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HIGHLIGHTS

Three sulfobetaine zwitterions

were used to stabilize the a phase

of CsPbI3 films

The zwitterions could impede

CsPbI3 crystallization to form

small-grained films

The increased grain surface

energy stabilized the a phase of

CsPbI3 films

Solar cells with these CsPbI3 films

showed PCE of 11.4% under 1-sun

illumination
Stabilizing the a phase of CsPbI3 has become one of the most critical prerequisites

for its photovoltaic application. We found that mixing a small amount of

sulfobetaine zwitterions in CsPbI3 precursor solution could stabilize the a phase of

CsPbI3 films at room temperature. The interaction of zwitterion with CsPbI3
impeded the fast crystallization of CsPbI3, which reduced CsPbI3 grain size to

stabilize the a phase. Solar cells with these a-phase CsPbI3 films showed stabilized

efficiency of 11.4% under 1-sun illumination.
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Context & Scale

Due to the superior photovoltaic

performance and enormous

potential for commercialization,

perovskite materials have

attracted much attention in the

past years. Particularly, CsPbI3 is a

cutting-edge material for efficient

wide-bandgap solar cells that can

potentially boost the efficiency of

silicon solar cells with tandem

structure. However, CsPbI3
material suffers from a notorious

phase transition from black a

phase to yellow d phase at room
SUMMARY

Inorganic cesium lead halide perovskites (CsPbI3) are promising materials for

efficient wide-bandgap perovskite solar cells, but they suffer from a phase tran-

sition from black a phase to yellow d phase at room temperature. Here, we

report a facile method to stabilize the a-phase CsPbI3 films via a single-step

film deposition process. A small amount (�1.5 wt %) of sulfobetaine zwitterion

mixed in CsPbI3 precursor solution could facilitate the formation of black-phase

CsPbI3 films that show significantly improved phase stability in air. The black-

phase stabilization can be explained by the formation of small CsPbI3 grains

with average size of�30 nm, which increased the grain surface area to stabilizes

the a phase. The zwitterions were found to impede the crystallization of CsPbI3
perovskite films via electrostatic interaction with the ions and colloids in the

CsPbI3 precursor solution. Solar cells using these zwitterion-stabilized perov-

skite films showed stabilized power conversion efficiency of 11.4% under

1-sun illumination.
temperature, which dramatically

reduces the absorbed sun light to

reduce photovoltaic

performance. Here, sulfobetaine

zwitterions were mixed in CsPbI3
precursor solution to stabilize the

a phase of CsPbI3 films. Solar cells

with these a-CsPbI3 films

exhibited excellent performance

and stability. The a-phase CsPbI3
films may also be used to fabricate

efficient light-emitting diodes or

photodetectors. The method of

phase manipulation may be used

in stabilizing the black phase of

other perovskite photovoltaic

materials, such as FAPbI3 and

CsSnI3.
INTRODUCTION

The emergence of organic-inorganic halide perovskite (OIHP) solar cells has gener-

ated enormous research interest in the photovoltaic community.1–14 Blessed with

the excellent optoelectronic properties of OIHP materials, the power conversion

efficiency (PCE) of OIHP solar cells has skyrocketed from �3% to certified �22% in

several years.15 Despite the excellent performance, the volatile organic cations in

OIHP materials, such as methylammonium (MA) and formamidinium (FA), have

raised concerns about the stability of perovskite materials to external stimuli, partic-

ularly heat and light.16 Thermal-induced decomposition of methylammonium lead

halide perovskite (MAPbI3) films at temperature above 85�C has been reported.16,17

Alternatively, perovskites with inorganic cations, such as CsPbI3, have recently

gained increasing attention, because CsPbI3 is stable up to their melting points

above 460�C.18 CsPbI3 in cubic crystal structure (a phase) has a bandgap of

1.73 eV,19 which is suitable for photovoltaic application and especially attractive

as the top cells for perovskite/silicon tandem solar cells. However, CsPbI3 could

quickly transit to yellow phase (d phase) at temperatures below 315�C, which basi-

cally does not absorb much sun light.20,21 To address this problem, one general

method reported in the literature involves partially substituting iodide with bromide

to tune the tolerance factor of the perovskite structure.19,22,23 However, the ratio of

bromide in CsPb(BrxI1�x)3 usually needs to be larger than 33% to stabilize the cubic

phase,19,22,23 which undesirably increases the perovskite bandgap to 1.9 eV and

causes the loss of absorption in the red-light region. Recently, thermally evaporated

CsPbI3 films were reported to maintain the a phase at room temperature.22,24 But its
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long-term phase stability still requires further verification, because there is no clear

mechanism behind this kind of phase stabilization.

