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1. Introduction

Hybrid organic–inorganic perovskite 
compounds have attracted tremendous 
attention in the field of photovoltaic (PV) 
research due to their superior properties 
such as efficient light-harvesting, tun-
able band structure, long carrier diffusion 
length, low defect density, etc.[1] Due to 
these characteristics, the power conver-
sion efficiency (PCE) of perovskite solar 
cells (PSCs) has already exceeded 25% in 
2019, starting from only 3.8% in the first 
publication in 2009.[1a,2] In addition, PSCs 
require simple processing and low fabri-
cation cost, and thus render them great 
potential for commercialization.[3] How-
ever, beyond such unique and exhilarating 
advantages, the perovskites suffered from 
the stability issue which hinders their pace 
toward commercialization.[4]

For commercial solar cells, efficiency, lifetime, and cost are 
the three most critical parameters. With very competitive effi-
ciency, the cost of perovskite solar cells is just around half of 
the silicon solar cell, whereas their lifetime is the main issue.[5] 
Therefore, enhancing the long-term stability to prolong the 
lifetime is the first priority for PSCs development. Recently, 
many chemistry strategies including doping, compositional 
engineering, dimensional engineering, grain boundary modi-
fication, and functional transporting material design have 
been employed to solve the intrinsic instability issues like ion 
migration, thermal decomposition/phase transition, and hygro-
scopicity of perovskite materials.[6] However, the improvement 
effect is still limited, especially when exposing the cells to the 
ambient environment and continuous operation condition.[7] 
The ionic crystal behavior and the composition feature are the 
two main factors that make the perovskite material sensitive to 
the main species in ambient condition, especially the oxygen 
and moisture, resulting in the fast degradation of material as 
well as the device performance.[8] Isolating the PSCs from these 
species is essential in protecting them from the environment-
induced degradation.

Encapsulation, so far, has been widely used in the com-
mercialized electronic devices, which was also employed in 
the PSCs and showed obvious enhancement on the device sta-
bility.[9] Dong et al. compared three kinds of commonly used 
encapsulation material, UV-curable adhesive (UVCA), “AB” 
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epoxy, and the thermal curable epoxy, and demonstrated that 
the UVCA resulted in the best postprocessing efficiency and 
device stability.[9d] However, Han et al. demonstrated that the 
direct contact of UVCA and PSCs should be avoided, because 
the outgassed vapor of UVCA could damage the perovskite 
during the UV-curing. They suggested that the UVCA encap-
sulation should only be applied at the edge.[9e] Shi et al. found 
that a void space should be avoided around the device during 
the encapsulation, because it provided enough space for 
the volatile species to escape from the perovskite due to the 
decomposition.[9c] So far, several encapsulation strategies have 
been employed to PSCs, but one crucial problem still remains 
in that the typically used encapsulants cannot meet the goal of 
long-term stability. For the encapsulants used for PSC devices, 
in addition to their intrinsic long-term stability, it must also 
meet four requirements: 1) chemically inert when exposing 
to the materials used in solar cell devices to enable the direct 
contact with the cell to avoid the species volatilization; 2) sol-
vent-free or at least no damaging solvent involved during the 
encapsulation procedure due to the fact that the perovskite 
material and organic transporting materials are sensitive to 
most of the organic solvents; 3) low-temperature processability, 
because the poor thermal stability of perovskite demands the 
encapsulation processes no higher than 150–170 °C; 4) a low 
water vapor transmission rate (WVTR) to effectively prevent the 
invasion of moisture. Besides, the cost and ambient processi-
bility for encapsulation are also equally important for the mass 
production.

In this work, we demonstrated the advantages of a solvent-
free and low-temperature processing encapsulation strategy 
for the PSC, on the merit of a low-cost encapsulation material, 
paraffin. Its unique solvent-free and low-temperature process-
ability is compatible with perovskite absorber, which enables 
the processing at ambient condition with scalability. Besides, 
the nonpolar paraffin can effectively remove the residue oxygen 

and moisture during the encapsulation, prevent the perov-
skite from phase segregation, and suppresses the volatiliza-
tion of perovskite to impede absorber decomposition. Bearing 
these advantages, the encapsulated devices display a superior 
stability by retaining over 80% of the original efficiency over 
1000 h continuous test at the maximum power point (MPP) 
under ambient condition.

2. Results and Discussions

2.1. Oxygen- and Moisture-Induced Accelerated Phase 
Segregation

In this study, we employed the mixed-cation mixed-halide perov-
skite with formula of Rb0.09Cs0.05[(FA0.85MA0.15)Pb(I0.85Br0.15)3] 
(RbCsFAMA).[10] Figure 1a,b shows the scanning electron 
microscopy (SEM) image of perovskite films before and after 
aging under illumination for 60 min in the ambient environ-
ment with relative humidity of 25–35% RH and temperature of 
20–25 °C without encapsulation. It can be seen from the SEM 
images that the aged perovskite film suffered from obvious 
morphology change, wherein irregular bright regions appeared 
on the surface, indicating a strong composition change of the 
film.[11]

To achieve a longer lifetime, UVCA was used for device 
encapsulation. However, it was found that the UVCA-encapsu-
lated devices still suffered from oxygen- and moisture-induced 
degradation. As shown in Figure 1c,d, in the UVCA-encapsu-
lated devices, the perovskite films also show a phase segrega-
tion after continuous illumination. The device encapsulated 
in N2 (Figure 1c) exhibits weaker phase segregation than 
the one encapsulated in ambient environment (Figure 1d). 
Figure 1d shows large irregular spots with size over 3 µm, 
which may result from the formation of new phases or the 
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Figure 1. The top-view SEM images of perovskite films, a) fresh sample, b) unencapsulated sample, UVCA-encapsulated film in c) N2 and d) ambient 
environment. (b)–(d) were aged under illumination in ambient environment for 1 h. e) XRD patterns and f) steady-state PL spectra of perovskite film 
samples prepared under different conditions.
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volatilized species induced decomposition. The above results 
unveil that the oxygen and moisture will strongly influence the 
morphology of perovskite film due to the phase segregation and 
decomposition.[8] Although the UVCA encapsulation can slow 
down this process, a more rigorous operation condition in inert 
atmosphere is demanded.

To further investigate the relationship between the mor-
phology change and film composition, X-ray diffraction (XRD) 
and steady state photoluminescence (PL) were applied. From 
the XRD patterns in Figure 1e, only one peak around 14.25° 
(2θ) can be detected in the fresh sample, which belongs to the 
diffraction of (110) lattice plane of RbCsFAMA perovskite.[10] 
However, a more obvious change occurred after 60 min illu-
mination. For the sample encapsulated in N2, two additional 
diffraction peaks appear at 10.26° and 12.70° which belong to 
RbPb(I1−xBrx)3 and PbI2, respectively, indicating the phase seg-
regation and decomposition of original RbCsFAMA film.[11,12] 
If the film is encapsulated in ambient environment at heavy 
exposure level to moisture, the formation of RbPb2I4Br (around 
11.5°) is detected after the aging process.[11] Besides, the change 
of intensity of (110) peak is also detected, which may be due 
to the thickness variation of different samples. The phase seg-
regation phenomenon is also detected by grazing-incidence 
wide-angle X-ray scattering (GIWAXS) patterns as shown in 
Figure S1 (Supporting Information). Figure 1f presents the 
steady-state PL, which also confirms the phase segregation phe-
nomenon. The N2-encapsulated film shows a slightly redshift of 
the PL peak after the 60 min illumination, which can be attrib-
uted to the formation of I-rich phases. As a contrast, for the film 
encapsulated in ambient condition, a much stronger redshift of 
the PL peak is detected. Besides, several shoulder peaks at low 
wavelength region are also detected due to the formation of Br-
rich phases. The above results reveal that the phase segregation 
phenomenon is due to the intrinsic properties of perovskite 
materials, and the exposure to ambient environment would 
accelerate this segregation process. More importantly, our dem-
onstration indicates that the mostly used UVCA encapsulant 
could hardly suppress the phase segregation as the removal of 
residual oxygen and moisture is not efficient with this encapsu-
lation strategy.[9c]

2.2. Inhibited Phase Segregation

Based on the requirements for PSCs in terms of long-term sta-
bility, a low-cost and perovskite-compatible material, paraffin, 
with a solvent-free and low-temperature protocol was proposed 
to investigate the feasibility of this encapsulation strategy for 
the PSCs.

Figure S2a,b (Supporting Information) shows the device encap-
sulation structure of UVCA with/without paraffin. Figure S2c,e  
(Supporting Information) shows the two-sided photo-image 
of device encapsulated by UVCA with paraffin. Figure S2d,f 
(Supporting Information) shows the two-sided photo-image 
of device encapsulated by UVCA without paraffin. Due to 
the incompatibility between PSCs and the solvent in UVCA  
(Figure S3, Supporting Information), the noncontact encapsula-
tion is essential to avoid the direct contact between UVCA and 
the top of the PSCs. The composition of encapsulation gas is 

depended on the fabrication condition, which typically consists 
of N2, Ar, or air. For the encapsulation of UVCA with paraffin, 
since the paraffin is a solvent-free material and chemically inert 
to PSCs, it can be in direct contact with the device and hence 
forms a gas/vacuum-free encapsulation over the device. More 
importantly, this encapsulation strategy can directly remove the 
residue oxygen and moisture from device surface and enables 
the full encapsulating operation under ambient environment. 
For comparison, the PSCs devices were encapsulated by UVCA 
with paraffin and without paraffin under ambient environment, 
with details described in the Experimental Section.

To evaluate the phase segregation behavior of perovskite 
films in the UVCA with/without paraffin-encapsulated devices, 
the steady-state PL spectra tracking under continuous illumina-
tion are shown in Figure 2a,d. It is clearly seen that the UVCA 
without paraffin-encapsulated devices shows significant PL 
shifted from around 760 to 780 nm after only 3 h illumination, 
indicating the formation of an iodide-rich phase. Furthermore, 
after another 3 h illumination, the PL signal become broadened 
and shift to the lower wavelength region, which verify the forma-
tion of Br-rich phases or larger-bandgap species. As a contrast, in 
the UVCA with paraffin-encapsulated devices, the entire spectra 
show no significant changes within the same time frame.

The X-ray diffraction (XRD) measurements also confirm the 
results indicated from PL analysis. In Figure 2b, after 3 h con-
tinuous illumination, new phase like RbPb(I1−xBrx)3 (10.26°) 
formed in the UVCA without paraffin-encapsulated PSCs, and 
another reflections around 2θ = 11.55° belonging to RbPb2I4Br 
appeared after 6 h, which confirms the previous hypothesis 
that larger bandgap species formed.[11] Meanwhile, the XRD 
patterns of UVCA with paraffin-encapsulated device keep 
unchanged after 3 h illumination. However, after 6 h illumina-
tion, a new peak is detected on the XRD patterns (Figure 2e). 
As mentioned before, the perovskite intrinsically suffers 
from phase segregation, hence the formation of new phases 
can hardly be fully prohibited but can only be suppressed by 
reducing the exposure to oxygen and moisture.

In addition, the UV–vis absorption spectra also clearly iden-
tify the changes of the films after continuous illumination. In 
Figure 2c, the UV–vis spectra show that the light absorption 
within 400–600 nm significantly decreased along with the for-
mation of a new absorption edge around 420 nm for UVCA 
without paraffin-encapsulated device, indicating a serious com-
position change and decomposition of the film. However, as 
shown in Figure 2f, UVCA with paraffin-encapsulated sample 
is much stable as the UV–vis absorbance only exhibits negli-
gible change after 6 h illumination.

To further investigate the phase segregation behavior under 
different encapsulation strategies, the 2D PL maps were meas-
ured by using the confocal photoluminescence microscopy. 
Figure 3a–c shows the 2D PL maps changes of UVCA without 
paraffin-encapsulated devices. Obvious PL redshift can be seen 
on the perovskite film after 1 h illumination due to the forma-
tion of I-rich phases. The redshift becomes more obvious with 
the prolonged illumination time. More importantly, the scale 
of phase segregation on the film surface is around micro meter. 
As the I-rich region acts as the charge recombination sites, 
the microscale phase segregation would strongly influence 
the device performance as well as its stability, resulting in a 

Adv. Energy Mater. 2020, 1902472
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fast degradation. In contrast, the film encapsulated by UVCA 
with paraffin shows no obvious change on the color of the PL 
maps, which are presented in Figure 3d–f, indicating the inhib-
ited phase segregation. Due to the resolution of 2D PL maps 
is limited to 200 nm, it is hard to detect the phase segregation 
with smaller scale, but these results can prove that the phase 
segregation of UVCA with paraffin-encapsulated device is 
much weaker than that without paraffin-encapsulated device. 
What's more, the encapsulation strategy also works well for the 
perovskite films with composition of MAPbI3 and FACsPbI3, 
which is shown in Figures S4 and S5 (Supporting Information). 
We observed obvious PL shift in the UVCA without paraffin-
encapsulated films than that with paraffin-encapsulated films 
after continuously illumination aging.

In addition, we also tracked the recovery of phase segrega-
tion process of the encapsulated perovskite film as shown in 
Figures S6 and S7 (Supporting Information). The 2D PL maps 

in Figures S6d–f and S7d–f (Supporting Information) show 
that recovery of phase segregation in the UVCA without par-
affin-encapsulated film is more harder than that with paraffin-
encapsulated one, indicating that the better removal of ambient 
species like oxygen and moisture could not only suppress 
the phase segregation but also benefit the recovery of phase 
segregation.

Based on the above characterizations, the UVCA with par-
affin encapsulation strategy presents great effect on inhibiting 
the film degradation and phase segregation. The solvent-free 
and low-temperature processability render them good compat-
ibility with PSCs, while the nonpolar nature of paraffin makes 
it efficient in removing the residue oxygen and moisture during 
the ambient encapsulation process. Combining such unique 
properties, the UVCA with paraffin-encapsulated device shows 
drastically suppressed decomposition and phase segregation 
compared with that without paraffin-encapsulated device.

