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Summary

The high-temperature perovskite -phase of CsPbI3 readily undergoes phase transition at ambient

conditions  to  a  low-temperature  non-perovskite  -phase  with  a  poorer  optoelectronic

performance,  thus hindering commercialization  of  these materials  in photovoltaics.  Here,  we

present the epitaxial growth of CsPbI3 nanoplates on  muscovite mica single crystal substrates,

and demonstrate that  the high-temperature phase stability of these nanoplates is enhanced by a

strained interface.  Strain is measured as a function of nanoplate thickness on a single particle

level through spatially resolved structural and optical characterizations, and found to increase

with  decreasing  thickness.  From quantitatively  tracking  the  CsPbI3 phase  transition  for  thin

(<400 nm) and thick (>400 nm) nanoplates, we observe a larger fraction of thin nanoplates still

maintaining their high-temperature phase after one month as compared to the thick counterparts.

These findings establish a  relationship between strain and phase transition kinetics,  which is

critical for rational design of stable perovskite-based optoelectronic devices.  

Keywords: metal halide perovskites, phase transition, structural transformation, strain, epitaxial

growth, quantitative imaging 

Introduction

Halide  perovskites  have  emerged  as  an  exciting  class  of  materials  and  garnered  significant

interest  for  its  impressive  performance  in  photovoltaic  technologies,  with  power  conversion

efficiencies (PCEs) of perovskite solar cells (PSCs) increasing from 3.8%1 to a certified 25.2%2

and rivaling commercial silicon solar cells in recent years.3,4,5 A type of all-inorganic perovskite,
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cesium  lead  iodide  (CsPbI3)  draws  special  attention  owing  to  its  suitable  bandgap  for

photovoltaics  (~1.73  eV)6,7 and  its  superior  thermal  tolerance  as  compared  to  the  organic-

inorganic  hybrid  counterparts.8,9 Despite  these  advantages,  a  main  obstacle  to  realizing  the

commercial  applications  of  these  materials  lies  in  the  long-term  phase  instability  and

interconversion  between  different  CsPbI3 polymorphs.10–12 CsPbI3 readily  undergoes  phase

transition at ambient conditions from a metastable, high temperature (high-T) perovskite -phase

to an unfavorable, low temperature (low-T) non-perovskite -phase, which has a larger bandgap

(~2.82 eV) and is not suitable for solar cell applications.13–17 Therefore, it is crucial to understand

this phase transition and develop strategies to stabilize the high-T perovskite phase for practical

CsPbI3-based device applications.

Among  factors  affecting  the  phase  stability  of  perovskites,  strain  has  been  found  to  play  a

significant role.18–23 Understanding the effect of strain on perovskites is particularly relevant and

necessary,  as  the  soft  lattice  nature  of  perovskites  enables  them to  be  highly  susceptible  to

strain.21,24,25 Strain  has  been  extensively  studied  for  several  perovskite  compositions  and

employed to tune the stability of perovskite films, thereby enhancing optoelectronic properties

and device performances.18–21,26–28 For instance, through strain management, a certified PCE of

~24.4% has been reported for FAPbI3-based PSCs (where FA is  formamidinium).28 Residual

strain engineering has been demonstrated to achieve  improvement in hole carrier transport and

extraction, resulting in optimized mixed (FAPbI3)0.85(MAPbBr3)0.15 PSCs with a certified PCE of

20.7%.29 Strain  engineering  of  perovskites  is  typically  achieved  through  the  selection  of  a

suitable substrate on which epitaxial growth of the perovskite layer can occur. Epitaxy refers to

the growth of a crystalline epilayer on a crystalline substrate where the epilayer exhibits well-
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defined orientations relative to the substrate’s crystal orientations. A strained epilayer can form

to accommodate the in-plane lattice parameters of the substrate if the lattice mismatch is not too

large. For instance, lattice strain has been reported to exist in α-FAPbI3 thin films epitaxially

grown  on  a  series  of  MAPbClxBr3−x  single  crystalline  substrates.  Further  tuning  of  the

composition of the MAPbClxBr3−x  substrate introduces different levels of strain to the α-FAPbI3

epilayer, and the resultant strain is found to have a stabilization effect on the α-FAPbI3 phase.18