Another promising method to stabilize the a phase of CsPbI3 involved tuning the

free energy by forming CsPbI3 quantum dots.25 The thermodynamic stability of an

individual phase is determined by the total Gibbs free energy with contributions

from both the material surface and the bulk. Reducing material size could increase

the surface/volume ratio, so that certain phases that are unstable in bulk material

could be stabilized due to the dominant contribution of surface energy to the total

Gibbs energy. One well-known example is the phase transition of aluminum oxide

(Al2O3) from the rhombohedral structure (a phase) in bulky material to the cubic

structure (g phase) in nanoparticles, because the surface energy of g-phase Al2O3

is much lower than that of the a phase.26 The phenomenon of size-dependent phase

transition has also been observed in many other materials, including perovskite

materials such as BaTiO3,
27 PbTiO3,

28 and La1�xSrxMnO3.
29 Interestingly, one

empirical rule summarized from many materials is that materials tend to convert to

a more symmetric crystal structure when the dimensions reduce,30 because symmet-

rical structures usually have smaller surface energy, which could also explain the

stabilization of the cubic phase in CsPbI3 quantum dots.25 Solar cells with CsPbI3
quantum dots showed high PCE of >10%.25 However, the quantum dot cell fabrica-

tion process was complicated, including dedicated and lengthy quantum dot

synthesis and multiple-cycle quantum dot coating and ligand washing. A simple

and low-cost fabrication method for a-phase CsPbI3 films is highly desired for the

further development of these inorganic cesium perovskite solar cells.

In this article, we report a simple method to stabilize a-phase CsPbI3 films via a

single-step film deposition process. It was found that mixing a small amount of

sulfobetaine zwitterion (�1.5 wt %) in CsPbI3 precursor solution could stabilize the

a phase of CsPbI3 films at room temperature. The zwitterion molecules impede

the fast crystallization of CsPbI3 perovskite by interacting with ions and colloids in

the CsPbI3 precursor solution. Solar cells with these zwitterion-stabilized perovskite

films showed stabilized efficiency of 11.4% under 1-sun illumination.
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RESULTS AND DISCUSSION

Stabilization of a-Phase CsPbI3 Films with Zwitterions

The CsPbI3 films in this study were fabricated by a one-step spin-coating method,

which has been widely used in fabricating highly efficient OIHP solar cells.31–33

Certain ligands or additives were added to reduce the grain size of CsPbI3 films to

stabilize the cubic-phase CsPbI3. We started our research with mixing the CsPbI3
precursor solution with the ligands used in synthesizing CsPbI3 quantum dots,

such as oleylamine and oleic acid.25,34,35 However, the spun CsPbI3 films with these

ligands still showed yellow color. Encouragingly, we discovered in the presence of

sulfobetaine zwitterions, the spun CsPbI3 films could quickly turn to black after

annealing the film at �80�C for several seconds. Details about the film fabrication

method can be found in the Experimental Procedures. In short, we tried three

sulfobetaine zwitterions, 3-(1-pyridinio)-1-propanesulfonate (NDSB201), 3-[2-hy-

droxyethyl(dimethyl)azaniumyl] propane-1-sulfonate (NDSB211), and 3-(decyldime-

thylammonio) propane-1-sulfonate (SB3-10). The molecular structures of these

zwitterions are shown in Figure 1A. All of them could effectively stabilize the black

phase of CsPbI3 films. Figure 1B shows the absorption spectra of the CsPbI3 films

with or without NDSB201 zwitterion. The NDSB201-stabilized CsPbI3 films have an

absorption cut-off at �720 nm, corresponding to an optical bandgap of 1.72 eV,
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Figure 1. a-Phase CsPbI3 Films Stabilized by Sulfobetaine Zwitterions

(A) Molecular structures of the sulfobetaine zwitterions used in this study.