2.3. Inhibited Water/Oxygen Intrusion and 
Defect Generation

The water contact angle was tracked to eval-
uate the waterproof ability of the two encap-
sulant. The contact angles of water on the 
UVCA and paraffin encapsulant are around 
92.9° and 107.4°, respectively (Figure 4a,c), 
indicating that the paraffin is more hydro-
phobic than the UVCA. Interestingly, after 
exposure to water droplet for 5 min, the water 
contact angle of UVCA decreases to 59.2° 
(Figure 4b). The reduction of hydrophobicity 
may originate from the invasion of water as 
the UVCA holds a high WVTR value (Table S1,  
Supporting Information). With lower WVTR 

Adv. Energy Mater. 2020, 1902472

Figure 3. The 2D photoluminescence (PL) maps of perovskite films of continuous illumination 
with a–c) UVCA without paraffin encapsulation and d–f) UVCA with paraffin encapsulation in 
ambient environment. The scale bar is 1 µm.

Figure 2. The steady-state PL spectra of a) UVCA without paraffin and d) UVCA with paraffin encapsulation under continuous illumination. The XRD 
patterns of b) UVCA without paraffin and e) UVCA with paraffin encapsulation. The UV–vis absorption spectra of c) UVCA without paraffin and f) UVCA 
with paraffin encapsulation, and inset photos show devices after encapsulation from both sides.
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value and nonpolar nature, the paraffin only has a slightly 
change in the water contact angle, showing good hydrophobicity 
(Figure 4d).[9c,13] From the in situ water contact angle tracking, 
the paraffin encapsulant not only presents stronger waterproof 
ability due to its surface hydrophobic properties, but also has 
the ability to suppress the invasion of water, thus enables effi-
cient removal of the oxygen and moisture even under the 
ambient environment.

The vacancy-type defects in perovskite film have been 
revealed as a crucial factor accelerating the degradation of 
perovskite material.[4a,b,14] The vacancies in perovskite act as 
shallow electronic traps, and the absorption of oxygen and 
moisture molecules at such shallow electronic traps is more 
favorable than at pristine surfaces, and hence accelerate 
perovskite degradation via the vacancy-assisted decomposition 
mechanism.[6a,8b] Meanwhile, the vacancies can be generated 
during the film decomposition and phase segregation. There-
fore, the inhibited phase segregation and decomposition would 
also suppress the formation of vacancies, thus eliminates 
another vacancy-assisted decomposition pathway.

Superoxide anion is a key species generated at the vacancy 
sites of perovskite, and is responsible for the material decompo-
sition. To quantify the formed vacancies within the perovskite 
film, a molecular fluorescent probe, hydroethidine (HE) probe 
was employed. HE probe is known to show a characteristic 
increase in emission at 610 nm upon exposure to the superoxide 
radical anion as reported in literatures.[6a,8b,15] The RbCsFAMA-
based solar cells encapsulated by UVCA without/with paraffin 
were aged under illumination for 6 h before the test, followed 
by immersion into a 0.317 × 10−3 m solution of the HE probe 
in dehydrated toluene. The photodegradation condition was 
initiated under continuous illumination from a LED lamp with 
dry oxygen flow. Figure 4e shows the normalized increment in 
emission ([IF(t)/[IF(t0)] at 610 nm vs ageing time) to represent 
the superoxide generation rate (The original PL data are dis-
played in Figure S8, Supporting Information). It can be found 
that the superoxide yield is significantly increased in the UVCA 
without paraffin-encapsulated devices when compared with the 
fresh film. Meanwhile, superoxide yield of the UVCA with par-
affin-encapsulated devices also presents a slightly increase, but 

Adv. Energy Mater. 2020, 1902472

Figure 4. The water contact angles of a,b) UVCA and c,d) paraffin before and after exposure to water for 5 min. e) Normalized fluorescence intensity at 
610 nm of the superoxide probe solution, with excitation at 520 nm. IF(t) is the fluorescence intensity maximum at time t, while IF(t0) is the background 
fluorescence intensity of the probe at t = 0. The ratio IF(t)/IF(t0) is a measure of the yield of superoxide generation. f) The light intensity dependent Voc 
of encapsulated devices after 6 h illumination, wherein the reference is the fresh device.
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much lower than that without paraffin-encapsulated devices. 
From this result, the vacancy generation is efficiently inhibited 
by the UVCA with paraffin encapsulation, which could further 
be beneficial to the operational stability of PSCs devices.

In addition, the defects were also investigated by studying 
the energy loss in each device. The light-intensity-dependent 
Voc can provide critical insights into the mechanism of recom-
bination processes in the PV device.[16] At Voc, no net flow of 
current (J = 0 mA cm−2) pass through the device, thus all the 
photogenerated charge carriers should recombine in the PVSK 
film. The corresponding charge carrier recombination process 
is reflected by the ideality factor n determined by the slope of 
the Voc versus incident light intensity as shown in Equation (1)

( )
=

Φ
d

d ln
ocn

q

kT

V

 
(1)

where q is the elementary charge, k is the Boltzmann constant, 
T is the temperature, and Φ is the light intensity.[17] When the 
ideality factor n approaches 2, Shockley–Read–Hall (SRH) type, 
trap-assisted recombination dominates. In contrast, in the case 
of recombination of free electrons and holes, the ideality factor 
should be 1.

The light-intensity-dependent Voc was measured under dif-
ferent incident light intensity ranging from 2.6 to 100 mW cm−2 
(from 0.26 to 1 sun) and corresponding parameters are plotted 
in Figure 4f. The ideality factor n calculated from the slope of 
the fitting curves are 1.54, 1.58, and 1.84 for the fresh device, 
UVCA with/without paraffin-encapsulated device, respectively, 
and the encapsulated devices were aged under illumination 
for 6 h before test. From the changes of ideality factors, we 
can conclude that the trap-assisted recombination in the aged 

UVCA with paraffin-encapsulated device is close to the fresh 
device, which is attributed to the inhibited generation of defects 
from UVCA with paraffin encapsulation. However, the UVCA 
without paraffin-encapsulated device shows significant change 
from 1.54 to 1.84, indicating a higher trap-assisted recombina-
tion rate.

The above results reveal that in addition to the inhibition of 
phase segregation and degradation, the UVCA with paraffin 
encapsulation also shows superior advantages on suppressing 
the generation of defects. The nonpolar nature enables the 
paraffin to remove the residue oxygen and moisture entirely, 
resulting in the excellent materials stability.

2.4. 1000 h Operational Lifetime of Paraffin-Encapsulated PSCs

From previous results, it can be found that UVCA with paraffin 
encapsulation can effectively inhibit the phase segregation and 
suppresses the defects generation. The device encapsulated 
with paraffin also shows negligible change in color after aging 
under AM 1.5 for 40 d as shown in Figure S9 (Supporting 
Information). Therefore, the device performance and stability 
tests were performed to evaluate the reliability of UVCA with 
paraffin encapsulation.

The device constructed with structure ITO/SnO2/perovskite/
Spiro-OMeTAD/Au was used for demonstration, as shown in 
Figure S2 (Supporting Information), with details described in 
the Experimental Section. Figure 5a shows the J–V curves of 
devices before and after encapsulation by UVCA with/without 
paraffin, the efficiency of the device is centered at 20.80% 
with no significantly changed device parameters before and 
after the encapsulation as shown in Table 1, and the efficiency 
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distribution of devices before and after encapsulation by each 
method are given in Figures S10 and S11 (Supporting Informa-
tion). Figure 5b shows the external quantum efficiency (EQE) 
spectra of the UVCA with paraffin-encapsulated device, dis-
playing an onset around 800 nm. And the integrated Jsc from 
the EQE spectra agrees well with the J–V measurement result.

The thermal stability and moisture stability of the UVCA 
with/without paraffin-encapsulated devices are tracked by tested 
periodically, as shown in Figure 5c,d. It clearly can be seen that 
the device encapsulated by UVCA with paraffin shows supe-
rior thermal stability, which retain ≈90% of its initial efficiency 
after annealed under 65 °C in the ambient environment with 
40–60% RH for over 1000 h. At the same time, the efficiency 
of the UVCA without paraffin-encapsulated device dropped rap-
idly. Several previous works showed that small molecule Spiro-
OMeTAD with a low intrinsic glass transition temperature 
would crystallize under thermal stress.[18] The hole transport 
layer (Spiro-OMeTAD) has been modified by conductive polymer 
poly(triarylamine), which is effective to improve the thermal 
stability of the device. Besides, the improved thermal stability 
of the device encapsulated by UVCA with paraffin compared to 
that of UVCA without paraffin is possibly due to the removal 
of residual oxygen and moisture during encapsulation process. 
Literatures have shown that oxygen and moisture trigger phase 
segregation and decomposition of absorber layer.[8] Meanwhile,  
the Spiro-OMeTAD is degraded faster with the assistance 
of moisture.[19] In addition, the thermal stability tracked at 
85 °C is shown in Figure S12 (Supporting Information), and 
the UVCA with paraffin encapsulated device also present  
much better stability than that without paraffin-encapsulated 
devices. In addition, the UVCA with paraffin-encapsulated 
device also shows great ability for preventing the moisture 
invasion. After stored in the ambient environment with 50% 
RH, the UVCA with paraffin-encapsulated device shows neg-
ligible efficiency degradation. However, at the same time slot, 
the UVCA without paraffin-encapsulated device lost over 40% 
of its initial PCE. The detail parameters are summarized in  
Figures S13 and S14 (Supporting Information). To further verify 
the reliability of the encapsulation under high temperature and 
high humidity, the moisture-sensitive FACs perovskite devices 
were applied to the damp heat test of the encapsulated device 
at 85 °C with relative humidity around 60–90% as shown in 
Figure S15 (Supporting Information). We also collected the tem-
perature cycling test results, which are presented in Figure S16  
(Supporting Information). The above results indicate that our 
new developed solvent-free encapsulation strategy significantly 
improves the thermal and moisture stability of the encapsu-
lated devices.

MPP measurement is now considered as the most valu-
able and convincible test protocol for evaluating the stability 
of PSCs. The MPP tracks of devices encapsulated by UVCA 
with paraffin/without paraffin were recorded as shown in 
Figure 5e. The MPP measurement was conducted under the 
ambient environment with relative humidity around 30–50%. 
It can be seen that the UVCA without paraffin-encapsulated 
device experiences a dramatic efficiency decay, and the device 
efficiency decayed to almost zero within 10 h due to the exist-
ence of oxygen and moisture in the headspace above the device. 
In contrast, the UVCA with paraffin-encapsulated device shows 
excellent stability. Even after 1000 h of MPP measurement, the 
device still retains over 80% of its initial PCE. Figure S17 and 
Table S2 (Supporting Information) summarize the lifetime of 
PSCs achieved from previous reports and this work. This work 
demonstrates that the PSCs by using the ambient encapsula-
tion can also survive from the MPP tracking under ambient 
environment for over 1000 h. To our knowledge, this is also 
one of the few works that accomplished the encapsulation pro-
cess under ambient environment.[20] Therefore, we believe that 
this low-cost and straightforward encapsulation method will 
shorten the gap between the fundamental research and com-
mercialization of PSCs.

3. Conclusions

In conclusion, we developed a low-temperature (below 100 °C) 
encapsulation technique compatible to perovskite solar cells 
by using nonpolar low-cost paraffins as the encapsulant. The 
paraffin with low melting point was found to be capable of 
removing the residual oxygen and moisture during the encap-
sulation processing, and to retard the escape of volatile species 
upon perovskite decomposition. With this encapsulation, the 
perovskite absorber layer suffered from much less phase seg-
regation and vacancy defect generation, which inhibited the 
film decomposition consequently, and dramatically enhanced 
the devices’ thermal and moisture stability. Ultimately, the 
resultant device achieves superior long-term stability, whereby 
the efficiency retained 80% of initial value under MPP tracking 
for over 1000 h. More importantly, this solvent-free encapsula-
tion method based on paraffin can be operated under ambient 
environment, which is easier to be adopted by mass produc-
tion. It thus provides new insight for the further development 
of encapsulation technology for commercialized utilization of 
perovskite optoelectronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract: Lead halide perovskites with mixed cations/anions
often suffer from phase segregation, which is detrimental to
device efficiency and their long-term stability. During perov-
skite film growth, the gel stage (in between liquid and
crystalline) correlates to phase segregation, which has been
rarely explored. Herein, cation diffusion kinetics are system-
atically investigated at the gel stage to develop a diffusion
model obeying FickQs second law. Taking 2D layered perov-
skite as an example, theoretical and experimental results reveal
the impact of diffusion coefficient, temperature, and gel
duration on the film growth and phase formation. A homo-
genous 2D perovskite thin film was then fabricated without
significant phase segregation. This in-depth understanding of
gel stage and relevant cation diffusion kinetics would further
guide the design and processing of halide perovskites with
mixed composition to meet requirements for optoelectronic
applications.