Steele et al.26 investigated strain in CsPbI3 thin films and showed that strain reduces the energy

difference  promoting  the  high-T-to-low-T  phase  transition,  thus  rendering  the  high-T  phase

stable  at  room  temperature.  On  the  other  hand,  strain  has  also  been  observed  in  MAPbI3

polycrystalline  films  but  in  this  case  proves  to  be  detrimental  to  film  stability  under

illumination.19 Thus,  opposite  strain-induced  effects  are  exhibited  in  similarly  strained

perovskites,  necessitating the need to thoroughly study strain across all  classes of perovskite

materials. Although  strain  engineering  has  been  extensively  investigated  in  polycrystalline

perovskite thin films, a systematic investigation of strain and its influence on the phase stability

of the model all-inorganic single-crystalline CsPbI3 is still lacking. The strain distribution within

these  single  crystals  grown  on  single  crystalline  substrates  might  differ  from  that  within

polycrystalline thin films, where the presence of grain boundaries and film edges can be a major

contributing source.24 Considering the broad range of impacts induced by strain, a fundamental

understanding of the intrinsic  strain properties and its  influence on phase stability  of CsPbI3

single crystals is critical to lay the foundations for further thin film preparation and optimization

of CsPbI3 solar cell devices.
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In this work, we report the highly oriented growth of CsPbI3 single crystalline nanoplates with

different thicknesses on muscovite mica single crystal substrates with a well-defined epitaxial

relationship.  We systematically characterize and quantify the intrinsic lattice strain associated

with varying nanoplate thicknesses at a single particle level using a combination of structural and

optical techniques with localized microscale probing. These spatially resolved techniques allow

us to precisely determine any strain-induced changes within individual nanoplates and overcome

the  common  issue  of  averaging  out  sample  heterogeneity  (e.g,  thickness,  morphology)  in

conventional characterization methods. We demonstrate that the strained epitaxy can enhance the

phase stability of metastable high-T CsPbI3 nanoplates for at least one month under ambient

conditions (50% ± 2% RH, 21 ± 1oC). Lastly, we discuss the origin of this intrinsic lattice strain

and the observed strain-induced phase stabilization. These findings establish an understanding of

epitaxial growth and the effect of strain on phase transitions at the single crystal level, thereby

driving the design and optimization of long-term, highly phase-stable perovskite materials and

devices. 

Results and Discussion

The epitaxial growth of CsPbI3 perovskite nanoplates on muscovite mica was carried out using

chemical vapor transport (CVT) method (see Experimental Method for more details regarding

the  experimental  growth  setup  and  conditions).  The  as-grown  nanoplates  have  thicknesses

ranging from 180 nm to 1.5 m, which can be measured using atomic force microscopy (AFM)

(Figure 1A) and identified through the color differences in the optical microscope image (Figure

1C). Figure 1B shows a few representative height profiles generated from AFM measurements of
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the nanoplates. All the nanoplates have a rectangular/square morphology with lateral dimensions

of  5-12  m,  and  are  well-oriented  at  multiples  of  90,  indicating  the  well-defined  epitaxial

growth of these crystals on the mica substrate (Figure 1C, Figure S1-S2). Energy-dispersive X-

ray  spectroscopic  (EDX)  measurements  confirmed  the  atomic  ratio  of  Cs:Pb:I  to  be

approximately 1:1:3 for CsPbI3 nanoplates of different thicknesses (Figure S3). 

The van der Waals epitaxial growth of halide perovskites nanostructures on mica is facilitated by

the chemically inert nature of the substrate that relaxes strict lattice matching conditions.30–33 The

structure  of  muscovite  mica  is  consisted  of  positively  charged K+ inserted  between adjacent

negatively charged tetrahedral aluminosilicate layers. These adjacent aluminosilicate sheets in

mica are connected by weak van der Waals forces; thus, mica can be easily exfoliated along the

K+ layer,  resulting in an atomically  flat  surface without  any dangling bonds.22,30,31 The cubic

CsPbBr3 nanoplates have been found to epitaxially grow on the (001) surface of muscovite mica

with  the  (001)  facet  exposed  and  in-plane  orientations  of  CsPbBr3[100]//mica[100]  and

CsPbBr3[010]//mica[010].30 Although the interface between cubic CsPbBr3 and mica substrates is

well-studied  in  the  literature,30–33 to  date  there  has  been no characterization  on the  epitaxial

relationship between mica and the orthorhombic  -phase CsPbI3, which has a lower symmetry

and  different  lattice  parameters.  To determine  the  crystallographic  orientation  of  the  CsPbI3

nanoplates with respect to the muscovite mica substrate, two X-ray pole figures were acquired at