(B) Absorption spectra of CsPbI3 perovskite films with or without NDSB201 zwitterion.

(C) A CsPbI3 perovskite film with zwitterion. The zwitterion-stabilized CsPbI3 film has a black and mirror-like surface.

(D) PL spectrum of a CsPbI3 perovskite film with zwitterion.

(E) XRD patterns of perovskite films without (top) and with (middle) NDSB201 zwitterion. The XRD pattern of zwitterion-stabilized CsPbI3 film matches

the simulated XRD pattern of a-phase CsPbI3 (black lines at the bottom of the figures). The bottom XRD pattern shows no obvious phase change after

the a-phase CsPbI3 film was stored in air for 60 days.
while the absorption edge of the CsPbI3 films without zwitterion is around 620 nm.

Figure 1C shows that the SB3-10-stabilized CsPbI3 film is black and has a mirror-

like smooth surface. After annealing the sample overnight at 100�C, the film still

maintained the black color as shown in Figure S1. In Figure 1D, the photolumines-

cence (PL) spectrum of the black-phase CsPbI3 film exhibits a single emission peak

at �710 nm. X-ray diffraction (XRD) patterns of the CsPbI3 films with or without

NDSB201 zwitterion are shown in Figure 1E. The solid lines at the bottom of the

figure represent the simulated XRD pattern of cubic-phase CsPbI3. The main XRD

peaks of the zwitterion-stabilized CsPbI3 film located at 14.4�, 20.2�, and 28.8� could
be indexed to the (001), (011), and (002) planes of a-phase CsPbI3, respectively,

although some small peaks were also detected that were probably from impurities.

The zwitterion-stabilized films stayed in the black cubic phase after storage in air for

2 months (Figure 1E).

Mechanism of a-Phase Stabilization

We speculated that the added zwitterion molecules could impede CsPbI3 crystalli-

zation to form small-grained CsPbI3 films. To verify this, we compared the grain sizes

of the CsPbI3 films with or without SB3-10 zwitterion by cross-section scanning elec-

tron microscopy (SEM). As shown in Figure 2A, the CsPbI3 film with the SB3-10 zwit-

terion contained many small grains with an average grain size of �30 nm. In striking

contrast, the CsPbI3 film without zwitterion in Figure 2B shows a totally different

morphology with much larger gain size, which verifies that the added zwitterions

played a crucial role in reducing the grain size of CsPbI3 films. The formation of

much larger grains in the CsPbI3 films without zwitterion may correlate with the
Joule 1, 371–382, October 11, 2017 373



Figure 2. Characterizations to Identify the Origin of a-Phase Stabilization

(A and B) Cross-section SEM images of CsPbI3 films with (A) or without (B) SB3-10 zwitterion. The scale bars of the images represent 400 nm.

(C) XRD patterns of the perovskite spun films fabricated by precursor solutions without (up) and with (bottom) SB3-10 zwitterion. No thermal annealing

was applied on the films, and the spun films were measured immediately after fabrication.

(D) FTIR measurement of SB3-10 solution and SB3-10 solutions mixed with different ratios of CsPbI3. The molar ratio of SB3-10 to CsPbI3 varied from 1:1

to 1:100.

(E) UV-visible spectroscopy measurement of the CsPbI3 solution and CsPbI3 solutions mixed with different weight percentages of SB3-10.
fast crystallization of the CsPbI3 films. To demonstrate that, we compared the XRD

patterns of CsPbI3 spun films fabricated by precursor solutions with or without

SB3-10 zwitterion. Details about the sample preparation can be found in the Exper-

imental Procedures. In short, no thermal annealing was applied on the spun films,

and all the XRD patterns of the films were measured immediately after fabrication.

As shown in Figure 2C, clear XRD peaks were observed in the spun CsPbI3 film

without zwitterion, which can be indexed as d-phase CsPbI3,
36 indicating quick

crystallization of d-phase CsPbI3 at room temperature without thermal annealing.

In striking contrast, the spun CsPbI3 film with zwitterion was amorphous without

any obvious XRD peak (Figure 2C). This demonstrates that the crystallization of

CsPbI3 perovskite was suppressed by the added SB3-10 zwitterion, which explains

the formation of small grains in the zwitterion-stabilized CsPbI3 films.