Introduction

Owing to their outstanding optoelectronic performance,
organic–inorganic halide perovskite materials have attracted
great attention.[1] These materials adopt a formula of ABX3,
where A is monovalent organic or inorganic cation, B is
a metal cation (Pb2+, Sn2+, Ge2+), and X is a halide anion (Cl@ ,
Br@ , I@). This family of materials have an enormous composi-
tional space, wherein components in A, B, X sites can be
substituted at various stoichiometry to a large extent. There-
fore, the optoelectronic properties of the resultant materials
are highly tunable. By choosing suitable mixed components,
the power conversion efficiency and long-term stability of the
resultant photovoltaic cells improved significantly.[2]

However, recent reports indicate that the halide perov-
skite with mixed composition (mostly at A/X sites) suffer

from phase segregation.[3] Take the mixed-halide perovskite
as an example, it was found that the MAPb(BrxI1@x)3 tended
to segregate into iodide and bromide-rich phases under
illumination.[3b] Zhang and co-workers suggested that the all
inorganic perovskite (CsPbBr1.2I1.8) nanocrystals also under-
went segregation at electrical bias as evidenced by the blue-
shifted photoluminescence peak.[4] Even for the widely
employed composition of (FAPbI3)0.85(MAPbBr3)0.15, the thin
film was not homogeneous, but intrinsically segregating into
iodide-rich nanodomains.[3d] Beyond the halide segregation,
recent results suggested it was neither uniform for the spatial
distribution of cations in mixed-cation perovskite.[3f, 5] Take
the mixed cesium–rubidium lead iodide perovskites for
example, it is found that the introduced rubidium is segre-
gated into RbPbI3 phases with the aid of solid-state nuclear
magnetic resonance.[5b] Moreover, the 2D Ruddlesden–Pop-
per (RP) layered perovskites (with general formula of
A2MAn@1PbnX3n+1) suffer from severe phase segregation,
which is even more prominent than that of the 3D perovskite
counterpart. For example, BA2MA3Pb4I13 thin films exhibited
asymmetrical photoluminescence (PL) emission, wherein the
n&1 phases were mainly located on the upper surface, and
small n value (n = 1, 2, 3 and 4) phase were likely concen-
trated on the bottom.[6]

The inherent phase segregation occurs during the film
formation process, which involves the gel stage when liquid
films are transformed to crystalline ones (Scheme 1). Recent
in situ grazing incidence wide-angle X-ray scattering (GI-
WAXS) results clearly suggested the existence of this gel
stage, during which perovskite precursor in the liquid film
grows into the polycrystalline film. It is claimed the formation
of gel stage is associated to the interaction between precursor
and solvents.[7] Further studies indicated this gel stage had
a profound influence on the following crystal growth, wherein
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the intermediate phases provide a scaffold to initiate the
subsequent crystal growth.[8] It is reported the gel state affects
the growth rate of crystal and the assembly behavior between
the inorganic framework and the cations intercalated, which
leads to desirable perovskite phases and consequent film
texture and microstructure.[8a] Furthermore, it is found that by
suitable processing (for example, hot casting), the gel life span
can be modulated to affect the final film quality in the context
of morphology and crystal orientation.[7b, 8a]

These excellent pioneer works highlight a gleaming but
indispensable stage that is crucial to the film formation and
the performance of the optoelectronic devices (both efficien-
cy and stability). Owing to the short duration of this stage
(which lasts only several seconds/minutes) however, it
receives quite limited efforts to understand the gel stage. To
date, it lacks a theoretic model that reveals the gel dynamics
with respect to different components in the mixed hybrid
perovskite during the thin film growth. Therefore, it is
particularly interesting to examine the gel formation for the
state-of-art perovskite formula with contains different com-
ponents, which are expected to behave distinguishably on the
diffusion and crystallization behavior along the film growth.
More importantly, it is urgently needed to establish a pro-
found and general understanding on the gel state by
emphasizing it over the entire film growth, which will guide
future materials design and film processing of different types
of hybrid perovskites.

Herein for the first time, we carefully investigate the
cation diffusion process at gel stage before perovskite
crystallization by adopting the diffusion model responsible
for the phase segregation. In light of the diffusion model, we
reveal several parameters that affect the diffusion and
subsequent phase segregation, which correlate to the corre-
sponding compositional evolution experimentally. The local
phase distribution of perovskite thin films, irrespective of 2D
or 3D composition, is highly dependent on the gel stage
kinetically governed by diffusion. Based on the understand-
ing, we successfully explained the phase segregation prevail-
ing in layered 2D perovskites thin film, and further fabricated
homogenous films without significant phase segregation.

Results and Discussion

Gel and Phase Segregation in Layered 2D Perovskite Film

Phase segregation along the film thickness direction is
often observed in layered 2D perovskite films,[6b, 9] yet its
origin is not fully illustrated. Here we checked the photo-
luminescence (PL) spectra of the 2D perovskite film depos-
ited by the hot-casting method with a nominal precursor
stoichiometry of BA2MA3Pb4I13 (see the Supporting Infor-
mation for details).[10] As shown in Figure 1a, the PL signals
illuminated from the front side (perovskite film side) and the

Scheme 1. Photographs and representations of different film formation stages. a) Precursor liquid stage. b) Gel stage. This photograph shows the
gel film is light yellow without fluidity. c) Polycrystalline film stage. For this stage, the film converted into perovskite completely and turned dark
brown. d)–f) Diagrams of the d) film formation process, e) the precursor liquid, and f) gel converted into perovskite phase.
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back side (ITO side) showed significant difference. The PL
spectra from front presented a dominant emission peak at
771 nm, which probably stemmed from components of large
n value perovskites. The spectra from back exhibited several
short-wavelength signals of 521 nm, 581 nm, and 614 nm, in
accordance to the emission peaks of 2D perovskites with n =

1, 2, and 3, respectively.[6b, 9] Combining the XRD pattern
(Supporting Information, Figure S1a) and optical absorbance
spectra (Supporting Information, Figure S1b), it clearly shows
the phase segregation in the layered 2D perovskite films, in
line with previous studies.[6, 9b, 10, 11]

Different from other phase segregation developed during
film aging in conventional 3D perovskites,[3,4] the above-
mentioned phase segregation was observed in the pristine
film, indicating the segregation is inherently related to the
film formation process. As such, we investigated the PL
spectra evolution at the top surface where the nucleation and
crystallization process initiated during film growth.[12] First,
we conducted in situ PL measurement with the excitation
wavelength of 390 nm to explore the compositional evolution
of corresponding perovskite film. Given the low transmit-
tance (Supporting Information, Figure S2), this measurement
mainly reveals the information at the surface along the
direction of incident beam.[13] Figure 1b recorded the PL
evolution of the film at room temperature starting from the
spinning point. We observed a wide emission band centered at
around 687 nm emerging at around 8 s, which was mainly
ascribed to the formation of 2D perovskite with n = 6.[8d]

Additionally, a strong band from 450 to 600 nm was also
observed at earlier stage (0–8 s). It is assigned to the emission
of the gel film (Supporting Information, Figure S3).

We further probed the composition of the entire gel film
by thermogravimetric analysis (TGA) measurement (Fig-
ure 1c). The as-casted film experienced a weight loss of 6.7%
when gradually heated to 110 88C. It confirms there are
substantial amount of residual solvents in the solidified film
before subsequent growth of the polycrystalline film. The

residual solvents were further found to interact with the
solutes to form the gel, which is shown in the Fourier-
transform infrared spectroscopy (FTIR) of the gel film
(Figure 1d). As compared to the pure solvents, the stretching
vibration of C=O from DMF molecule shifted to 1640 cm@1

from 1660 cm@1 (Figure 1 d). This wavenumber shift is attrib-
uted to the formation of a solvent–solute complex.[7a] After
further annealing, this specific vibration absorption peak
disappeared due to the removal of the solvent. It thus clearly
indicates the distinctive gel stage, which involves the residual
solvent interacting with the solutes.

Accordingly, we identify three stages during the film
growth of hybrid halide perovskite including, Stage I solution,
Stage II gel, and Stage III crystallization, which are illustrated
in Scheme 1. Stage I involves the precursor solution and the
formation of liquid films, which contains solute colloids with
different sizes ranging from several nanometers to several
hundred nanometers. The dynamic light scattering measure-
ment shows the colloid size distribution (Scheme 1; Support-
ing Information, Figure S4), which is in line with previous
reports.[14] During spin-coating process, the gel emerges
(Stage II) wherein the a portion of solvents volatilizes and
the entire system gradually solidifies. The as-formed gel is
mainly composed of negatively charged lead halide colloids
([PbI6]

4@) and free organic cations, which are interacted with
residual solvents via coordination effects.[15] Further removal
of solvent by annealing and/or spinning lead to the nucleation
of perovskite that initiates the crystallization (Stage III).

Tremendous efforts have been focused on Stage III to
describe the kinetics of this crystallization process. It is
generally accepted that the nuclei mainly compose of [PbI6]

4@

intermediate colloids with smaller n value species (n< 4),[15]

which further serve as the template to guide assembly of
inorganic framework and cation intercalation simultaneous-
ly.[7b, 8d, 16] Unfortunately, the existing models often treat
different cations indistinguishably, which may not be feasible
in the layered 2D perovskites that features over two types of
distinguished cations. Therefore, there remains the question
in the mixed cation systems that should be further considered
in the context of diffusion, which correlates to the Stage II
that is largely neglected.

The Cation Diffusion Model During the Gel Stage

For any chemical reactions, including cation intercalation
during crystal growth, it is the local chemical potential that
determines the reaction kinetics/thermodynamics, wherein
the reactant concentration plays an important role. Given the
even concentration distribution of each component in a pre-
cursor colloidal at Stage I, it is out of our expectation to
observe compositional segregation at final Stage III. It is thus
of great interest to probe the diffusion features of different
cations in Stage II, which probably determines the local
chemical concentration at the subsequent Stage III.

The cation diffusion characteristics generally obeys the
FickQs Second Law following the non-steady state diffusion
pattern, since the local concentration of solutes changes with
time. For simplicity, we adopt one dimensional model to

Figure 1. a) PL spectra of typical as-prepared 2D perovskite film
prepared at 11088C. b) In situ PL spectra of the film during spin-coating
process. c) TGA curve of the as-cast gel film. d) FTIR spectra of the
precursors, the as-cast gel film and the annealed film.
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check the local concentration evolution of each cation (MA/
BA) along the film thickness direction (Figure 2 a), which
follows the equation:[17]

@C
@t
¼ D

@2C
@x2

ð1Þ

where C is the concentration of diffusing species, which is
related to local time t and the position x (here is the film
depth). D is diffusion coefficient, namely, diffusivity, which is
highly dependent on cations, as is discussed later.

Assuming all diffused cations are intercalated into the
crystal structure, their diffusive flux J should correlate to the
local concentration of a given cation in the polycrystalline
film. Assuming J with respect to different cations are
independent, the stoichiometry in the local crystal is reflected
by J to reveal the phase segregation in the film. To obtain
diffusive flux J, we solve Equation (1) with certain boundary
conditions (see details in supporting information). Finally, we
have:

J ¼ @C0

2

ffiffiffiffiffiffi
Dr
px

r
exp @ rx

4D

0 / ð2Þ

where C0 is the initial concentration for a given cation, and r is
crystallization rate, which is constant given the fast interca-
lation reaction and high completeness of this reaction.

To be noted, the diffusive flux J is the function of x (film
thickness) and D (the diffusivity of cations), which is further
estimated according to the EyringQs theory:[18]

D ¼ l2

v1=3
f

kT
2pm

. -1=2

exp @ E
RT

. -
ð3Þ

where l is the distance between cations at equilibrium
positions, k is the Boltzmann constant, T is the temperature
in Kelvin, vf is the molecular volume, m is mass of the
molecule, R is the gas constant, and E is the diffusion
activation energy.

As shown, the diffusion process is governed by two
categories of factors, the intrinsic factors corresponding to the
characteristic of cations, such as m, E, l, and vf, and the
extrinsic factor of T. In a cation mixed perovskite system, the
phase segregation is related to the local stoichiometry, which
is determined by local flux ratio of each type of cation.
According to the above diffusion model, we further con-
ducted numerical simulation to examine several parameters
which substantially impact the local flux, namely the charac-
teristic of cations and the temperature.

We first examine the intrinsic factors, such as m, E, l, and
vf, which are constant for a cation under a given processing
condition. In our analysis when comparing alkyl ammonium
cations such as BA+, n-propylammonium (PA+), and MA+,
we find with the increase of cation size, m and vf increases
(Supporting Information, Figure S6) to result in smaller
diffusivity D (Figure 2b). It is in accordance with general
believe that larger cations diffuse slowly as compared to
smaller ones. Moreover, the molecular distance l mainly
depends on the local concentration of cations, indicative of
the extent of the cation–cation interaction. Here, we reason-
ably assume the similar interaction to fix this parameter of
l for further analysis (see the Supporting Information).

Figure 2. Diffusion model and causes of diffusion difference. a) Diagram of the diffusion model. b) The diffusivity of cation under varied EA1/EMA

ratio at 70 88C. c) The diffusivity of MA+ and BA+ (when EBA = 2EMA) under varied temperatures. d) Cations fluxes at different depths under 70 88C.
e) Flux gap (JMA@JBA) mapping at different temperatures.
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The activation energy E in the exponential term suggests
its significant influence on cation diffusion process, which
reflects the cation–solvent interaction mainly governs by
functional groups that the cation bears.[19] It is generally
known, the stronger interaction, the larger value of E. It is
thus suggested that MA+ features the smallest E among the
three cations. Owing to the lack of experimental data, it is
difficult to obtain exact E value with respect to MA+, PA+, or
BA+. However, we can semi-quantitatively illustrate the
relationship between D and E by assuming a different E ratio
relative to that of MA+. As shown in Figure 2b, the diffusivity
dropped significantly to 2.5% (note the diffusivity value of
MA+ is 100 %) when EBA/EMA ratio increased to 2. This
downtrend was also observed in that of the PA+.

Based on the hypothetic diffusivity, we further predicted
the diffusive fluxes at different depth of the film. As shown in
Figure 2c, both the fluxes of MA+ and BA+ decreased
dramatically during the initial 0–50 nm from the surface,
while the flux drop of MA+ is greater than of that of BA+.
And in the deeper region (50–600 nm), MA+ flux decreased
continuously, but in a mild manner. As a comparison, the flux
for the BA+ experienced only a small decrease across the
same region of the film.

Furthermore, the extrinsic factor T are found to affect the
diffusivity substantially according to the diffusion model. As
shown in Figure 2d, the diffusivity of MA+, PA+, and BA+

increased with the elevated temperature. Owing to its small-
est E, the diffusivity of MA+ shows the most significant
increment by increasing the temperature. It indicates the
diffusivity of cations show even greater difference at higher
temperature, which suggests the temperature is one important
parameter to differentiate the diffusivity of different cations.