2 = 27.84o and 29.85o for mica (114) and CsPbI3 (221), respectively (Figure 1D, Figures S4-

S5). The diffracted intensity was measured by varying the tilt angle, ψ, and the rotation angle, φ,

with respect to the normal to the sample surface while holding 2 constant. The mica{114} pole
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figure exhibits six equidistant poles at a tilt angle ψ = 45.125o and ∆φ = 60o. This is because mica

has two twin domains, with one domain producing four {114} poles at φ = 18.4o, 78.4o, 198.4o

and 258.4o, and the other domain producing four {114} poles at φ = 78.4o, 138.4o, 258.4o, 318.4o

(Figure S6). For the {221} CsPbI3 pole figures, we observed 8 total poles at a tilt angle  ψ =

13.874o. CsPbI3 can align in two symmetrically equivalent orientations rotated by 90o on mica.

Each of these CsPbI3 orientations results in a set of 2 poles, (221) and (221́), which are separated

at an azimuthal interval of 180o. Thus, for each of the twin domains of mica, there would be 4

equivalent {221} CsPbI3 poles equally spaced at 90o. One of the twin domains forms one set of 4

stronger  intensity  {221} CsPbI3 poles  that  are  more  energetically  favorable,  while  the  other

domain  produces  another  set  of  4  weaker  intensity  {221}  CsPbI3  poles.  The  measured  pole

figures match well with the simulations of the mica{114} and CsPbI3{221} pole figures (Figures

S6-S7). From the pole figures, we proposed an incommensurate epitaxial relationship between

the as-grown CsPbI3 nanoplates and the mica substrate. The [110] direction of the nanoplates is

parallel  to the [001] direction of muscovite mica in the out-of-plane direction,  and the [1́ 12]

direction of the nanoplates is parallel  to the [110] direction of mica in the in-plane direction

(Figure 1E). The out-of-plane orientation is consistent with previous studies of cubic CsPbBr3 on

mica,  as  the  orthorhombic{110}  facet  is  equivalent  to  cubic{001} crystal  planes  with  slight

distortion. Along the in-plane direction, one periodicity of CsPbI3[1́12] approximately matches

with one periodicity of mica[110], with a lattice mismatch factor  f of -2.89% ( f =
d overlayer

d substrate
−1).

This lattice mismatch can result in lattice strain and suggest that the lattice of CsPbI3 is dilated

along the in-plane direction at the perovskite-mica interface in order to match with the mica
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lattice. A strong ionic interaction between the K+ layer from mica and the I- from the PbI2 layer

of CsPbI3  is expected,32 which might serve as a driving force to generate the in-plane tensile

strain in order to resolve the lattice mismatch.  

Figure  2A shows  the  powder  X-ray  diffraction  (PXRD)  pattern  of  the  as-grown  CsPbI3

nanoplates on muscovite mica. The mica substrate has a monoclinic lattice and displays equally

spaced diffraction peaks corresponding to the exposed (00l) planes (a = 5.211 Å, b = 9.040 Å, c

= 20.021 Å,  =  = 90o,   = 95.76o). The perovskite nanoplates show predominant diffraction

peaks at 14.39o and 29.00o, which can be indexed to the (110) and (220) planes of orthorhombic

-phase CsPbI3 (space group: Pnma, a = 8.856 Å, b = 8.577 Å, c = 12.472 Å,  =  =  = 90o).

The dominance of these peaks indicates that the [110] direction of the nanoplates is normal to the

mica (001) substrate. The absence of other diffraction peaks from the high-T phase confirms the

highly oriented growth of the nanoplates on the (001) surface of mica. 