We examined two hypotheses that may explain the formation of the amorphous

phase in the zwitterion-stabilized CsPbI3 films: (1) steric effect of the zwitterion

long ligands and (2) interaction of zwitterion with perovskite ions in the precursor

solution. If the amorphous phase is caused by the long carbon chains of zwitterion

molecules, we expect many other materials with long carbon chains could also sup-

press the crystallization of CsPbI3 to form amorphous spun films. However, it turned
374 Joule 1, 371–382, October 11, 2017



out that the zwitterions are unique in terms of forming amorphous phase films. We

tested XRD patterns of the CsPbI3 spun films fabricated by CsPbI3 precursor solu-

tions mixed with four other materials with long carbon chains: oleic acid, oleylamine,

1-octadecylamine, and polyvinyl alcohol. The XRD patterns in Figure S2 show that all

these spun films without thermal annealing exhibit obvious d-phase CsPbI3 peaks.

All these films showed yellow color after thermal annealing at 100�C for 20 min.

The cross-section SEM images in Figure S3 show the morphologies of these

annealed CsPbI3 films, where none of the added material could form small-grained

CsPbI3 film. It is interesting to find that the sulfobetaine zwitterions are unique in

suppressing CsPbI3 crystallization to form small-grained films, implying the

functional groups in sulfobetaine zwitterions, a quaternary amine (N+) group and a

sulfonate group (SO3
�), may play a crucial role in the formation of the amorphous

phase and small-grained films.

Several experiments were conducted to verify the interaction of the sulfobetaine

zwitterions with ions in the precursor solution. We first conducted Fourier transform

infrared spectroscopy (FTIR) measurements to confirm the interaction of sulfobe-

taine zwitterions with Cs+ and Pb2+cations in the precursor solution. Figure 2D shows

the FTIR spectra of CsPbI3 solution, SB3-10 zwitterion solution, and CsPbI3-zwit-

terion mixed solutions. The FTIR peaks located around 1,035 cm�1 represent the

symmetric S=O stretches of the sulfonate group (SO3
�).37 The symmetric stretching

peak gradually shifted to higher wavenumber with the increase of CsPbI3 content in

the solution, indicating the interaction between the sulfonate group and cations in

the precursor solution. The increase of S=O stretching wavenumber could be

explained by the decreased spatial symmetry of the SO3
� group after cations

bond to certain oxygen elements on the SO3
� group, and thus the symmetric

stretching vibration became harder. Further evidence for the existence of interaction

between the zwitterion and metal ions is that the added zwitterion could reduce the

size of the colloids in the precursor solution, which was revealed by the Tyndall

effect. The Tyndall effect is a light-scattering effect caused by suspended colloids

as a light beam passes through a colloidal solution, which makes the light beam

visible in the colloidal solution. The amount of scattering depends on the size and

density of the colloids. A previous study has reported that MAPbI3 precursor solu-

tions exhibited a strong Tyndall effect, because the solutions contained a large

quantity of PbI2 and lead polyiodide colloids tens to hundreds of nanometers in

size.38 In addition, reducing the colloid size was found to be correlated with reduc-

tion in grain size in the MAPbI3 films, because the colloids serve as the building

blocks for MAPbI3 perovskite grains.38 We confirmed that CsPbI3 precursor solution

also shown a strong Tyndall effect. As shown in Figure S4, a bright beam path was

observed in the CsPbI3 precursor solution, while purified deionized water with no

colloid did not show any light path. Then we studied the extent of light scattering

in CsPbI3 precursor solutions with or without the zwitterion with UV-visible spectros-

copy. UV-visible spectroscopy quantifies the total light that is absorbed, scattered,

reflected, and refracted by the sample at each wavelength. When the wavelength

range is larger than the bandgap, the sample absorption is negligible and the differ-

ence in light scattering between CsPbI3 precursor solutions with or without the zwit-

terion is revealed. We first prepared and measured the CsPbI3 colloidal solution

without zwitterion, which showed an absorption cut-off at �500 nm and strong light

scattering at a wavelength larger than 500 nm (Figure 2E). Then SB3-10 zwitterion

powder was gradually added to the original CsPbI3 precursor solution, and the spec-

trum of the solution was measured. As shown in Figure 2E, light scattering was grad-

ually reduced after adding SB3-10 zwitterion to the precursor solution, indicating the

reduction in colloid size by the zwitterion interaction in the colloidal solution.
Joule 1, 371–382, October 11, 2017 375



