 1.39 6306 5
forward 8.2 72.1 8.7 1.33 3434 9.5
average 8.8 ± 0.6 74.9 ± 4 8.6 ± 0.3 1.40 ± 0.1 9666 7

Figure 3. Scanning electron microscopy (SEM) images of the
perovskite films (a) pristine and (b) with PEABr treatment. Red circles
are examples of regions where differences are observed in the surface
morphology. Atomic force microscopy (AFM) images of the perovskite
films (c) pristine and (d) with PEABr treatment.
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2D perovskite peaks detected in XRD. AFM was employed to
obtain more information about the perovskite surface. From the
images in Figures 3c,d, S6, and S7, the pristine perovskite film
showed a rough surface morphology with a roughness of 48.0
nm. As shown in Figure 3d, the roughness of the perovskite
treated with PEABr (1.25 mg mL−1) is 40 nm, which therefore
suggests a slightly improved smoothness of the PEABr modified
film. When PEABr solutions with different concentrations were
deposited on the perovskite films, the roughness change of the
perovskite films was negligible. Low surface roughness facilitates
the deposition of the HTM layers and reduces the interface
resistance to accelerate the charge transport,34 meanwhile a
rough film with poor contact may cause pin holes, and therefore
lower FF compared to a uniform film.18

The recombination of photogenerated electrons and holes,
would lead to current leakage and, therefore, to reduced FF. An
in-depth understanding of the role of 2D perovskite interface
layer of the PEABr modified device and in the as-fabricated
devices is important for the development of efficient PSC

devices. Therefore, we analyzed the trap density (ntrap) of the
perovskite films by employing the J−V measurements under
dark condition and for different bias voltages.35 Generally, hole-
only devices with the structure of FTO/PEDOT: PSS/
perovskite/(with and without PEABr modification)/spiro-
OMeTAD/Au were prepared. From the results shown in Figure
4a,b, there are two regions in the J−V characteristic curves:
Ohmic (J∼ Vn, n = 1, orange line) and trap-filled limit (TFL, J∼
Vn, n > 3, purple line) regions.36,37 VTFL is the trap-filled limit
voltage, and it is determined by the trap states.35,37,38 Thus, ntrap
could be calculated by eq 1.38

ε ε
=n

V
eL

2
trap

0 TFL
2 (1)

where L is the thickness of the perovskite film (500 nm), ε0 is the
vacuum permittivity (8.854 × 10−12 F m−1), and e is the
elementary charge (1.602 × 10−19 C), the dielectric constants
(ε) of FAPbBr3 is 43.6.39,40 As shown in Figure 4a,b, the
calculated ntrap for the perovskite film with PEABr modification

Figure 4. J−Vmeasurement of hole-only devices in the dark for determining the ntrap, (a) pristine and (b) with PEABr. The structure of the hole-only
devices is (FTO/PEDOT: PSS/FAPbBr3/ (with or without PEABr) /Spiro-OMeTAD/Au). (c) Steady-state photoluminescence and (d) UV−vis
absorption spectra of the perovskite films with and without PEABr treatment, the structure of samples is glass/FTO/SnO2/FAPbBr3/with or without
PEABr modification. (e) Nyquist plots of the PSCs devices with and without PEABr treatment. These devices were measured at 1.3 V under dark. (f)
Long-term stability measurement of PSCs with and without PEABr modification. The inset in the image shows the water contact angle measurements
for pristine and for PEABr modified perovskite films.
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(2.3 × 1016 cm−3) was slightly lower than that of pristine
perovskite film (2.8 × 1016 cm−3). The lower ntrap suggests a
passivation effect by the 2D perovskite interface, as well as the
improved perovskite quality previously discussed.41

As shown in Figures 4c and S8, in order to get the steady-state
photoluminescence information on the whole standard devices,
we performed a PL measurement for the devices with structure
of glass/FTO/PAH-SnO2/3D-FAPbBr3 perovskite (with or
without PEABr), as same time the perovskite films were also
deposited on the glass directly with the structure of glass/3D-
FAPbBr3 perovskite (with or without PEABr) to avoid the
possible quenching effect of electron transfer layer and get the
intrinsic PL features of different perovskite layers. In both of the
two cases, the PL intensity of the perovskite film with PEABr-
modification was much higher than that of the pristine
perovskite film, which also suggests reduced surface defects
and better quality of the perovskite with the 2D perovskite
interface. Moreover, the PEABr modified film showed a PL peak
at 410 nm, which is related to the emission of the formed 2D
(PEA)2PbBr4 perovskite.

32 The results are in good agreement
with the XRD results and further confirmed the formation of 2D
perovskite (PEA)2PbBr4 on the surface of FAPbBr3. Moreover,
as shown in Figure 4b, the UV−vis absorption spectra further
confirmed the existence of this 2D perovskite. The differential
curve shows the 405 nm absorption edge corresponding to the
near-band edge transition in (PEA)2PbBr4.