A change  in  d-spacing  through Bragg peak  positions  of  a  PXRD pattern  is  expected  as  an

indication  of  strain  in  a  material.21 If  a  material  is  compressively  strained,  the  d-spacing  is

decreased relative to the strain-free reference, and the associated Bragg peak will shift to a higher

2 angle (and vice versa for tensile strain). The strain value (ε) can be calculated from this XRD

peak shift and expressed as a percentage with respect to the reference or non-strained sample,

with negative/positive sign indicating compressive/tensile strain, respectively:

ε=
d strained (hkl )−d non−strained (hkl )

dnon−strained (hkl)
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where dstrained (hkl ) and dnon−strained (hkl ) are the crystal plane spacing of perovskites with and without

strain.35 We  observe  that  the  Bragg  peak  associated  with  the  (110)  plane  for  the  CsPbI3

nanoplates grown on mica shifts towards a higher 2 as compared to that of bulk, free-standing

-phase  CsPbI3 powder  from  Sutton  et  al,34 indicating  a  decreased  d-spacing  in  the  [110]

direction relative to the reference (Figure 2B). This suggests that the plates grown on mica have

a compressive strain in the out-of-plane direction, and this strain is calculated to be -0.2%. We

also note that CsPbI3 nanoplates randomly grown on an amorphous Si/SiO2 substrate (Figure S8)

show a diffraction peak at 14.36o, thus not displaying any Bragg peak shift for the (110) plane as

compared to the reference value (Figure 2B, Figure S10). As a result, we can consider the CsPbI3

nanoplates  on  Si/SiO2 substrates  as  the  strain-free  reference.  The  fact  that  we were  able  to

observe a peak shift for the nanoplates grown on single crystal mica substrate but not on the

amorphous Si/SiO2 substrate indicates that the observed strain is associated with the perovskite-

mica interaction. Conventional PXRD techniques measure a large region and average out any

heterogeneity within the sample due to a large area X-ray spot size (1-5 millimeters). It is crucial

to note that our aforementioned powder XRD measurement of CsPbI3 on mica was conducted on

a large region of nanoplates of various thicknesses with different levels of strain; therefore, the

calculated out-of-plane strain is an averaged value. Synchrotron X-ray microdiffraction (XRD)

can probe nanoplates one at a time with an X-ray beam of a few micrometers, thus allowing us to

determine any strain-induced lattice changes between plates of different thicknesses. To further

verify our strain hypothesis,  we conducted Laue  XRD to characterize  the crystal  structure,

crystallographic  orientation  and  strain  of  individual  nanoplates  of  various  thicknesses  with

micrometer  resolution.  Regions  of  nanoplates  of  interest  are  located  with  X-ray  micro-
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fluorescence mapping (Figure S11), and Laue patterns can subsequently be obtained for each

individual nanoplate. A representative Laue pattern from a single nanoplate is shown in Figure

2C. From the Laue pattern, we were able to index the Laue reflection spots to orthorhombic -

phase  CsPbI3.  The  locations  of  the  Laue  reflection  spots  allow determination  of  the  crystal

orientation  and  further  confirm  the  epitaxial  relationship  between  the  perovskite  and  mica

substrate  previously  determined  with  X-ray  pole  figure.  The mica[001]  and CsPbI3[110]  are

exactly aligned in the out-of-plane direction, and the mica[110] and CsPbI3[1́ 12] are aligned in

the in-plane direction, as seen from the stereographic projections of several individual CsPbI3

nanoplates and the mica substrate (Figure S12). Indexing the Laue pattern also permits deviatoric

strain calculation of individual nanoplates of different thicknesses through comparison with the

bulk, unstrained values (a = 8.856 Å, b = 8.577 Å, c = 12.472 Å,  =  =  = 90o) (Figure S13).

Laue  patterns  for  a  single  CsPbI3  nanoplate  on  Si/SiO2 substrate  match  with  bulk  lattice

parameters (Figure S14). Meanwhile,  as the thickness of the nanoplates on mica decreases, the

out-of-plane compressive strain increases (Figure 2D). The out-of-plane strain can be up to -

0.42%  for the  thinnest  plate  we  have  measured,  and  is  negligible  for  nanoplates  above

approximately 400 nm. The average out-of-plane strain for plates below 400 nm is -0.24%, and

it is -0.033% for plates above 400 nm. This implies that as thickness decreases, there is

greater strain and lattice distortion in the CsPbI3 single crystalline nanoplates on mica substrates.