Figure 3. Mechanism of CsPbI3 a-Phase Stabilization by Zwitterion

(A–F) Schematic representation of CsPbI3 crystal formation from precursor solution without (A–C) or with (D–F) the zwitterion. PbI2 in the precursor

solution coordinates with DMSO molecules to form crystallized PbI2$DMSO colloids (A). Without the zwitterion, I� ions in the solution facilely

coordinate to Pb2+ ions of the PbI2$DMSO colloid to form corner-sharing [PbI6]
4� octahedra, and Cs+ ions occupy the octahedral sites (B), resulting in

large-grained CsPbI3 film with orthorhombic phase (C). With zwitterion, the size of the PbI2$DMSO colloids (D) is decreased because zwitterions can

interact with Cs+ and I� ions in the precursor solution (E). The spun film before annealing shows amorphous phase (E). (F) The zwitterion molecules are

expelled toward the grain surface and GBs during CsPbI3 grain growth, which maintains the small grains by impeding further grain growth.
Based on the above characterizations and discussion, we show the grain formation

processes of CsPbI3 films from precursor solutions with or without the zwitterion in

Figures 3A–3F. We speculate that the process of CsPbI3 perovskite formation is

similar to that of MAPbI3 formation, both of which involve the formation of

[PbI6]
4� octahedra from PbI2 and octahedral site occupation by cations. Figures

3A–3C shows the steps of CsPbI3 perovskite formation from CsPbI3 precursor

solution without zwitterion. As shown in Figure 3A, PbI2 in the CsPbI3 precursor so-

lution coordinates with DMSO molecules to form crystallized PbI2$DMSO colloid.

During spin coating of the precursor solution, I� ions in the solution coordinate

to Pb2+ ions of the PbI2$DMSO colloid to form corner-sharing [PbI6]
4� octahedra,

and Cs+ ions occupy the octahedral sites to form CsPbI3 perovskite (Figures 3B

and 3C). Without zwitterion in the precursor solution, this process occurs quickly

at room temperature because of the rapid crystallization of CsPbI3 perovskite,

resulting in large CsPbI3 grains with orthorhombic phase. In contrast, with

zwitterion in the precursor solution, the electrostatic interaction between

zwitterion and PbI2$DMSO colloids can break the layered structure of the colloids

to decrease the colloid size (Figures 3D and 3E). The crystallization of CsPbI3
perovskite is suppressed, resulting in amorphous phase in the spun film before

thermal annealing (Figure 3E). During the CsPbI3 grain growth process, the

zwitterions molecules are expelled to the grain boundaries (GBs) and grain

surface, which may maintain the grain size by impeding further grain growth

(Figure 3F).
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Figure 4. Performance of Cesium Perovskite Solar Cells

(A) Structure of the cesium perovskite solar cells.

(B) J-V curves of the devices with cesium perovskite layers of different thicknesses. NDSB201 was

used to stabilize perovskite a phase and the perovskite composition was CsPb(I0.98Cl0.02)3.

(C) J-V curve of the champion CsPb(I0.98Cl0.02)3 device with perovskite layer treated by argon

plasma. The thickness of the perovskite layer was 300 nm.

(D) Steady-state measurement of the photocurrent and PCE of the most efficient device.

(E) EQE of the most efficient device.
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Figure 4. Continued

(F) The statistics of PCE distribution for CsPb(I0.98Cl0.02)3 devices with argon plasma treatment.

(G) J-V curves of CsPb(I0.98Cl0.02)3 devices with the perovskite layer annealed at 90�C for 20 min

and 12 hr.