Moreover, we use the model to predict the fluxes
(normalized) difference between BA+ and MA+ at different
depths with different temperature (Figure 2e). This visual-
ization further reveal several interesting points: 1) the flux
difference shows most significant change at surface region
(depth of 0–50 nm), wherein other part of the film experi-
ences a much smaller flux difference (comparing A and B),
2) the surface region shows higher flux difference at higher
temperature (comparing A and C), and 3) the evolution of
flux difference along the film depth is more significant at
higher temperature (comparing A,B and C,D). These obser-
vations are further verified with following experiments to
correlate to the phase segregation in layered 2D perovskite
films.

Cations and Phase Segregation

According to the proposed diffusion model, the intrinsic
characteristic of cations is one crucial factor responsible for
the phase segregation. To prove the feasibility of the diffusion
model, we employed a different cation, PA+ with less bulky
carbon chain compared to BA+,[20] and investigated the cation
distribution in the resultant thin films. We prepared films with
the formula of PA2MA3Pb4I13 (tagged as PA, see the
Supporting Information). The XRD pattern and UV/Vis
spectra of PA are presented in the Supporting Information,

Figure S1, which also demonstrated the formation of multiple
phases. When we checked the PL signal (Figure 3b), the PL
spectra from the front side of PA blue-shifted to 742 nm,
indicating smaller n value species compared to that of the BA
sample (Figure 3a). For the back-side illumination, it showed
a dominant but broad peak at 645 nm mostly stemmed from
the n = 4 phases. And this broad peak bridged the gap
between low n value species and high n value parts. It is in
contrast to that of the BA with apparent emission from low
n value components (n = 1, 2, 3), indicating greatly relieved
phase segregation in the PA sample.

To obtain more comprehensive spatial distribution in-
formation, we further resorted to the time of flight secondary
ion mass spectrometry (TOF-SIMS), which was sensitive to
traceable elements and organic fragments.[21] By etching the
sample with a high-energy ion beam and analyzing the
corresponding charged fragments, depth resolved elemental
maps could be obtained. Figure 3c displayed a depth profile
of the as-prepared BA film. Since the intensity of MA+ was
too strong and beyond the upper detection limit, here we
chose MA2I

+ to analyze the distribution of MA+. In the first
30 s etching, the relative intensity of MA2I

+ decreased steeply,
possibly indicating drastic decrease of n value of the
perovskite. In the depth of 30–80 s etching, the downward
trend was much alleviated, which suggested the n value
change is less significant comparing to the first 30 s. Then
another sudden drop (80–200 s) occurred and lastly its
intensity decayed to the background level. The fragments of
Pb+ was also detected whose signal almost shared the same
trend as that of the MA2I

+, further reflected the variation
tendency of different n-value perovskite species. However,
for the BA+ fragments, its intensity fluctuation was almost
negligible except for the weak attenuation during 30–100 s,
which is in line with our simulation results (Figure 2c).

When BA+ was replaced by PA+ in the mixed perovskite
thin film, the cation distribution showed quite different

Figure 3. Cations and segregation. PL spectrum and corresponding
ToF-SIMS patterns of a),c) BA2MA3Pb4I13 and b),d) PA2MA3Pb4I13 film
(prepared at 70 88C).
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behavior. As shown in Fig-
ure 3d, the intensity of both
MA2I

+ and Pb+ decayed much
more slowly as compared to that
in the BA sample (Figure 3 c). It
indicates the compositional fluc-
tuation (cations) in PA samples
is less significant than that of in
BA ones. Therefore, we suggest
that the distribution of different
perovskite species and the cor-
responding n-value along the
film depth mainly depends on
the diffusivity difference of cat-
ions. Especially, MA+/BA+ cation pairs show larger diffusivity
difference (than MA+/PA+ cation pairs), which results in
more predominant phase segregation.

This finding not only stands in quasi-2D perovskite films,
but also suits for the mixed 3D perovskites. We further
investigated the popular hybrid perovskite with the nominal
formula of (FAPbI3)0.85(MAPbBr3)0.15 as an example. We find
the PL peak from the front side (772 nm) was not identical to
that from the back side (784 nm; Supporting Information,
Figure S7). Our recent ToF-SIMS profiles and cross-sectional
TEM results confirmed the distribution of MA+ decreased
progressively from surface to bottom.[22] These results in-
dicate that the phase segregation commonly occurs in halide
perovskites with different A-site cations. It should be noted
the segregation is caused by the diffusivity difference of
different cations when this model is applied. It does not apply
to the single cation perovskite system, wherein all cations
follow the same diffusion pattern. Recent reports also
confirmed the bearing groups with the cation has profound
influence on the phase distribution.[23] In particular, the bulky
alkyl group affects compatibility of cations to the inorganic
[PbI6]

4@ framework leading to the preferential formation of
small-n value species.[23a] It further suggests that tuning the
composition of A site could systematically manipulate the
phase segregation in the resultant film.

Temperature and Phase Segregation

The diffusion model also reveals the extrinsic factor,
Temperature, plays an important role in phase segregation.
The in situ PL results (Figure 1b; Supporting Information,
Figure S8) suggested the gel stage becomes shorter when
temperature increases. To verify the argument, we studied the
materials system based on quasi-2D layered perovskite films
with fixed BA+/MA+ ratio as the A site cations. Films
annealed at different temperatures were subjected to PL
measurement (Figure 4). When illuminated from the front
side, all samples possess the single emission peak attributed to
high n value components close to 3D perovskite. With rising
annealing temperature, the peak positions are red-shifted.
Generally speaking, defects can induce PL peak red-shift.
Combined with the PL and ToF-SIMS results (Figure 3a,c),
we believe the main reason for this red-shift was the
composition change wherein n value become larger. How-

ever, defects may also take effects which cannot be fully
excluded at the moment. It means that the concentration of
MA+ at the surface was higher than that annealed at lower
temperature. It agrees well with the above diffusion model
wherein the flux of MA+ increase more than that of BA
(Figure 2e). As discussed previously, high temperature could
enlarge the diffusivity difference between MA+ and BA+,
resulting in significant increase of concentration ratio of
MA+/BA+ at the surface.

Interestingly, PL spectra from the back side show distinc-
tive features for samples obtained at different temperature.
The compositional change with respect to n value, indicative
of degree of phase segregation, become more obvious with
increased temperature. At 50 88C (Figure 4a), the PL spectrum
of back side showed a broad peak locating at 726 nm, along
with the 2D phases with n = 2–5. When the temperature was
raised to 90 88C, the main peak blue-shifted to 581 nm
corresponding to the n = 2 perovskite (Figure 4b). The
intensity of longer wavelength emission decreased substan-
tially, suggesting much less components of high n value.
Further increasing the temperature to 130 88C, emission from
the species with n = 1 appeared to be predominate (Fig-
ure 4c). And it is absent of the emission signal from larger
n phases, which suggests an extremely imbalanced distribu-
tion of MA+ and BA+ along the film depth direction.

The device performance at different temperatures was
also investigated. The device prepared at 70 88C shows the
highest PCE (Supporting Information, Figure S9), which
maintained almost 76 % of its initial efficiency (12.35%)
after 600 h of continuous MPP tracking at room temperature
in nitrogen atmosphere. To be noted, the processing temper-
ature affects not only segregation, but also crystal orientation
(Supporting Information, Figure S10), which play a crucial
role in determining device performance. In this case, it is not
appropriate to give a conclusive remark on the relationship
between phase segregation and device performance.

To be aware, the diffusion model successfully explains the
vertical phase segregation in the perovskite film wherein
components with high n values prefer to stay at the top
surface. However, this model fails to explain the existence of
a large number of low n value species at the bottom of the
film. We note two major simplifications in the model that is
likely to bring in the deviation from our experimental
observations. Firstly, the one-dimensional diffusion model is
based on the infinite depth of the film wherein cation supply is

Figure 4. Temperature and segregation. PL spectrum of BA2MA3Pb4I13 films prepared at a) 50 88C,
b) 90 88C, and c) 130 88C.
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continuous anywhere along the film. Actually, the cations
reservoir is exhausted when close to the bottom of the film.
This boundary condition is not included in our simulation to
show the abrupt change of the perovskite crystals when
diffusion ends. Secondly, this diffusion model is established on
an implicit assumption that the cations have enough time to
complete the diffusion process, which is not universally
applied given the various processing condition. It thus inspires
us to carefully investigate a hidden parameter of importance
that guides the phase-segregation: the gel duration (time
required for cation diffusion).

Gel Stage Duration and Phase Segregation

The above diffusion model describes how mobile cations
affects the composition evolution in the final perovskite film
over the film thickness in the viewpoint of kinetics. However,
the cations, once transformed to polycrystalline films, should
diffuse much slower as compared to that in the gel. It further
suggests the duration of gel as an important parameter that
affects the film composition and corresponding phase segre-
gation. Given the same processing conditions (mainly anneal-
ing temperature), if the gel duration time is strictly regulated
to suppress the cation diffusion, it is possible to avoid phase
segregation in the layered 2D perovskite films.

Here, we employ a new precursor solution with two
solvents, tetrahydrofuran (THF) and acetonitrile (MeCN), to
deposit the perovskite thin films with the nominal formula of
BA2MA3Pb4I13. At the same processing temperature, the gel
duration is much shorter since the solvents THF/MeCN
evaporate much faster owing to the low boiling points (BP).
Figure 5a shows the PL pattern, the emission peak from the
front is almost the same as that from the back side, which
indicates negligible phase segregation. We checked the UV/

Vis absorption spectra (Supporting Information, Figure S11)
to find the absence of any appreciable components with low
n value. Furthermore, the ToF-SIMS profile in Figure 5b
confirms that all signature species, including MA+, BA+, as
well as Pb+, distributed uniformly in the entire film. Combin-
ing the PL and ToF-SIMS results, it is claimed that this low BP
solvent system efficiently suppresses the phase segregation
along the film depth direction. We also checked the crystal-
linity and crystal orientation (Supporting Information, Fig-
ure S11) of the film and found it was different from that of the
film prepared by the conventional solvents. How to balance
the phase segregation and crystallinity is still an open
question. Recently, Qing and co-workers found adding
DMSO into the DMF solvent system can greatly improve
the crystallinity and device performance.[24a] Other technique
such as vacuum poling was also proved to be beneficial to the
crystallization.[24b] These results demonstrated that by con-
trolling gel stage, it is possible to improve crystallinity. We
believe solvent engineering and other technique of relevance
based on the understanding of gel stage may be further
developed in the near future.

To further investigate the influence of gel duration,
another higher BP solvent dimethylacetamide (DMAC) is
introduced into the precursor system to modulate the gel
duration (Supporting Information, Table S1). The TGA
results of as-casted films in Figure 5c confirms the extension
of gel stage duration. For the pure THF–MeCN precursor, no
obvious weight change from beginning to the end. While, the
DMAC-50 sample (with 50 mL addition of DMAC in the
mixture) exhibits a continuous weight loss reaches to the
maximum point after 3 min, which is further extended to 3.9
and 5 min for that of the DMAC-100 and DMAC-150 sample,
respectively. We also noted that though the gel stage duration
extended, the interaction between precursor and solution may
be affected as well. At current stage, it is still a big challenge

Figure 5. Gel stage duration and segregation. PL spectrum of BA2MA3Pb4I13 films prepared by different addition dosage of DMAC based on the
THF–MeCN solvent system a) 0 mL, d) 50 mL, e) 100 mL, and f) 150 mL. b) ToF-SIMS result of BA2MA3Pb4I13 film prepared by the THF–MeCN.
c) TGA curves of the as-cast gel films prepared with different solvents.
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to change the gel duration time while keep other conditions
constant. We hope future research could focus on this issue
and provide appropriate solutions.

Figure 5d shows the PL spectra of DMAC-50 sample.
Both the back and front spectra feature the main peak at the
region of 720–730 nm. Interestingly, two extra satellite peaks
corresponding to the n = 3 and 4 phases appear in the spectra
from back side, indicating the phase segregation occurred.
With the longer gel duration, the DMAC-100 sample showed
stronger intensity of emission from small n phases (Fig-
ure 5e), indicative of phase segregation. Further increase the
concentration of DMAC (Figure 5 f), the relative intensity of
the long wavelength region decreases dramatically in the
spectra from back side, and the peak of the n = 2 and n = 1
become stronger, indicating the small n species dominate the
bottom of the film. The above demonstration proves that the
gel stage duration is also an important factor for the diffusion
and phase segregation. More importantly, the adjusting of the
gel duration by precursor tuning is an effective strategy for
achieving homogeneous and phase segregation free perov-
skite films in the mixed cations systems.

Conclusion

We carefully investigate the gel stage during halide
perovskite film growth, which has been neglected to date.
We adopt the diffusion model obeying FickQs second law of
diffusion to simulate the cation diffusion process at the gel
stage before crystallization. It is illustrated that the diffusivity
difference of A-site cations affects local chemical concen-
tration, which is further amplified by processing temperature
to result in substantial phase segregation. This model reveals
the vertical phase distribution in mixed-cation perovskites,
that is, high n-value species prefer to stay at the film surface,
while the low n-value analogues mainly concentrated on the
bottom. Given higher temperature and/or wider diffusivity
gap between A-site cations, phase segregation aggravates.
Moreover, we reveal the gel duration can be regulated by
adoption of low BP solvents, which suppresses the cation
diffusion. It further leads to the successfully fabrication of
a vertically homogenous layered 2D perovskite films with
negligible segregation.