In general, strain can originate from a number of factors in perovskite. Here, we consider two

important factors that introduce strain and thus lattice distortion in our perovskite nanoplates:

lattice  mismatch  and  thermal  expansion  coefficient  mismatch  between  the  substrate  and  the

adlayer. From our X-ray pole figures, we calculated the lattice mismatch between the perovskite
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layer and the mica substrate to be -2.89%. As mentioned, this mismatch can cause the lattice of

CsPbI3 to dilate along the in-plane direction in order to match with the mica lattice. Additionally,

we also need to  take  into  account  strain  formation  during  cooling  due to  the  large  thermal

expansion coefficient mismatch between the perovskites and the substrate.19,36 Perovskite has a

thermal expansion coefficient (𝜶 = 1.2 x 10-4 K-1)37,38 that is orders of magnitude greater than that

of the mica substrate (𝜶 = 8-12 x 10-6 K-1).39,40,41 At our synthesis temperature (360°C), both the

perovskite and mica lattices are expanded and anchored to each other. When the growth is cooled

to  room  temperature,  the  perovskite  lattice  tends  to  shrink  to  its  lattice  spacings  at  room

temperature. However, the perovskite cannot contract efficiently due to the much smaller thermal

expansion coefficient of mica, thus introducing tensile strain along the in-plane direction (Figure

2E).  Owing to  the  positive  Poisson’s  ratio  in  perovskites,  the  tensile  in-plane  strain  can  be

compensated by out-of-plane lattice contraction,20,21,36,42 which was observed in both our XRD

and  XRD  results.  Similar  strain formation  behavior  during  cooling  has  been  reported  for

CsPbBr3 nanowires grown on sapphire substrates, where sapphires have a much smaller thermal

expansion  coefficient  than  that  of  perovskites.36 In  this  reported  work,  the  smaller  thermal

expansion  coefficient  of  sapphire  limits  the  contraction  of  perovskite  lattice  upon  cooling,

thereby causing the in-plane CsPbBr3 lattice spacings to dilate at the sapphire interface. In this

case, the in-plane strain can be accommodated by both out-of-plane lattice contraction and very

large  lattice  rotations.  In  another  work,  the  large  thermal  expansion  coefficient  mismatch

between MAPbI3 film and the ITO/glass substrate has also been reported to generate similar out-

of-plane lattice shrinkage to compensate for tensile strain along the in-plane direction.19
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Further evidence of strain was also confirmed with optical photoluminescence (PL) and Raman

measurements. The PL emission for a region of high-T nanoplates grown on Si/SiO2 is centered

at 718 nm (1.73 eV), but this emission blueshifts to 712 nm (1.74 eV) for a region of high-T

nanoplates with thickness heterogeneity on mica (Figure S15). We further measured PL spectra

of individual nanoplates grown on mica and Si/SiO2 using a confocal microscope with a 473 nm

laser.  Even though the dimensions of the nanoplates  well  exceed their  quantum confinement

regime, we observed a blueshift of PL peaks from 1.73 eV for a strain-free nanoplate on Si/SiO2

(Figure S16) to 1.78 eV for the thinnest nanoplate on mica we can measure (Figure 3A). The PL

peaks for individual nanoplates grown on mica gradually blueshift from 1.74 eV to 1.78 eV as

the thickness decreases from 450 nm to 50 nm (Figure 3B). Although we were not able to grow

nanoplates thinner than 50 nm on mica and characterize their PL peaks, we hypothesize that the

bandgap will continue to increase as thickness decreases. Our results are consistent with the size-

dependent bandgap modulation phenomenon attributed to strain.32,36,43,44 Strain induces changes in

the Pb—X—Pb bond lengths and bond angles, which would change the orbital  overlaps and

therefore  band  dispersion  and  bandgap.  A  similar  thickness-dependent  blueshift  has  been

observed in CsPbBr3 nanoplates grown on mica, and has been proposed to originate from the

accumulated  strain  arising  from a  nontrivial  strength  of  van  der  Waals  epitaxial  interaction

between the soft  perovskites  and the mica  substrate.32 This  blueshift  behavior  has also been

studied  in  CsPbBr3 nanowires  grown on a sapphire  substrate  under  similar  epitaxial  growth

mechanism,  where  thinner  nanowires  were  observed  to  have  higher  bandgap  energies  than

thicker  nanowires.36 In  the latter  work,  the authors confirmed this  height-dependent  bandgap

modulation with TEM visualization of the lattice changes and attributed this behavior to large

12



lattice distortions from the changes in Pb—Br—Pb bond angle caused by heteroepitaxial strain

in  thinner  nanowires.  Additionally,  we acquired  low-frequency  Raman spectra  of  individual

nanoplates  of  different  thicknesses  on  mica  to  observe  the  vibrational  modes  of  the  [PbI6]4-

octahedra. Low-frequency Raman spectra for the CsPbI3 nanoplates showed distinct peaks that

correspond to the vibrational modes of -CsPbI3 reported in previous studies (Figure 3C, Figure