(H) PCE of a typical CsPb(I0.98Cl0.02)3 device kept in an ambient environment as a function of storage

time. The sample was kept in air without encapsulation under dark conditions.
We also considered the possible interaction between zwitterion and perovskite in

the zwitterion-CsPbI3 films, which may cause additional surface strain to stabilize

the a phase. However, this scenario was excluded, because no strong interaction

was found between zwitterion and CsPbI3 in the films after thermal annealing. Fig-

ure S5 shows the FTIR spectrum of solid SB3-10 powder and the spectrum of SB3-

10-perovskite films. No obvious peak shift was observed for the symmetric S=O

stretching vibration modes, which is different from the zwitterion interaction in the

precursor solution (Figure 2D). The FTIR peak splitting of the powder SB3-10 sample

at �1,035 cm�1 may be caused by the high packing density of zwitterion molecules

in the powder sample, which has been observed in a previous study.37

Photovoltaic Device Performance of Zwitterion-Stabilized CsPbI3
We further fabricated solar cells to investigate the photovoltaic performance of the

zwitterion-stabilized CsPbI3 films. Figure 4A shows the structure of the solar-cell

device used in this study. All the solar-cell devices used NDSB201 to stabilize the

CsPbI3 a phase, because it exhibited better efficiency as shown in Figure S6. We first

optimized the composition of perovskite to increase the efficiency of the device. It

was found that precursor composition of CsPb(I0.98Cl0.02)3 gave higher efficiency

with increased open circuit voltage (VOC) of 1.01 V, compared with 0.85 V for the

composition of CsPbI3 (Figure S7). Cl most likely stayed in the annealed films, as

the PL peak of the CsPb(I0.95Cl0.05)3 film exhibited a blue shift by �10 nm compared

with that of the CsPbI3 film (Figure S8). Figure 4B shows the J-V curves of

CsPb(I0.98Cl0.02)3 perovskite devices with different thicknesses of the perovskite

layers. The film thickness was altered by changing the concentration of the precursor

solution, and the thickness was measured by a step profiler or cross-section SEM.

The device with a 600 nm perovskite layer had a short-circuit current (JSC) of

10.2 mA/cm2, a VOC of 0.92 V, a fill factor (FF) of 52%, and a PCE of 4.9%. Reducing

the perovskite film thickness to 400 nm increased the PCE of the device to 8.8% by

enhancing JSC to 15.2mA/cm2 and VOC to 1.01 V. The best efficiency was obtained in

the devices with a 300 nm perovskite layer, exhibiting a VOC of 1.0 V, a JSC of

14.2 mA/cm2, FF of 73% and a PCE of 10.4%. Further decreasing the thickness of

the perovskite layer to 200 nm significantly reduced light absorption and thus

reduced the JSC to 11.5 mA/cm2.

The increased current in devices with thinner perovskite layers indicates that the

photocurrent output is most likely limited by charge carrier extraction, because

the grain size of the zwitterion-stabilized films was only �30 nm. The zwitterion mol-

ecules in the GBs of perovskite filmsmay limit charge carrier transport, although they

help to stabilize the black phase. Partial removal of the zwitterion molecules after

a-phase perovskite film formation may further increase the efficiency of the device.

In quantum dot solar cells, washing the quantum dot films with solvent can partially

remove unreacted ligands to increase the efficiency of the device.25,39 The ligand

washing process requires selecting a suitable solvent, which is not compatible

here, because most polar solvents for dissolving zwitterions could also dissolve

cesium perovskite. Encouragingly, we applied another method, argon plasma treat-

ment, to etch the zwitterion molecules on the CsPb(I0.98Cl0.02)3 film surface, which

turned out to be an effective way to increase the efficiency of the device. Plasma
378 Joule 1, 371–382, October 11, 2017



treatment was expected to remove the zwitterion with little damage to the inorganic

perovskite, because organic material generally has a much higher sputtering rate

under ion bombardment than inorganic materials. Figure 4C shows the J-V curve

of the CsPb(I0.98Cl0.02)3 device after plasma treatment. A champion device efficiency

was obtained, with a VOC of 1.09 V, a JSC of 14.9 mA/cm2, FF of 70% and a PCE of

11.4%. Figure 4D shows the steady photocurrent and PCE measured at the

maximum power output point (0.86 V) of the most efficient device. The steady

photocurrent and stabilized PCE measured at the maximum power point agree

well with the values from the J-V curve. The external quantum efficiency (EQE) of

the best device is shown in Figure 4E, which shows an integrated photo current of

14.5 mA/cm2. The statistics of PCE distribution for CsPb(I0.98Cl0.02)3 devices in Fig-

ure 4F demonstrate the reliability and the repeatability of the cesium perovskite

solar cells. Although significant efficiency enhancement has been demonstrated,

the plasma treatment could not remove the zwitterion molecules at the GBs of the

perovskite films. Removing zwitterion in GBs or using other zwitterions with higher

conductivity may further increase the efficiency of the cesium perovskite device.