The halide perovskites with mixed cations/anions are
promising for practical applications, while the difference in
cations (also anions) are worthy of careful attention. The gel
stage during film processing unveils the cation difference in
the kinetic viewpoint. By carefully investigating the gel stage,
other characteristics of cations can be explored hopefully.
This in-depth understanding of gel stage and diffusion process
will benefit the future development of mixed perovskites for
highly reliable and high-performance optoelectronic devices.
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ABSTRACT: Two-dimensional (2D) lead halide perovskite has recently been recognized as
a promising candidate to stabilize perovskite solar cells due to its extraordinary moisture
resistance. These 2D perovskite films often consist of multiple phases with layered (n) lead
halide (from n = 1, 2, 3 to ≈∞). However, a convincing evidence is still lacking to clarify the
phase distribution with respect to different n, thus causes the misleading for device design.
Herein, confocal photoluminescence (PL) spectroscopy was applied to probe the
inhomogeneity of 2D perovskite films along the vertical direction to construct a clear-
phase distribution mapping consequently. It reveals that the 2D perovskite phases (n = 2, 3,
4) locate preferentially near the substrate, while large n phases are predominantly near the top
surface. Moreover, we successfully developed a simple method to manipulate the phase
distribution in 2D perovskite thin films, which results in a dramatic increase of device efficiency from 4.95 to 11.6%. Our
findings thus provide insights to the understanding of 2D perovskite film growth. The utilization of visualized phase distribution
data could also guide the further development of 2D perovskite materials for optoelectronic devices.

KEYWORDS: 2D perovskite, phase distribution, growth manipulation, charge transfer, heating−spinning method

■ INTRODUCTION

In recent years, metal halide perovskite solar cells (PSCs) have
attracted tremendous attentions due to their rapid increase in
power conversion efficiency (PCE), which has risen
unprecedentedly from 3.8 to 25.2%.1−7 However, long-term
stability of the materials and devices remains to be the biggest
challenge that hinders their further application.8−14 Recently,
two-dimensional (2D) organolead halide perovskites, in
addition to their three-dimensional (3D) analogues, have
emerged as an attractive material for photovoltaics and other
optoelectronic device applications due to their superior
stability properties.15−25

The typical structure used in photovoltaic applications was
the Ruddlesden−Popper (RP) phase 2D perovskite with a
formula of A2(CH3NH3)n−1MnX3n+1, where A is a large
aliphatic or aromatic alkylammonium cation, M is the metal
cation, which is usually Pb2+, and X is the halide anion.26,27

The integer n is the layer number of inorganic perovskite
octahedron between two larger organic cation spacers (A),
which can be tuned by adjusting the ratio of a spacer cation to
a small organic cation. In previous studies, 2D PSCs showed
poor PCEs of only 4−5% due to its low carrier mobility and
short diffusion length caused by the large-size spacers.15

Kanatzidis et al. introduced a preheating deposition method to

enable the growth of 2D perovskite films with perpendicularly
orientated inorganic framework on the substrates, thus
facilitated the charge transport, resulting in an enhanced
PCE of 12.5%.17 This work effectively pushed the development
of 2D perovskite solar cells, but at that time, an important issue
was neglected, the phase problem. Recently, works of both
Sargent et al. and Huang et al. have reported that mixing
phases existed in the 2D perovskite film, and the carrier
transfer mechanism could not be simply described by a pure
2D perovskite model.18,28 Furthermore, the work of Jin et al.
also showed that multiple perovskite phases coexisted on the
nominal n = 4 2D perovskite film, and from the transient
absorption spectra analysis, they successfully observed the
charge transfer between 2D perovskite phases with a different n
value.29

To date, although more and more works have proved the
coexistence of multiple phases in a 2D perovskite film, the real
distribution of different phases is still unclear. Furthermore, the
model has always been ignored or simply described as a “pure”
2D perovskite in the high-performance device, which is
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strongly controversial with the theoretical results. Most
importantly, the unclear phase distribution behavior would
further mislead the design for photovoltaic devices, slowing
down the research development. Thus, it is crucial to identify
the relationship between phases and spatial distribution, which
would strongly benefit the design of materials and devices
based on a 2D perovskite.
In this work, we used photoluminescence (PL) mapping

technology to characterize the cross section of the 2D
perovskite film, and for the first time, the spatial distribution
of different perovskite phases was obtained. We found that the
top area of the 2D perovskite films consisted mainly of the n ≈
∞ perovskite phase, and the middle part was a coexistence of n
= 2, 3, 4 and ≈∞ perovskite phases, while only small n phases
could be detected at the bottom of the film. More importantly,
we effectively adjusted the 2D perovskite phase distribution by
manipulating the crystallization kinetics with a developed
heating−spinning method. A 2D perovskite film with a better
charge transfer behavior and suitable surface Fermi level was
obtained, and the well-designed device employed an enhanced
current density, which was 80% higher than the control sample,
resulting in a highly improved PCE of 11.6%.

■ RESULTS AND DISCUSSION
2D Perovskite Phase Arrangement. Normally, the 2D

perovskite films, prepared with a precursor composition of n =
4, are found to be a mixture of multiple perovskite phases with
n = 2, 3, 4 and ≈∞, which have already been clearly identified
from the absorption and PL spectra, as shown in Figures S1
and S2.29,30 However, the distribution of multiple perovskite
phases within the film is still unclear.29 In part of previous
literatures, 2D perovskite films were described as being
arranged in the order of n in a direction perpendicular to the
substrate.29 Meanwhile, the others suggested that the multiple
perovskite phases were disordered in the film.18 To determine
the distribution of multiple perovskite phases, for the first time,
the confocal PL mapping technology is used to characterize the
cross-sectional 2D perovskite film as their obvious band gap
differences can be easily visualized by the PL position. The XY
mode of PL mapping measurement is used, the schematic
diagram of the XY mode for cross-sectional PL mapping
characterization is shown in Figure S3, and the PL resolution
of this instrument is 200 nm, which is limited by the laser spot
size. A 2D perovskite film with a thickness around 1000 nm is
prepared, and the corresponding cross-sectional scanning
electron microscopy (SEM) image is shown in Figure1b.
Meanwhile, a line scanning PL mapping spectrum along the

yellow line (as shown in Figure 1b) is present in Figure 1a.
From the PL mapping spectrum, obvious changes on the peak
positions can be observed within the film from top to bottom.
Only one emission peak belonging to the n ≈ ∞ 2D phase
exists at the near surface region of the film.29 During the
movement of detection position from the top area to the
middle part, the PL emission intensity of the n ≈ ∞ 2D
perovskite phase becomes weaker; at the same time, emission
peaks belonging to the small n 2D perovskite phases become
much stronger. Meanwhile, when near the bottom of the film,
the n ≈ ∞ perovskite phase disappeared with only the small n
phases existing. In general, the distribution of multiple
perovskites can be divided into three regions, the n ≈ ∞ 2D
region, the mixed region, and the small n 2D region. As the
resolution of confocal microscopy is limited to 200 nm, the
entire perovskite film can be divided into three regions, with a
thickness about 300 nm based on the PL spectrum evolution
trend. The PL spectrum of these three regions is also presented
in Figure 1c−e, and three representative points are selected, as
shown in Figure 1b. Furthermore, the photos of machine data
from different points at the cross section of the perovskite film
are also shown in Figure S4. It can be clearly seen that the
upper part is the n ≈ ∞ 2D perovskite phase, the middle part
is a mixture of the small n and n ≈∞ 2D perovskite phase, and
the bottom part is only the small n 2D perovskite phases.
Based on the above results, the composition distribution in the
2D perovskite film is well identified, and the visualized
evidence proved that the different n value 2D perovskite phases
are aligned in a particular order instead of a disordered
mixture.

Phase Distribution Manipulation. To facilitate the
carrier diffusion and to enhance the photovoltaic performance,
the distribution of internal multiple 2D perovskite phases is
manipulated by controlling the crystallization kinetics. Here, a
developed deposition strategy, the heating−spinning method,
is proposed, in which the substrate temperature remains
constant throughout the whole spin-coating process. A series
of 2D perovskite films are prepared by varying the spinning
temperature, the corresponding top-view SEM images are
shown in Figure 2a−c, and the cross-sectional SEM image is
presented in Figure S5. It is clear that the grain size, amount of
pinholes, and film coverage are greatly influenced by the
heating−spinning temperature. First, the coverage of the
perovskite film is highly improved when rising the heating
temperature. The film deposited under 30 °C shows poor
coverage with large numbers of large-size pinholes. Further-
more, when the temperature increases to 70 °C, the pinhole

Figure 1. (a) Cross-sectional line scanning confocal PL mapping spectrum and (b) SEM image of the 2D perovskite film. (c−e) PL spectrum of
points C, D, and E corresponded to different three regions marked in panel (b).
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disappeared, and the film employs a full coverage. Besides that,
the average grain size of a 2D perovskite is also increased under
higher spinning temperature as 1 μm for 30 °C, 1.5 μm for 70
°C, and 2.0 μm for 130 °C. The grain size distribution is
summarized in Figure 2d and is plotted as a function of
substrate temperature in Figure 2e. Furthermore, the
crystallinity of the 2D perovskite film is studied by X-ray
diffraction (XRD) patterns (Figure S6), and the trends of full
width at half-maximum (FWHM) of diffraction peaks of 13.9
and 28.2° are summarized in Table S1. When the temperature
increases from 30 to 70 °C, the value of FWHM decreases,
indicating a better crystallinity of the perovskite crystal.
However, further increase of the temperature results in the
broadening of FWHM due to the reduced crystal quality.
Thus, the 2D perovskite fabricated under 70 °C exhibits the

best crystallinity with a fully covered surface and fewer number
of pinholes. The results illustrate that the 2D perovskite
crystallization process closely correlates to the heating
temperature. We also investigate the film via grazing-incidence
wide-angle X-ray scattering (GIWAX), as shown in Figure S7.
The 2D perovskite film shows sharp and discrete Bragg spots,
which indicate the highly oriented crystal grain with (111)
planes parallel to the substrate surface, proving the existence of
2D perovskite phases.
In addition, photoluminescence spectroscopy is character-

ized to investigate the internal 2D perovskite phase distribution
under different spinning temperatures. Figure 3a,b shows the
PL spectra obtained from the front (the perovskite excited
from the surface is defined as the front PL) and back side
excitation (the perovskite excited from glass substrate side is
defined as the back PL), respectively. As the distribution of
perovskite phases has already been confirmed in previous
discussions, in which the large n phase is located at the upper
surface and the small n phase is located at the bottom of the
film, the one emission peak from the front spectra is attributed
to the 2D perovskite phase with n ≈ ∞. From Figure 3a, an
obvious redshift of emission peak is presented, in which the PL
peak position gradually shifts from 763.5 nm for 30 °C to
767.5, 767.8, 771.5, 781.5, and 782 nm for 50, 70 , 90, 110, and
130 °C, respectively. The redshift is due to the reduction of the
band gap (Eg) of the n ≈ ∞ phase 2D perovskite, indicating
that the perovskite near the surface is much closer to the 3D
structure with a much larger n value when under a higher
spinning temperature. At the same time, from the back
excitation in Figure 3b, the five PL emission peaks are
attributed to the perovskite phase with n = 1, 2, 3, 4 and ≈∞.26

The emission intensity from the small n phase becomes
stronger with the rising of spinning temperature, indicating
that the amount of small n phase perovskite increases, which is
also in agreement with the results obtained from the front
excitation. The above results prove that high spinning
temperature is beneficial for the growth of the small n phase
perovskite at the bottom of the film. So, tuning the heating−
spinning temperature should be an effective and simple way to
manipulate the distribution of different 2D perovskite phases.
Based on the steady-state PL measurement results (Figure

Figure 2. (a−e) Top-view SEM images of the 2D perovskite films
fabricated under different heating−spinning temperatures of (a) 30,
(b) 70, and (c) 130 °C. (d) Histogram of the 2D perovskite grain size
for temperatures of 30, 70, and 130 °C and fitted with normal
distribution curves. (e) Plot of the average 2D perovskite grain size
versus temperature. The error bar represents standard deviation.

Figure 3. (a, b) Steady-state photoluminescence (PL) spectra of the 2D perovskite films based on different spinning temperature excited from (a)
perovskite and (b) glass sides. (c) Schematic diagram of multiple n 2D perovskite phase distribution. All the samples were fabricated on the glass
substrate.
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3a,b), the corresponding distribution of different n value 2D
perovskite under different spinning temperatures is summar-
ized in Figure 3c, which clearly shows the relation between
small n phases and spinning temperature.
Carrier Transfer Behavior. In this part, the influence of

internal 2D perovskite phase distribution on the carrier
transport is investigated. The PL measurement is used to
characterize the carrier transportation within the film. Based on
the mechanism of the electron and hole transfers in the 2D
perovskite film, in which the photo-induced electron transfer
from the film bottom to the surface and the hole transfer from
the film surface to the bottom, various device structures are
designed for PL measurement (glass/perovskite/PCBM and
glass/PEDOT:PSS/perovskite) to characterize the charge
transfer behavior. The corresponding schematic illustration is
presented in Figure 4a. As shown in Figure 4b, the intensity of
front PL spectra obtained from the sample with the structure
of glass/2D perovskite/PCBM is weaker than that from the
glass/2D perovskite sample due to the extraction of photo-
electron by the PCBM layer, which reduces the radiation
recombination. Interestingly, when comparing the back PL
spectra of samples grown on PEDOT:PSS with the one
without PEDOT:PSS, as shown in Figure 4c, the intensity of
PL peaks belonging to the small n 2D perovskite phase
decreases, while that of the n ≈ ∞ 2D perovskite phase is
enhanced. The carrier transfer mechanism can be used to
explain this phenomenon, which suggests that the hole
transport to the bottom is extracted by PEDOT:PSS, while
the electron transfers upwards and is accumulated in the large
n 2D perovskite phase. As a result, the peak intensity of small n
phase 2D perovskite is weakened, and that of the n ≈ ∞ 3D
perovskite is enhanced. The results from the PL spectra change
are consistent with a previous report.29 PL spectra of 2D
perovskite films with fitted peaks are presented in Figure S8.
Comparing the integral areas of the n ≈ ∞ 2D perovskite
phase in Figure 4b,c, the corresponding separation efficiency of
electrons and holes can be obtained and is summarized in
Table S2, indicating that the 2D perovskite film obtained
under 70 °C exhibits the most efficient charge separation.