S17).45,46 For quantitative analysis, we performed least-square fitting of our Raman spectra with

Lorentzian  line  shape  functions  to  accurately  determine  the  peak  positions  for  different

vibrational modes. Vibrational frequency is inversely correlated with bond length and can be

used as a signature to probe strain. The low frequency modes between 20 cm-1 and 70 cm-1 can be

attributed to the [PbI6]4- octahedral bending motion.45,47 Notably, the Raman peak centered at ~61

cm-1,  attributed  to  the  equatorial  bending  of  the  I—Pb—I  bonds,  showed  a  redshift  with

decreasing nanoplate thickness (Figure 3D). This indicates a softening of the equatorial I—Pb—I

bending  mode,  which  can  be  a  result  of  the  increasing  in-plane  tensile  strain  for  thinner

nanoplates.  On  the  other  hand,  a  slight  blueshift  with  decreasing  nanoplate  thickness  was

observed for the Raman peak at ~38 cm-1, which is assigned to the axial bending of the I—Pb—I

bonds (Figure 3E). This blueshift suggests a bond strengthening that restricts bending motion in

this direction and can be explained by increasing out-of-plane compressive strain. Overall, the

observed wavenumber shifts suggest that the Pb—I bonds fundamentally change as the nanoplate

thickness decreases, an evidence of increasing strain for the thinner nanoplates. 

Strain modulation can play a key role in enhancing the phase stability in perovskites, because

strain can inherently alter the energetics of the competing phases. In CsPbI3  polycrystalline thin
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films,  under unstrained conditions, the low-T phase is strongly energetically favored over the

high-T  phase,  thereby  creating  a  driving  force  for  the  high-T  to  low-T  phase  transition.26

However, the introduction of strain shifts the relative energies for the two phases, resulting in a

stabilization of the strained high-T phase. In this work, we sought to confirm whether the high-T

phase stability  enhancement  previously observed in  solution-processed CsPbI3  polycrystalline

thin  films  would  still  be  upheld  for  our  single-crystalline  CsPbI3  nanoplate  model  system.

Differences in levels of grain boundaries, defect densities, size and epitaxial interaction with the

substrate are all relevant factors that can modify the strain distribution between the two cases and

may  lead  to  different  phase  stability  behaviors.  Additionally,  kinetically  trapping  the

polycrystalline thin film after the synthesis is necessary to recover the strained high-T phase to

study  this  strain-dependent  phase  transition,  whereas  the  as-grown  single-crystalline  high-T

CsPbI3 nanoplate platform enables the intrinsic residual strain to be probed directly without any

post-synthetic modifications. To investigate the effect of strain on the phase stability of single-

crystalline high-T CsPbI3 perovskite nanoplates, we studied the high-T to low-T phase transition

at ambient conditions for nanoplates at different strain levels. The high-T perovskite phase is

known to undergo phase transition to a low-T non-perovskite phase upon exposure to moisture

(Figure  4A).  As suggested by molecular  dynamics  (MD) simulations,  the  mechanism of  the

moisture-induced phase transition (MIPT) is due to moisture-induced halide vacancy creation at

the perovskite surface.16 A water layer adsorbed onto the perovskite surface can facilitate the

high-T to low-T phase transition at room temperature by enhancing vacancy formation in the

crystal lattice, thus lowering the high-T to low-T nucleation barrier and increasing the nucleation

rate.14,16 Using in situ PL optical microscopy, we can readily monitor this phase transformation
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and determine the effect of strain on the phase stability of high-T CsPbI3. The PL emission for an

ensemble of high-T phase nanoplates grown on mica is centered at 712 nm (1.74 eV), while that

of the low-T phase is at 467 nm (2.65 eV) (Figure 4B). The high-T to low-T phase transition

kinetics at ambient conditions  (21 ± 1oC, 50% ± 2% RH) can be quantified  using  in situ PL

optical microscopy. A 620-nm light emitting diode (LED) was used to excite the crystal, while

the emissions were collected with an optical microscope and an emission channel within 663 -