32 In addition, the
perovskite film with PEABr modification showed slightly
enhanced absorption compared to the pristine perovskite,
which may be the results of the improved crystallinity.42 The
enhanced light harvesting of sample with PEABr modification
could be a reason for the improvement of Jsc.

43

The resistance has a great influence on the FF of the device
and is related to the charge transport and recombination in the

device.18,44 As shown in Figure 4e, electrochemical impedance
spectroscopy (EIS) was applied to further understand how the
PEABr modification affects the resistance of the device. The
measurement was carried out under dark with an applied voltage
of 1.3 V. The equivalent circuit in the Figure S9 included the
series resistance (Rs2), charge transfer resistance (Rct), and the
recombination resistance (Rrecom).

45,46 From Figure 4e and
Table S2, after treatment, the Rs2 was decreased from 34.33 to
25.95 Ω, and the Rct value decreased from 76.57 to 67.30 Ω,
while the Rrecom increased from 3985 to 11128Ω. The decreased
series resistance for the device with PEABr treatment suggested
a lower contact resistance between the FAPbBr3 perovskite layer
andHTL due to the presence of the 2D perovskite layer,47 which
is also consistent with the improved surface roughness in the
AFM measurement. The smaller Rct is good for the charge
transfer.47 Meanwhile, the device with PEABr modification
showed higher Rrecom in agreement with the lower defect density
suggested by the PL measurements, which leads to an improved
shunt resistance and enhanced FF.47

Interfacial defects can also reduce the lifetime of the device
due to the accumulation of moisture at the interface
defects.16,19−21 From Figure 4f, owing to the original good
stability of FAPbBr3, the efficiency of pristine devices decreased
only slightly after 100 days. With the protection of the
hydrophobic organic spacer cation in PEABr, the PEABr
modified device was more stable than the pristine device, and
the PEABr modified device maintained 91% of its original
efficiency after 100 days. The changes in hydrophobicity were
verified by water contact angle measurements. As expected, the
PEABr modified perovskite film showed the higher hydro-
phobicity than the pristine perovskite film (contact angle: 66° vs
54°), indicating a greater moisture stability.

Figure 5. (a) J−V curves of the champion semitransparent devices without and with PEABrmodification. (b) The transmittance of the perovskite film,
semitransparent PSCs, and the standard PSCs, all these samples were treated with PEABr. The thickness of Au for semitransparent device and standard
device are 15 and 80 nm, respectively. The device pictures for the (c) perovskite film, (d) semitransparent device, and (e) standard device. University
logo used with permission.
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Semitransparent solar cells may havemany interesting areas of
application and achieving a semitransparent device requires a
highly transparent electrode. In this work, several semi-
transparent devices were prepared by reducing the thickness
of gold from 80 to 15 nm. From the J−V curves in Figure 5a and
Figure S10, the photovoltaic performance of the semitranspar-
ent device (with 15 nm gold) is similar to the standard devices
(with 80 nm gold). It is worth mentioning that the device with
PEABr treatment showed a higher PCE (8.7%) than the pristine
device without PEABrmodification (7.0%). As shown in Figures
5b and S11, the transmittance of semitransparent PSCs and the
standard PSCs films were measured. It is obvious that the
semitransparent PSCs demonstrated a much higher trans-
mittance than the standard PSCs. By reducing the thickness of
the Au layer, the transparency was improved from 3% to 57%,
with a peak in transmittance around 600 nm. The photos in
Figure 5c−e also showed the same trend with the transmittance
results. The successful construction of transparent devices
showed that FAPbBr3 solar cells has great potential and practical
significance to be used in practical applications such as
semitransparent windows or tandem solar cells in the future.

■ CONCLUSIONS

In summary, we have investigated the preparation and effect of
interfacial modification of FAPbBr3 with 2D PEA2PbBr4
perovskite, in solar cell devices. The 2D PEA2PbBr4 perovskite
layer was formed by a surface modification using PEABr, which
clearly improved the photovoltaic performance of our devices.
For the interface modified devices the efficiency was improved
from 7.7% to 9.4%, and the FF was improved from 67.7% to
77.6%, compared to the devices without 2D perovskite layer.
With the 2D PEA2PbBr4 perovskite layer the intensity of steady-
state photoluminescence also increased, which suggests that the
trap density decreased. Moreover, the result of AFM and EIS
suggest that the ultrathin 2D perovskite layer also helps to
optimize the interface resistance between the perovskite and the
HTL. The 2D perovskite layer also improves the stability of the
devices by preventing moisture and oxygen from penetrating
into the 3D perovskite. The champion device with PEABr
treatment maintained 91% PCE after 100 days in the drybox and
dark condition. Semitransparent devices with the 2D perovskite
interface modification were also prepared and the champion
PCE with interface modification was 8.7% with an FF up to
76.4%.
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