In the following, ultraviolet photoelectron spectroscopy
(UPS) and X-ray photoelectron spectroscopy (XPS) are
applied to probe the work function (WF) and element binding
energy of the perovskite film surface to investigate the
interfacial carrier transfer. Figure S9 shows the values of
valence and conduction bands, and the film fabricated under
70 °C has the most suitable band alignment with the PCBM
layer, which would benefit the electron extraction. In Figure
S10, the XPS spectra show variation of the binding energy of
Pb 4f and I 3d, which is consistent with the WF change
obtained from UPS. Furthermore, the detailed parameters are
summarized in Table S3.
The space charge limit current (SCLC) measurement is

performed to characterize the electron and hole mobility in 2D
perovskite-based devices.5,31 The electron mobility of the 2D
perovskite film is measured using an electron-only device with
the structure of ITO/SnO2/perovskite/PCBM/Au, while the
structure of PEDOT:PSS/perovskite/Spiro/Au is used for
hole-only devices. Figure 4d,e shows the dark current density−
voltage (J−V) and fitted curves of the electron- and hole-only
devices with three representative fabricating temperatures.
According to eq 1

εε μ
=J

V
L

9
8

b
D

0
2

3 (1)

where Vb is the applied voltage, ε is the relative dielectric
constant of the 2D perovskite film (the value of BA2MA3Pb4I13
was used), ε0 is the vacuum permittivity, and L is the thickness
of the 2D perovskite film.
Deriving from the curve fitting, the electron mobility is 4.44

× 10−3, 5.64 × 10−2, and 6.68 × 10−2 cm2 V−1 s−1, and the hole
mobility is 6.63 × 10−3, 6.34 × 10−2, and 5.09 × 10−2 cm2 V−1

s−1 for 30, 70, and 130 °C, respectively. The 2D perovskite
films prepared under 70 °C presents both the highest electron
and hole mobility. By lowering the spinning temperature leads
to the film with poor quality and more defects, the carrier
transport is hindered. On the other hand, higher temperature
results in the increase of small n perovskite phases at the
bottom, whose large exciton binding energy strongly
recombines the charges before reaching the extraction layers,

Figure 4. (a) Schematic diagram of device structures for steady-state PL spectra measurement. (b, c) Steady-state PL spectra of 2D perovskite films
prepared at 30, 70, and 130 °C excited from the (b) front and (c) back sides; here, the light color represents the spectra obtained from the structure
with a transport layer (glass/2D perovskite/PCBM or glass/PEDOT:PSS/2D perovskite), and the dark color represents the spectra obtained from
the structure without a transport layer (glass/2D perovskite). Current−voltage curve for (d) an electron-only 2D perovskite device and (e) a hole-
only 2D perovskite device. The insets show the device structures of electron-only and hole-only 2D perovskite devices. (The black dashed lines
refer to the trap-SCLC region, while the left and right parts refer to the Ohmic and SCLC regions, respectively).
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and at the same time forms poor band alignment between
perovskite and PEDOE:PSS. The SCLC measurements results
also agree well with the above PL results, illustrating that the
film obtained under 70 °C performs the best carrier transfer
behavior among all the samples.
Photovoltaic Performance. To evaluate the influence of

crystallization kinetics on photovoltaic performance, the solar
cell with planner p−i−n device configuration is prepared, and
the layered 2D perovskite material as the light-absorbing layer
is sandwiched between p-type (PEDOT:PSS) and n-type
(PCBM) contact layers. The PCE of devices is analyzed and is
plotted as the function of spinning temperature, as shown in
Figure 5a, and other photovoltaic parameter (JSC, VOC, and FF)
distributions of devices are given in Figure S11. The overall
PCE of the 2D perovskite solar cells increases from 30 °C
(PCE = 4.95 ± 0.90%) during the rising of fabrication
temperature and reaches to a maximum value at 70 °C (PCE =
9.73 ± 0.78%). The low PCE obtained from the device
prepared at low temperature is mainly due to the unfavored
phase distribution and lower crystallinity with too many
defects, which are not suitable for carrier transfer. However, by
further increasing the spinning temperature, the PCE gradually
drops to 5.56 ± 0.21% (130 °C) due to an unfavored interface
band alignment. The J−V curves with forward and reverse scan
directions for the device fabricated under 30, 70, and 130 °C
are shown in Figure 5b, and the device fabricated under 70 °C
shows the smallest hysteresis. The corresponding photovoltaic
parameters are summarized in Table S4. The champion device,
obtained under a spinning temperature of 70 °C, exhibits a
VOC of 1.07 V, an FF of 67.61%, and a JSC of 14.76 mA/cm2,
yielding a PCE of 11.6%. The corresponding cross-sectional
SEM image of the champion device prepared under 70 °C
heating−spinning temperature is shown in Figure S12.
Comparing with devices under other conditions, except for

the higher VOC of 1.07 V, which indicates the low nonradiative
recombination, the highly improved JSC value is the main
reason for the PCE enhancement. The higher JSC can be
attributed to the efficient carrier separation and transportation
within the device, which is also consistent with our previous
analysis on the charge separation efficiency and carrier
mobility. Besides that, the forward and reverse scanning
current density−voltage (J−V) curves also show negligible
hysteresis in the resulting device due to the suitable energy
alignment-induced efficient interfacial charge extraction. The
external quantum efficiency (EQE) spectra of the best
performance device are also recorded and show the absorption
wavelength range of 300−800 nm, as shown in Figure 5c. The
integrated photocurrent density is 12.4 mA/cm2, which is in
good agreement with the JSC obtained from the J−V
measurement. By holding a bias voltage at near the maximum
power output point (0.92 V), we also obtain a stabilized
photocurrent of 11.2 mA/cm2, corresponding to a stabilized
efficiency of 10.4%, as presented in Figure 5d. From the
temperature-dependent results, we demonstrate that carrier
separation and transportation in the 2D perovskite film are
significantly improved by optimizing the crystallization kinetics
process.

■ CONCLUSIONS

In conclusion, we first applied the confocal PL mapping
method to visualize the phase distribution of layered lead
halide n in a 2D perovskite film, wherein low n phases
decreased along the vertical direction starting from the
substrate. Furthermore, we developed a facile strategy, the
heating−spinning method, to manipulate multiple 2D perov-
skite phase distribution. The optimized 2D perovskite film
enabled improved charge transportation and separation, which
is verified by the PL and SCLC measurements. Based on the

Figure 5. (a) Distribution of power conversion efficiency (PCE) versus spinning temperature. (b) J−V curves for the device fabricated under
temperatures of 30, 70, and 130 °C measured by forward and reverse scans with a 0.1 cm2 active area. (c) EQE spectra together with integrated JSC
for the champion device of a 2D perovskite solar cell. (d) Steady-state photocurrent measured under a bias voltage of 0.92 V near the maximum
power point with a 0.1 cm2 active area.
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optimized energy band alignment and efficient charge transfer
behavior, a significant increase of PCE from 3.6 to 11.6% was
obtained due to the tremendous enhanced current density.
Therefore, our work provides a deeper understanding and
visible feature on the 2D perovskite film growth mechanism
and introduces an effective method to control the crystal-
lization kinetics of 2D perovskite, which may help to guide the
further design of materials and devices based on the 2D
perovskite.

■ EXPERIMENTAL SECTION
Mater ia l and Precursor Preparat ion. Poly(3 ,4 -

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
water dispersion (Clevios VP AI 4083) was acquired from Heraeus.
Butylamine iodine (BAI), bathocuproine (BCP), and [6,6]-phenyl-
C61-butyric acid methyl ester (PC61BM) were purchased from Xi’an
BaoLaiTe Technology Ltd. Methylamine iodide (MAI) was prepared
according to the reported procedure. Lead iodide (PbI2; 99.999%),
N,N-dimethylformamide (DMF; 99.99%), chlorobenzene (CB;
99.9%), and methyl alcohol (MA; 99.9%) were purchased from
Sigma-Aldrich. All reagents were used as received without further
purification. The 2D perovskite precursor of PbI2:MAI:BAI in a molar
ration of 4:3:2 was dissolved in DMF with a concentration of 0.8 mol/
L.
Device Fabrication. The inverted planar heterojunction 2D

perovskite solar cells were fabricated on ITO substrates. The ITO
substrates were ultrasonically cleaned with a diluted detergent,
deionized water, acetone, ethanol, and isopropanol (IPA) in
succession. The as-cleaned substrates were UV−ozone-treated for
20 min. The PEDOT:PSS solution was spin-coated onto the ITO
substrates at 3000 rpm for 30 s, and the samples were then annealed
at 120 °C for 20 min in air. The perovskite precursor solution was
spin-coated on top of the PEDOT:PSS-modified ITO substrate at
2000 rpm for 30 s under various heating−spinning temperature (from
30 to 130 °C). The samples were further annealed on a hot plate at 70
°C for 20 min. Next, 30 μL of PC61BM (20 mg/mL in CB) solution
was then spin-coated on top of the perovskite layer at 2000 rpm for 30
s, BCP (2.5 mg/mL in methanol) was dropped onto PC61BM at a
rotational speed of 6000 rpm to form an electron extracting layer, and
the samples were annealed on a hot plate at 70 °C for 10 min. Finally,
a 100 nm silver electrode was deposited via thermal evaporation
under a pressure of 1 × 10−4 Pa. The active area was 0.102 cm2.
Characterization. UV−visible absorption spectra were recorded

with a UV−visible spectrophotometer (Agilent 8453). The XRD
patterns were collected by using a PANalytical X’Pert Pro X-ray
powder diffractometer with Cu Kα radiation (λ = 1.54050 Å). The
morphology was measured using a scanning electron microscope
(S4800). Photoluminescence (PL) mapping was measured by a laser
scanning confocal microscope (Enlitech, SPCM-1000) equipped with
a 470 pulse laser and galvo-based scanner. Photoluminescence (PL)
was measured by FLS980 (Edinburgh Instruments Ltd) with an
excitation at 470 nm. Ultraviolet photoelectron spectroscopy (UPS)
measurements were carried out on the XPS AXIS Ultra DLD (Kratos
Analytical). X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a STARPES system (SPECS) with a
monochromatic SPEXS XR-MF microwave X-ray source (Al Kα 1/
4 1486.7 eV). Elemental analyses were performed by using an
inductively coupled plasma atomic emission spectrometer (ICP-AES;
Leeman PROFILE SPEC) instrument. The current density−voltage
characteristics of photovoltaic devices were obtained using a Keithley
2400 source measure unit. The photocurrent was measured under
AM1.5 G illumination at 100 mW cm2 using a Newport Thermal
Oriel 91192 1000 W solar simulator. The light intensity was calibrated
using a KG-5 Si diode. The effective area of each cell was 0.102 cm2,
defined by masks for all the photovoltaic devices discussed in this
work. External quantum efficiencies (EQEs) were determined on a
solar cell quantum efficiency measurement system (QER), provided
by Enli Technology Co. Ltd.
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ABSTRACT: Quasi-2D halide perovskites have emerged as some of the most promising
photovoltaic materials owing to their excellent stability, yet the device power conversion
efficiency is far from satisfactory. Besides crystal orientation-related carrier transport, defects in
absorbers also play a crucial role in device performance, which has received limited attention in
the 2D perovskite field. Herein, we systematically profile the defect states in 2D perovskite film
by the temperature-dependent admittance spectroscopy (AS), light intensity-dependent VOC,
space-charge-limited-circuit (SCLC), and photoluminescence measurements. It is revealed that
the quasi-2D perovskite films suffer from severe defects as compared to the 3D counterparts in
terms of both trap energy levels and trap densities. Consequently, the level of nonradiative recombination of photogenerated carriers
is much greater in the corresponding devices, wherein the monomolecular recombination is dominant. These findings substantially
contribute to a deeper understanding of the nature of 2D perovskite materials, which promotes the further development of 2D
perovskite solar cells.

Organic−inorganic metal halide perovskites have emerged
as some of the most promising next-generation photo-

voltaic materials due to their outstanding properties, such as
their tunable band gaps, long electron−hole diffusion lengths,
low recombination rates, and low fabrication temperatures,
which provide hope for both high efficiency and ultralow
fabrication cost.1−4 The perovskite-based solar cell efficiency
has already reached a certified value of 25.2%, which is
competitive with that of the mainstream multicrystalline
silicon.5 Three-dimensional (3D) perovskite materials are
prone to degradation after exposure to moisture and light.
Developing an all-inorganic perovskite is a promising strategy
for solving the thermal instability problem of 3D perovskites,
and the highest power conversion efficiency (PCE) has rapidly
increased to >16%.6−9 Meanwhile, two-dimensional (2D)
perovskite, owing to its encouraging stability in high-moisture
and continuous lighting conditions, has been recognized as a
promising strategy for perovskite solar cell development.10 2D
perovskite can be structurally derived from the 3D analogue
upon “cutting” the compound along a specific crystallographic
plane. Depending on the cutting site in the 3D framework, the
2D perovskites can be subcategorized as ⟨100⟩-, ⟨110⟩-, and
⟨111⟩-oriented perovskites. The Ruddlesden−Popper (RP),11
Dion−Jacobson (DJ),12 Aurivillius (AV), and alternating
cations in the interlayer space (ACI)13 configurations are
four structural configurations of the ⟨110⟩ perovskites; among
them, the RP perovskites are by far the most developed
structural type.14

2D RP perovskites have a generic chemical formula of
(A1)2(A2)n−1MnX3n+1. A1 long-chain organic amine ions, such
as C6H5(CH2)2NH3