738 nm. Thus, the PL emission of high-T plates (bright) can be easily distinguished from that of

low-T plates (dark), and a high-T to low-T phase transformation event is indicated by a complete

disappearance of the bright emission. Representative PL images showing the time evolution of

the high-T to low-T phase transition of a region of nanoplates grown on amorphous Si/SiO2 and

on mica exposed to ambient conditions over the course of one month are shown in Figure S18

and S19. About 48% of the plates epitaxially grown on mica still remained high-T phase after

this time period, in contrast to the nanoplates grown on amorphous Si/SiO2, where >90% of

them transformed to low-T phase by the end of one month (Figure 4C, Figure S18-S19). This

result demonstrates that the strained epitaxy at the perovskite-mica interface enhances the phase

stability of single-crystalline CsPbI3 nanoplates. Here, strain stems from a number of factors and

shows a synergistic effect to phase transition. In addition to the lattice strain arising from the

lattice  mismatch  and  thermal  expansion  coefficient  mismatch  between  perovskite  and  mica,

strain also stems from the van der Waals epitaxy, which is significant enough to create a strong

epilayer-substrate interaction to minimize the overall energy and enable lattice stabilization. The

van der Waals forces can take up almost 27% of the surface interaction energy (approximately

20 meV/Å2) in this system,32 which is a considerable fraction of the chemical bond. The epitaxial
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growth can provide a stabilization effect, since lattice constraints at the epitaxial interface would

restrict atomic rearrangements during structural phase transition.18 This result, combined with the

enhanced  phase  stability  also  observed  for  CsPbI3 polycrystalline  thin  film,26 provides a

generalization for the phase stability enhancement behavior under strain for CsPbI3 materials.

Applying strain to the CsPbI3 crystal lattice would result in a strong energy destabilization of the

low-T phase relative to the high-T phase, thereby inhibiting the high-T-to-low-T phase transition

and enhancing the stability of the high-T phase. Controlling the thickness of the nanoplates also

provides a direct approach to tune the accumulating strain at the interface and to measure phase

stability under different levels of strain. We computed the fraction of nanoplates remaining in

their high-T phase over the course of one month at ambient conditions for thick plates (>400 nm)

and thin plates (<400 nm) grown on muscovite mica (Figure 4D). Representative PL images of a

region  of  nanoplates  on  mica  exposed  to  ambient  conditions  at  0  hours  and the same

nanoplates at 672 hours with their respective thickness distributions are shown in Figures 4E.

Notably, while only ~31% of our thick plates remain high-T under ambient conditions at the end

of one month after exposure, 56% of our thin nanoplate population maintain their high-T phase

after  this  time period (Figure 4D).  This  difference in the thickness-dependent  phase stability

seems to be the greatest during the initial 15 hours, where a larger number of nanoplates above

400 nm transforms to low-T phase while the majority of nanoplates below 400 nm still remain

high-T (Figure S20). This indicates that overall the thin nanoplates, which are more strained,

have greater phase stability in ambient conditions compared to their thick counterparts. As the

nanoplate thickness decreases, the relative crystal volume subjected to strain accumulated at the

perovskite-substrate interface increases (Figure S21). Thus, thinner nanoplates undergo greater
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relative lattice distortion and surface clamping with respect to their volume as compared to their

thick  counterpart,  thus  restricting  structural  rearrangements  during  phase  transition  and

stabilizing the high-T phase. We note that even though 400 nm was used here as a cutoff for the

thick and thin nanoplate populations based on the negligible strain observed for plates above 400

nm in our XRD measurements, this is rather not the critical thickness of these nanoplates. The

critical  thickness  is  the  thickness  below which  elastic  strain  can  be  accommodated  without

dislocation formation.48 Beyond the critical thickness, dislocations start to form to partially relax

strain.  We  expect  the  critical  thickness  for  our  CsPbI3 nanoplates  to  be  smaller  than  any

thicknesses used in this study. Here, misfit dislocations were observed for nanoplates down to

150 nm (Figure S22), indicating that our nanoplates have surpassed the critical thickness limit

and been partially relaxed during the epitaxial growth. Yet, the effect of the residual strain is still

significant  to enhance high-T  phase stability.  The residual strain continues to decrease as

thickness increases until the nanoplates are fully relaxed, where they would have lower high-T

phase stability. 