Inorganic cesium perovskites showed superior thermal stability compared with

those OIHPs with organic cations. We annealed the cesium perovskite films at

90�C overnight and fabricated devices to test the thermal stability of the films. As

shown in Figure 4G, the control device with perovskite film annealed at 20min shows

a JSC of 15.6 mA/cm2, a VOC of 1.08 V, FF of 67%, and a PCE of 11.2%, which repre-

sents a typical efficiency of CsPb(I0.98Cl0.02)3 devices treated with argon plasma.

Interestingly, the devices with the perovskite layer annealed at 90�C for 12 hr

showed comparable efficiency of 11.3%. The same experiment was conducted on

MAPbI3 devices as a control group. As shown in the Figure S9, a dramatic reduction

in efficiency was observed in the MAPbI3 device from 18.2% to 11.3%. In addition,

the inorganic cesium perovskite devices also demonstrated good air stability. As

shown in Figure 4H, the device maintained �85% of its original efficiency after

storage in air for over 30 days.

Conclusions

In conclusion, we reported a facile process to stabilize a-phase cesium perovskites at

room temperature, which enables the fabrication of solution-processed cesium

perovskite devices with efficiency over 11%. We elucidated that the sulfobetaine

zwitterions could interact with ions and colloids in the CsPbI3 precursor solution,

which impeded the crystallization of perovskite to form small-grained CsPbI3 films.

These a-phase cesium perovskite materials may find promising applications in other

areas such as light-emitting diodes and photodetectors. This study also points out a

new direction to control the crystallization of perovskite thin films tomanipulate ther-

modynamic phase stability, which might be further used in stabilizing the black

phase of other promising perovskite materials, such as FAPbI3 and CsSnI3.

EXPERIMENTAL PROCEDURES

CsPbI3 Film Fabrication and Characterization

The methods for cleaning indium tin oxide (ITO) glass and Poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA) film fabrication can be found elsewhere.40 The

CsPbI3 perovskite films were fabricated by a one-step method, where an equal

molar ratio of lead iodide (PbI2) and cesium iodide (CsI) were mixed in DMSO/dime-

thylformamide (DMF) mixed solvent (v/v, 1/4).33 Three sulfobetaine zwitterions, 3-(1-

pyridinio)-1-propanesulfonate (NDSB201), 3-[2-hydroxyethyl(dimethyl)azaniumyl]

propane-1-sulfonate (NDSB211), 3-(decyldimethylammonio) propane-1-sulfonate

(SB3-10), were added to the CsPbI3 precursor solution to stabilize the cubic phase
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of CsPbI3 films. A typical ratio of zwitterion added in CsPbI3 solution was 1.5%

(weight ratio of zwitterion to CsPbI3). The zwitterion materials were purchased

from Sigma-Aldrich and used as received. The precursor solutions were spin coated

on top of PTAA substrates at a spin speed of 4,000 rpm. Then the films were an-

nealed at 65�C for 5 min, followed by annealing at 90–100�C for 20 min.

XRDof thefilmswas recordedonaBrukerAXSD8Discoverdiffractometer. The long-term

stability study in Figure1Ewas conductedby storing the samples indark conditions in air.

The air humidity during the 60 testing days variedbetween 17% and 100%,with a typical

humidity level of 30%–40%. Diamond software was used to simulate the XRD pattern of

cubic-phase CsPbI3. The lattice constant and space group of CsPbI3 was from previous

literature.41The samples forXRDmeasurement inFigure2Cweremeasured immediately

after fabrication.No thermal annealingwas applied to the samplesbeforemeasurement.

The samples were sealed in bottles in an N2 glovebox and then transferred from the

glovebox to the XRD equipment to minimize the exposure to air.