+ (PEA+) and CH3CH2CH2CH2NH3
+

(BA+), act as a spacer between the perovskite frameworks

formed by the A (MA+, FA+, or Cs+) and M (Pb2+ or Sn2+)
cations and X halide anions. The value of the layer number (n)
of the perovskite frameworks can be controlled by adjusting
the ratio between the spacer cation (A1) and the small organic
cation (A2).11 The corresponding crystal structure and optical
characterization of 2D BA2MAn−1PbnI3n+1 (n = 1, 2, 3, or 4)
have been described.11 Recently, the BA2MA3Pb4I13 com-
pounds (n = 4) are widely used for 2D perovskite solar cell
studies due to their good stability combined with their
promising photoelectric properties. Perovskite solar cells based
on 2D structural compounds have exhibited a relatively low
efficiency because of the inhibition of out-of-plane charge
transport by the insulating spacer cations.10 Although the
development of new fabrication techniques has encouraged the
improvement in the PCE,14 the PCE of the 2D perovskite
device is still much lower than that of the 3D device. Recent
works involving 2D perovskite device have been focused on the
component control,15,16 the crystallization kinetics of the 2D
perovskite films,16,17 and the internal electron−hole separa-
tion.18 The defects in grain boundaries and interfaces, as
carrier recombination centers, strongly influence the device
performance, and a series of works have been performed on
defect analysis in 3D perovskite.2 In most cases, point defects
in the bulk of perovskite lead to the shallow level defects owing
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to the lower formation energy.19 While the structural defects at
the grain boundary and film surface could induce deep level
defects, the trapped carrier hardly escapes from it, resulting in a
reduced PCE.20−22 Previous literature has reported many
strategies for passivating defects, including interface, composi-
tional engineering, grain orientation tuning, etc.23−25 However,
the corresponding study is still limited in 2D perovskite.
Accurate characterization of the defect nature in 2D perovskite
material is crucial for understanding the associated optoelec-
tronic properties of these materials, which is essential for the
development of device design strategy.
Here, by using EIS, AS, TRPL, and SCLC technologies, we

investigate the defect properties and carrier recombination
dynamics of the BA2MA3Pb4I13 perovskite film and device. For
the first time, the AS technology is applied to calculate the
energy level of defects in 2D perovskite, and we find that the
defects in 2D perovskite are mainly deep level defects with an
Ea of 0.398 eV, which is much higher than that of 3D
perovskite (0.075 eV). In addition, the electron and hole trap
densities are measured to be 6.82 × 1016 and 8.22 × 1016 cm−3,
respectively, which are 2 orders of magnitude higher than that
of 3D perovskite. Furthermore, the recombination process is
characterized by the light intensity-dependent VOC that
identifies the increased defect-assisted recombination process
in the 2D perovskite devices.
First, the device performance of typical 3D MAPbI3

perovskite solar cells and 2D BA2MA3Pb4I13 (n = 4) perovskite
solar cells is compared, and the structures of 3D and 2D
devices used in this study are based on ITO/SnO2/MAPbI3/
Spiro/Ag and ITO/PEDOT:PSS/BA2MA3Pb4I13/PCBM/
BCP/Ag structures, respectively, which are shown in Figure
1a. The photoactive layers of 2D and 3D perovskite film are

prepared by the one-step spin-coating method; the details of
device fabrication are described in the experimental section,
and the corresponding SEM images and X-ray diffraction
patterns are shown in Figures S1−S3. Figure 1b shows the
current density−voltage (J−V) characteristics of correspond-
ing devices measured under simulated sunlight with AM 1.5 at
a high relative humidity (RH) of 60% and 25 °C, and the full
performance parameters are presented in Table S1. The 2D
perovskite device exhibits a short-circuit current (JSC) of 14.53
mA cm−2, a fill factor (FF) of 67.61%, and an open-circuit
voltage (VOC) of 1.07 V, yielding a PCE of 10.48%. The 3D
device shows a PCE of 14.80%, with a JSC of 22.57 mA cm−2, a
VOC of 0.97 V, and a FF of 67.61%. Figure 1c shows that the
stabilized PCEs of 9.7% and 14.6% are achieved by holding the
voltage at the maximum power point for 2D and 3D perovskite
solar cells, respectively. In addition, the JSC values obtained
from the J−V characteristics match well with the external
quantum efficiency (EQE) obtained by the integration of the
spectral response, which are shown in Figure 1d. The value of
JSC is determined by many factors, such as light capture, carrier
generation, charge transfer, and electrode charge collection.
The weak light capture of 2D perovskite resulted from its
smaller light absorption coefficient, which is highly related to
the composition, and its larger band gap narrows the light
absorption range. Besides that, the defects in the perovskite
film also have a strong influence on the charge transfer and
collection.
To investigate the defect behavior in 2D perovskite,

systematical studies are used and compared with 3D
perovskite. Accurate characterization of the charge trap density
in perovskite material is a crucial step toward understanding
the associated optoelectronic properties. To understand the

Figure 1. (a) Device structure of 2D (BA2MA3Pb4I13) and 3D (MAPbI3) perovskite solar cells. (b) J−V characteristics under simulated AM 1.5G
irradiation (100 mW/cm2) for 2D and 3D perovskite solar cells. (c) Stabilized photocurrent at the voltage of maximum power point of 2D and 3D
perovskite solar cells. (d) External quantum efficiency (EQE) and corresponding integrated short-circuit current density (JSC) of 2D and 3D
perovskite solar cells.
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charge trap density and carrier mobility in 2D perovskite films,
we performed the space-charge-limited-current (SCLC)
method.2 Panels a and b of Figure 2 show the current
density−voltage (J−V) curves of electron-only and hole-only
devices. The electron and hole trap density are calculated
according to eq 1:

= εεN V eL2 /trap 0 TFL
2

(1)

where Ntrap is the defect density, ε is the static permittivity of
perovskite, ε0 is the permittivity of free space, e is the
elementary charge, and L is the thickness of the perovskite film.
The hole and electron trap densities in 2D perovskite films are
calculated to be 8.22 × 1016 and 6.82 × 1016 cm−3, respectively,
while the value is significantly higher than that in 3D
perovskite films (4.12 × 1015 and 3.22 × 1015 cm−3,
respectively) reported from previous research,2 indicating
that more severe carrier recombination could occur in 2D
perovskite films. By fitting J−V curves at the SCLC region, the
hole and electron mobility of 2D perovskite films are estimated
to be 5.31 × 10−2 and 5.64 × 10−2 cm2 V−1 s−1, respectively,
which are considerably lower than that of the 3D perovskite
film, indicating the introduction of long-chain butylamine as a
spacer leads to a decrease in carrier mobility and impedes
carrier transmission.
In addition, the ultraviolet−visible (UV) absorption and

time-resolved PL (TRPL) decay measurements are applied to
study the defect properties. The samples used for the study are
all prepared by depositing 2D and 3D perovskite films on glass
substrates, and the corresponding UV and TRPL spectra are
shown in panels c and d of Figure 2, respectively. The Urbach
energies that carry the defect information from the UV band
tails are calculated, and the value of the 2D perovskite film is
164 meV, which is 6 times higher than that of 3D perovskite
film (25 meV). Two time components are obtained from
TRPL curves to evaluate the carrier recombination lifetime via
a biexponential function of time [F(t) = A1

−t/τ1 + A2
−t/τ2 + y0],

where τ1 and τ2 represent the time of the fast and slow decay
processes, respectively. The fast decay component is attributed
to the film surface recombination, while the slow decay
component is associated with the recombination occurred in
the bulk. All of the fitted TRPL parameters for 2D and 3D
perovskite films are summarized in Table 1. The photocarrier

lifetimes of the bulk of 2D and 3D perovskites are estimated to
be 3.84 and 155.12 ns, respectively, indicating a severe bulk
recombination in 2D perovskite. The steady state PL spectra of
2D and 3D perovskite films are shown in Figure S4 for
reference.
To gain deep insights into charge transport and recombi-

nation in a 2D perovskite device, impedance spectra are
measured at room temperature in the dark at an applied bias of
0 V. The impedance spectra were recorded over the frequency
range from 1 Hz to 1 MHz under an AC of 20 mV. Panels a
and b of Figure 3 present the experimental Bode and Nyquist
plots for 2D and 3D perovskite devices, respectively. The Bode
plot reveals that the equivalent circuit is 2RC elements in
series, which is shown in the inset of Figure 3b. A series
resistance Rs represents the resistance offered by ITO,
connecting wires and gold contacts. The high-frequency
spectrum from the impedance of perovskite material is
assigned to RHF. The RHF impedance element refers to the
selective contacts or their interfaces with the absorber layer,
which can be diverted from the fitted spectra. In addition, a
constant phase element CPEHF is used instead of pure
capacitance. Finally, the low-frequency spectrum from the
impedance of perovskite material is assigned to RLF, which is a

Figure 2. Current density−voltage characteristics of (a) hole- and (b) electron-only devices for estimating defect density in a 2D perovskite film.
(c) Ultraviolet absorption and (d) time-resolved photoluminescence decay for 2D and 3D perovskite films.

Table 1. Lifetimes Derived from TRPL Decay

2D perovskite 3D perovskite

τ1 (ns) 19.81 5.21
τ2 (ns) 3.84 155.12
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combination of recombination resistance and chemical
capacitance in parallel.26 Clearly, in the Bode plots, the spectra
in the high-frequency range are similar, while the intermediate-
and low-frequency ranges show huge differences. As the low-
frequency range spectra are more related to the recombination
resistance, recombination in the 2D device may become more
serious as a faster process. The RHF values for 2D and 3D
perovskite solar cells are diverted to be 7605 and 5550 Ω,
respectively, which are similar as expected. Meanwhile, the
recombination resistance of 2D and 3D perovskite solar cells is
calculated from the EIS spectra tested under various conditions
and is presented in Figure 3c. Obviously, the recombination
resistance of 2D perovskite is much lower than that of its 3D
counterpart under all test conditions, indicating that serious
carrier recombination occurs in 2D perovskite.
To further clearly reveal the energy level of the trap state in

the perovskite solar cells, temperature-dependent admittance
spectroscopy of 2D and 3D perovskite devices was performed.
The specific test methods and parameters are the same as in
previous studies.1,27 As reported, for a p-type perovskite
semiconductor, the defect activation energy (Ea) is approx-
imately the depth of the trap state energy level relative to the
VBM of the perovskite (Ea = ET − EVBM), which means that if a
charge is trapped with a smaller value of Ea, it could escape
easily. The Ea and the characteristic transition angular
frequency (ω0) can be expressed in eq 2:

i
k
jjjjj

y
{
zzzzzω β= −T

E
k T

exp0
2 a

B (2)

where β is a temperature-dependent parameter, T is the
temperature, and kB is Boltzmann’s constant. The value of Ea

can be obtained from eq 3:
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zzz
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k T
ln ln0

2
a

B (3)

and the corresponding plots are shown in Figure 3d. The value
of Ea can be obtained from the slope of the fitted curve.
The Ea values of 2D and 3D perovskite solar cells are

calculated to be 0.398 and 0.075 eV, respectively. It is
obviously that the 2D perovskite device energy level of defects
is relatively deeper than that of 3D perovskite; thus, the
electron and hole trapped in the defects are hard to escape but
recombine.
In the following, the distribution of trap state density in the

perovskite solar cells is investigated via admittance spectros-
copy.28,29 The distribution of the trap state density can be
derived from the following equations:

ω
ω= −ωN E

V
qW

C
k T

( )
d
dT

bi

B (4)
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(5)

where Vbi is the built-in potential,W is the depletion width, q is
the elementary charge, C is the capacitance, and ω is the
applied angular frequency. To estimate the built-in potential
(Vbi) and the apparent doping profile in the depleted layer (N)
of the devices, the Mott−Schottky measurement is applied at a
frequency of 1 kHz with potentials ranging from 0 to 1.2 V.
According to the depletion approximation, C, Vbi, and W at the
junction can be expressed in the relations

εε εε
= =

−
C
A W

q N
V V2( )

0 0

bi (6)

Figure 3. (a) Bode and (b) Nyquist spectra from electrochemical impedance spectroscopy (EIS) measured under open-circuit conditions for 2D
and 3D perovskite devices. (c) Recombination resistance spectra of 2D and 3D perovskite device extracted from the EIS curve. (d) Energy level of
trap states in 2D and 3D perovskite solar cells.
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εε
=

−A
C

V V
q N

2( )2

2
bi

0 (7)

The Mott−Schottky plots are shown in panels a and b of
Figure 4; the intersection on the bias axis determines Vbi, and
the slope gives the impurity doping density N. The Vbi values
of 3D and 2D perovskite solar cells are 0.89 and 0.515 V,
respectively, and the Ntrap values of 3D and 2D devices are 1.01
× 1015 and 1.4 × 1017 cm−3, respectively. The Vbi value of the
3D perovskite device is higher than that of the 2D device,
indicating that the 3D perovskite device is strong enough to
extract the charge in the depletion region effectively, which
may due to the continuous 3D framework without an insulator
spacer. The higher Ntrap value of 2D devices also agrees with
the results from TRPL and impedance measurements. Then,
the distributions of trap state density in these devices are
calculated and illustrated in panels c and d of Figure 4. It has
been found that the trap state energy level of the 2D perovskite
device is relatively deep (0.39 eV), which indicates that the

carriers would be easily captured by the traps and the trapped
carriers are hard to escape; meanwhile, the trap state density of
the 2D device is also slightly high compared with that of the
3D device.
Eventually, the carrier recombination processes in perovskite

devices are studied by measuring VOC and JSC at various light
intensities from 50 to 100 mW cm−2.30 The light intensity-
dependent VOC can provide information about the recombi-
nation process. Under open-circuit conditions, the current is
zero and all carriers recombine within the device. According to
eq 8

= +V n k T e I( / ) ln( ) constantOC B (8)

where n is the ideality factor, k is the Boltzmann constant, e is
the elementary charge, T is the absolute temperature, and I is
the light intensity. A plot of VOC as a function of the
logarithmic light intensity [ln(I)] is linearly fitted to evaluate
the slope, which usually represents the recombination process
caused by trap states in the device. If the ideality factor is close

Figure 4. Mott−Schottky analysis at 1 kHz for (a) 2D and (b) 3D perovskite solar cells. Trap state density (NT) of (c) 2D and (d) 3D perovskite
devices.

Figure 5. (a) Light intensity dependence of VOC and (b) JSC with the corresponding slopes obtained by linear fits for 2D (red line) and 3D (black
line) perovskite devices, respectively.
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to 1, it means a bimolecular charge carrier recombination is the
dominant recombination pathway in the device. On the
contrary, the slope value close to 2 represents a trap-assisted
charge recombination. As shown in Figure 5a, slope values of
1.80 and 1.63 kBT/e are obtained for the 2D and 3D perovskite
devices, respectively. The 2D device has a larger slope of 1.80
kBT/e, which implies that heavier trap-assisted Shockley−
Read−Hall (SRH) recombination happens in the 2D device,
indicating a higher defect density in the 2D perovskite device
compared to the 3D perovskite device. Figure 5b shows the
light intensity-dependent current density. On the basis of the
common relation of JSC ∝ Iα, the slope values α for 3D (1.014)
and 2D (0.927) perovskite devices are derived. The α value of
2D perovskite is 0.927, indicating charge carrier losses are
dominated by monomolecular recombination.31 At the same
time, the 3D devices are closer to the ideal case, suggesting a
decrease in the dimension of the materials leads to an increase
in the trap density in the perovskite materials. Combined with
the results from light intensity-dependent VOC, serious trap-
assisted SRH recombination exists in the 2D perovskite device
compared with 3D counterparts. The results are in good
agreement with AS and SCLC measurements.
In conclusion, defect profiles in quasi-2D halide perovskite

thin films were comprehensively depicted and compared with
those of the 3D perovskites for the first time via a series of
characterizations, including AS, SCLC, light intensity-depend-
ent VOC, and TRPL. The Ea (0.398 eV) for defects in 2D
perovskite is much greater than that of 3D perovskite (0.075
eV), indicating that the defects in 2D perovskite films are deep
level defects; thus, the carrier traps hardly escape. Meanwhile,
the electron and hole trap densities of 2D perovskite (6.82 ×
1016 and 8.22 × 1016 cm−3, respectively) are an order of
magnitude higher than those of 3D perovskite (4.12 × 1015

and 3.22 × 1015 cm−3, respectively), which is confirmed by
SCLC and AS measurement. Furthermore, we found that the
monomolecular recombination through a trap state or
recombination center is dominant by characterizing VOC at
various light intensities. It further aggravates the decrease in
photovoltaic efficiency in the corresponding devices beyond
the poor carrier transport due to crystal orientation. With the
focus on the defects and carrier recombination in 2D
perovskite, it sheds light on the nature of 2D perovskite
materials applied in solar cells, emphasizing the decrease in the
trap density and activation energy of defects is an effective
strategy for improving the efficiency of 2D perovskite solar
cells.

■ EXPERIMENTAL METHODS
Mater ia ls . Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) water dispersion (Clevios
VP AI 4083) was acquired from Heraeus. Butylamine iodine
(BAI), bathocuproine (BCP), Spiro-OMeTAD, and [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM) were
purchased from Xi’an baolaite Technology Ltd. Methylamine
iodide (MAI) was prepared according to the reported
procedure. Lead iodide (PbI2, 99.999%), N,N-dimethylforma-
mide (DMF, 99.99%), chlorobenzene (CB, 99.9%), 4-tert-
butylpyridine (TBP, 99.9%), isopropanol (99.99%), and
methyl alcohol (MA, 99.9%) were purchased from Sigma-
Aldrich. Spiro-OMeTAD was purchased from Lumitech. All
reagents were used as received without further purification.
Device Fabrication. (i) 2D Perovskite Solar Cell Fabrication.

The inverted planar heterojunction 2D perovskite solar cells

were fabricated on ITO substrates. The indium tin oxide
(ITO) substrates were successively cleaned using an ultra-
sonicator in acetone, water, and isopropanol. After UV−O3
treatment for 45 min, the PEDOT:PSS was spin coated on the
substrate at 3000 rpm for 25 s and then annealed on a hot plate
at 120 °C for 20 min. The perovskite precursor solution (100
mg of BAI, 119.25 mg of MAI, and 461 mg of PbI2 dissolved in
1.25 mL of DMF) was spin coated on the ITO/PEDOT:PSS
substrate at 70 °C and 2000 rpm for 25 s. After the annealing
on a hot plate at 80 °C for 20 min, 30 μL of a PC61BM (20
mg/mL in chlorobenzene) solution was then spin-coated on
the top of the perovskite layer at 2000 rpm for 30 s and BCP
(2.5 mg/mL in methanol) was dropped onto PC61BM at a
rotational speed of 6000 rpm to form an electron extracting
layer, and the samples were annealed on a hot plate at 70 °C
for 10 min. Finally, 100 nm Ag was deposited via thermal
evaporation at a pressure of 1 × 10−4 Pa.
(ii) 3D Perovskite Solar Cell Fabrication. The indium tin

oxide (ITO) substrates were successively cleaned using an
ultrasonicator in acetone, water, and isopropanol. After UV−
O3 treatment for 45 min, the SnO2 film was spin coated on the
substrate with the SnO2 colloidal solution at 3000 rpm for 30 s
and then annealed on a hot plate at 150 °C for 30 min. The
perovskite precursor solution (159 mg of MAI and 461 mg of
PbI2 dissolved in 0.6 mL of DMF) was spin coated on the
ITO/SnO2 substrate at 4000 rpm for 25 s. After the annealing
on a hot plate at 90 °C for 5 min, the hole-transport layer that
contained 80 mg/mL Spiro-OMeTAD, 30 μL/mL tert-
butylpyridine, and 35 μL/mL of bis(trifluoromethane)-
sulfonimide lithium salt (260 mg/mL in acetonitrile) were
spin coated at 3000 rpm for 30 s. Finally, 100 nm Ag was
deposited via thermal evaporation under a pressure of 1 × 10−4

Pa.
Characterization. The current density−voltage characteristics

of photovoltaic devices were obtained using a Keithley 2400
source measure unit. The photocurrent was measured under
AM1.5 G illumination at 100 mW cm−2 using a Newport
Thermal Oriel 91192 1000 W solar simulator. The light
intensity was calibrated using a KG-5 Si diode. The effective
area of each cell was 0.102 cm2 defined by masks for all of the
photovoltaic devices discussed in this work. External quantum
efficiencies (EQEs) were determined on a solar cell quantum
efficiency measurement system (QER) provided by Enli
Technology Co. UV−visible absorption spectra were recorded
with a UV−visible spectrophotometer (Agilent 8453).
Transient state photoluminescence (TRPL) was measured by
using an FLS980 instrument (Edinburgh Instruments Ltd.)
with excitation at 470 nm. Electrochemical impedance
spectroscopy (EIS) measurements were performed by using
an electrochemical workstation (Zahner Co.). EIS spectra were
recorded at room temperature (25 °C) in the dark at different
applied biases (0−1.2 V). The frequency range of 0.1−1 MHz
with an AC perturbation signal of 20 mV was employed in all
EIS measurements.
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H.; Dar, M. I. New Strategies for Defect Passivation in High-
Efficiency Perovskite Solar Cells. Adv. Energy Mater. 2020, 10,
1903090.
(25) Liu, N.; et al. Extremely Low Trap-State Energy Level
Perovskite Solar Cells Passivated Using Nh2-Poss with Improved
Efficiency and Stability. J. Mater. Chem. A 2018, 6, 6806−6814.
(26) Zarazua, I.; Bisquert, J.; Garcia-Belmonte, G. Light-Induced
Space-Charge Accumulation Zone as Photovoltaic Mechanism in
Perovskite Solar Cells. J. Phys. Chem. Lett. 2016, 7, 525−8.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00772
J. Phys. Chem. Lett. 2020, 11, 3521−3528

3527

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9647-5873
http://orcid.org/0000-0002-9647-5873
mailto:qic@bit.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:mse.ybai@bit.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huanping+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0070-5540
http://orcid.org/0000-0002-0070-5540
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00772?ref=pdf
https://dx.doi.org/10.1038/nphoton.2014.134
https://dx.doi.org/10.1038/nphoton.2014.134
https://dx.doi.org/10.1126/science.aaa5760
https://dx.doi.org/10.1126/science.aaa5760
https://dx.doi.org/10.1126/science.1228604
https://dx.doi.org/10.1126/science.1228604
https://dx.doi.org/10.1126/science.1254050
https://dx.doi.org/10.1126/science.1254050
https://dx.doi.org/10.1021/jacs.6b10227
https://dx.doi.org/10.1002/adfm.201807850
https://dx.doi.org/10.1002/adfm.201807850
https://dx.doi.org/10.1002/adfm.201909972
https://dx.doi.org/10.1002/adfm.201909972
https://dx.doi.org/10.1002/aenm.201902279
https://dx.doi.org/10.1002/aenm.201902279
https://dx.doi.org/10.1002/aenm.201902279
https://dx.doi.org/10.1002/anie.201406466
https://dx.doi.org/10.1002/anie.201406466
https://dx.doi.org/10.1021/acs.chemmater.6b00847
https://dx.doi.org/10.1021/acs.chemmater.6b00847
https://dx.doi.org/10.1021/jacs.8b00542
https://dx.doi.org/10.1021/jacs.8b00542
https://dx.doi.org/10.1021/jacs.7b09096
https://dx.doi.org/10.1021/jacs.7b09096
https://dx.doi.org/10.1021/jacs.7b09096
https://dx.doi.org/10.1038/nature18306
https://dx.doi.org/10.1038/nature18306
https://dx.doi.org/10.1039/C7EE01145H
https://dx.doi.org/10.1039/C7EE01145H
https://dx.doi.org/10.1021/jacs.7b11157
https://dx.doi.org/10.1021/jacs.7b11157
https://dx.doi.org/10.1038/s41467-018-03757-0
https://dx.doi.org/10.1038/s41467-018-03757-0
https://dx.doi.org/10.1038/s41467-018-03757-0
https://dx.doi.org/10.1021/jacs.6b12581
https://dx.doi.org/10.1021/jacs.6b12581
https://dx.doi.org/10.1021/jacs.6b12581
https://dx.doi.org/10.1021/acsenergylett.6b00196
https://dx.doi.org/10.1021/acsenergylett.6b00196
https://dx.doi.org/10.1002/anie.201409740
https://dx.doi.org/10.1002/anie.201409740
https://dx.doi.org/10.1038/ncomms8497
https://dx.doi.org/10.1038/ncomms8497
https://dx.doi.org/10.1126/science.aba0893
https://dx.doi.org/10.1126/science.aba0893
https://dx.doi.org/10.1126/science.aba0893
https://dx.doi.org/10.1002/adfm.201907962
https://dx.doi.org/10.1002/adfm.201907962
https://dx.doi.org/10.1002/adfm.201907962
https://dx.doi.org/10.1002/aenm.201903090
https://dx.doi.org/10.1002/aenm.201903090
https://dx.doi.org/10.1039/C7TA11345E
https://dx.doi.org/10.1039/C7TA11345E
https://dx.doi.org/10.1039/C7TA11345E
https://dx.doi.org/10.1021/acs.jpclett.5b02810
https://dx.doi.org/10.1021/acs.jpclett.5b02810
https://dx.doi.org/10.1021/acs.jpclett.5b02810
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00772?ref=pdf


(27) Zarazua, I.; Han, G.; Boix, P. P.; Mhaisalkar, S.; Fabregat-
Santiago, F.; Mora-Sero, I.; Bisquert, J.; Garcia-Belmonte, G. Surface
Recombination and Collection Efficiency in Perovskite Solar Cells
from Impedance Analysis. J. Phys. Chem. Lett. 2016, 7, 5105−5113.
(28) Duan, H.-S.; Yang, W.; Bob, B.; Hsu, C.-J.; Lei, B.; Yang, Y. The
Role of Sulfur in Solution-Processed Cu2znsn(S,Se)4and Its Effect on
Defect Properties. Adv. Funct. Mater. 2013, 23, 1466−1471.
(29) Ye, S.; Rao, H.; Zhao, Z.; Zhang, L.; Bao, H.; Sun, W.; Li, Y.;
Gu, F.; Wang, J.; Liu, Z.; Bian, Z.; Huang, C. A Breakthrough
Efficiency of 19.9% Obtained in Inverted Perovskite Solar Cells by
Using an Efficient Trap State Passivator Cu(Thiourea)I. J. Am. Chem.
Soc. 2017, 139, 7504.
(30) Rajagopal, A.; Yang, Z.; Jo, S. B.; Braly, I. L.; Liang, P.-W.;
Hillhouse, H. W.; Jen, A. K. Y. Highly Efficient Perovskite-Perovskite
Tandem Solar Cells Reaching 80% of the Theoretical Limit in
Photovoltage. Adv. Mater. 2017, 29, 1702140.
(31) Yang, D.; Zhou, X.; Yang, R.; Yang, Z.; Yu, W.; Wang, X.; Li,
C.; Liu, S.; Chang, R. P. H. Surface Optimization to Eliminate
Hysteresis for Record Efficiency Planar Perovskite Solar Cells. Energy
Environ. Sci. 2016, 9, 3071−3078.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00772
J. Phys. Chem. Lett. 2020, 11, 3521−3528

3528

https://dx.doi.org/10.1021/acs.jpclett.6b02193
https://dx.doi.org/10.1021/acs.jpclett.6b02193
https://dx.doi.org/10.1021/acs.jpclett.6b02193
https://dx.doi.org/10.1002/adfm.201201732
https://dx.doi.org/10.1002/adfm.201201732
https://dx.doi.org/10.1002/adfm.201201732
https://dx.doi.org/10.1021/jacs.7b01439
https://dx.doi.org/10.1021/jacs.7b01439
https://dx.doi.org/10.1021/jacs.7b01439
https://dx.doi.org/10.1002/adma.201702140
https://dx.doi.org/10.1002/adma.201702140
https://dx.doi.org/10.1002/adma.201702140
https://dx.doi.org/10.1039/C6EE02139E
https://dx.doi.org/10.1039/C6EE02139E
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00772?ref=pdf


 



 



 



 

 

 

  



 

 

 
  



 

  
  

 

 

 

 

 

 

 

 

 

                      

                 

                 

                

                 

             

           

          2021 6    

 

 

 

 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

         

        

         

       

        

         

        

        

 

 

 



 

O793 
UDC 540 

 

 

 

 

 

 

 

 

 

 

 

                      

                 

                  

           

                 

             

           

        2021 6     

 

 



  









 

 