SEM of the films was recorded on an FEI Helios FIB/SEM 660. The grain size was

determined on cross-section SEM images and estimated using Nano Measure soft-

ware. The grains have an irregular shape. In order to get an accurate size distribution,

the size of all the grains was measured in the same lateral direction, and all grains in

the SEM images were included in the statistics without selection. The average grain

size was derived by fitting the data with Gaussian distribution.

FTIR was characterized using a Spectrum Two FTIR (PerkinElmer) with universal

attenuated total reflectance (Single Reflection Diamond). The SB3-10 solution for

the FTIR measurements in Figure 2D was prepared by dissolving SB3-10 powder

in DMF at 0.1 M concentration. Then 0.5 M CsPbI3 solution (DMF as solvent) was

added to the SB3-10 solution to obtain the desired SB3-10/CsPbI3 ratios.

Absorption spectra and photoluminescence (PL) spectra were recorded on an

Evolution 201 UV-visible spectrophotometer and iHR320 photoluminescence spec-

troscopy, respectively. The CsPbI3 precursor solution for UV-visible spectrum

measurement in Figure 2E was prepared by dissolving equal molar concentrations

(1 M) of CsI and PbI2 in DMF/DMSO (v/v, 4/1). Then SB3-10 powder was gradually

added to the solution to obtain the desired CsPbI3/SB3-10 ratios.

Cesium Perovskite Solar-Cell Fabrication

The fabrication of the device was conducted in a glovebox with the oxygen level

lower than 100 particles per million. Details about the preparation of the CsPbI3
perovskite precursor solution can be found above. To increase the wetting property

of cesium perovskite precursor on PTAA film, the PTAA-coated ITO substrate was

pre-wetted by spinning 50 mL of DMF at 4,000 rpm for 5 s. 90 mL of cesium perovskite

precursor was spin coated on PTAA substrate at 2,000 rpm for 2 s followed by

4,000 rpm for 45 s. The sample was drop casted with 90 mL toluene at 15 s after

the start of spin coating. CsPbI3 solutions with different concentrations were used

to control the thickness of the spun film. CsPbI3 films 200 nm, 300 nm, 400 nm,

and 600 nm thick were made with 0.4 M, 0.65 M, 0.8 M, and 1.2 M solutions, respec-

tively. Lead bromide and lead chloride were used to tune the composition of the

perovskite precursor solutions to CsPb(I0.98Br0.02)3 and CsPb(I0.98Cl0.02)3. The spun

films were annealed at 90�C for 20 min. The argon plasma treatment was conducted

with a PE-50 plasma cleaning system purchased from Plasma Etch. Typically, the

cesium perovskite samples were treated at an operating power of 210 W for

2–6 s. Then, 2 wt % [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) dissolved in
380 Joule 1, 371–382, October 11, 2017



dichlorobenzene was spin coated on perovskite layer at 6,000 rpm for 35 s and then

annealed at 90�C for 30 min. After deposition of PCBM layers, 25 nm C60 was ther-

mally evaporated at a deposition rate of 0.5 Å/s. The devices were finished by the

evaporation of 7 nm 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and

100 nm aluminum or copper electrode. Cooling water was used to cool the samples

to room temperature during the deposition of C60, BCP, and electrode. The area of

the device was defined as the overlap of ITOwith cathode. Slight variation in the area

of the device was observed in devices from different batches. Optical microscopy

was used to measure the active area accurately; the area typically measured

2.0 3 5.0 mm.

Device Characterization

The J-V curves of the devices were measured in a glovebox. AM 1.5G irradiation

(100 mW cm�2) with a xenon-lamp-based solar simulator (Oriel 67,005, 150 W Solar

Simulator) was used as the light source. A Schott visible-color glass-filtered (KG5

color-filtered) Si diode (Hamamatsu S1133) was used to calibrate the light intensity

before photocurrent measurements. A Keithley 2400 Source-Meter was used to

record the J-V curves. The scanningdirection for the J-Vmeasurementswas frompos-

itive bias to negative bias. The voltage scanning rate was 0.05 V s�1. The steady-state

photocurrent in Figure 4D was measured by recording the champion device photo-

current under 0.86 V bias. Then the steady-state PCEwas obtained bymultiplying the

measured current by 0.86 V. EQE curves were characterized with a Newport QEmea-

surement kit by focusing a monochromatic beam of light onto the devices.
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