Conclusions

In  summary,  we  reported  the  presence  of  strain  in  our  highly  oriented  growth  of  CsPbI3

nanoplates  on  single  crystal  muscovite  mica  substrate.  This  strain  varies  with  nanoplate

thickness,  and  the  strained  epitaxy  is  found  to  enhance  the  high-T  γ-phase  stability  of  the

nanoplates, most likely owing to the strain-induced energy destabilization for the low-T phase

relative to the high-T phase. Here, the synergistic effect of strain to phase transition originates

from a number of factors, including lattice mismatch, thermal expansion coefficient mismatch,
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and ionic and van der Waals contributions to the strong substrate-lattice interaction. As lattice

strain increases with decreasing nanoplate thickness, the nucleation rate from high-T to low-T

phase reduces. This study provides a fundamental understanding of the intrinsic effect of lattice

strain  on  phase  transition  and phase stabilization  in  a  perovskite  model  system,  which  is

necessary  to  drive  further  optimization  and  enhancement  of  perovskite-based  optoelectronic

device performance. 

Experimental Procedures

Resource Availability

Lead Contact

Further  information  and requests  for  resources  and reagents  should  be

directed  to  and  will  be  fulfilled  by  the  lead  contact,  Peidong  Yang

(p_yang@berkeley.edu).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

All experimental data and code are available upon reasonable request to

the lead contact. 

Growth of CsPbI3 nanoplates

CsPbI3 nanoplates were grown via a one-step chemical vapor transport (CVT) process in a tube

furnace (Lindberg/Blue M, Thermo Scientific).  The precursors, cesium iodide (99.999% trace
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metals basis, Aldrich) and lead(II) iodide (99%, Aldrich), were mixed in an alumina boat in a 1:1

molar ratio and placed at the center of the furnace in a 1-inch quartz tube. A freshly cleaved

muscovite mica substrate (Grade V1, Electron Microscopy Sciences) was placed downstream at

8-12 cm away from the center. The precursors were then heated up from room temperature to

475oC for 10 minutes, and then kept at 475oC for 30 minutes. The furnace was then shut down

and the growth was naturally cooled to room temperature. Ultra-high purity Ar gas (99.999%)

was used as the carrier gas throughout the reaction with a flow rate of 100 sccm. The synthesis of

CsPbI3 nanoplates  on  Si/300nm  SiO2 also  follows  a  similar  procedure  with  slight

modifications.14,46 After  the growth, samples  were stored in an Ar-filled glovebox for further

measurements. 

Atomic Force Microscopy (AFM)

Nanoplate  thicknesses  were  measured  with  an  AFM  (MFP-3D  Asylum  Research,  Oxford

Instruments) equipped with an acoustic isolation chamber (AEK 2002) and a non-conductive

silicon  probe  (AC240TS-R3,  Asylum  Research,  Oxford  Instruments).  Measurements  were

conducted in AC mode at a scan rate of 0.4 Hz with a resolution of 128x128 pixels.

Low-frequency  (LF)  Raman  spectroscopy  and  microscopic  photoluminescence  (PL)

measurement

Raman spectra of individual nanoplates were acquired using a Horiba LabRAM HR Evolution

confocal  microscope  at  the  Stanford  Nano  Shared  Facilities  (SNSF)  with  a  100x,  NA  0.9

microscope objective. A continuous wave 785 nm laser at a constant power density was focused

onto each CsPbI3 nanoplate, and the Raman scattered photons were collected with a diffraction
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grating of 600 gr/mm and a spectrometer.  The measured spectra  were fitted with Lorentzian

oscillators via the Multipeak Fitting 2 procedure in the IGOR Pro software. 

PL spectra  of individual  nanoplates  were acquired using a HORIBA LabRAMHR Evolution

confocal microscope with a 473 nm laser under normal incidence and a 40x objective.

X-ray microdiffraction (XRD), X-ray pole figure and powder X-ray diffraction (PXRD)

Synchrotron X-ray micro-fluorescence mapping (XFM) and X-ray microdiffraction  (XRD)

were performed at beamline 12.3.2 of the Advanced Light Source, Lawrence Berkeley National

Laboratory (LBNL).49 The nanoplate samples on their muscovite mica substrates were attached

to the sample XYZ stage with double-sided tape. XFM and Laue patterns were obtained using

polychromatic (pink) radiation with an energy range of 5-22 keV. The x-ray beam was focused

to a size of 1x1  m2 via Kirkpatrick-Baez optics. XFM was obtained using a Vortex Si-drift

detector.  Laue  patterns  were  collected  using  a  DECTRIS Pilatus  1  M hybrid  pixel  detector

placed at an angle of 60o and a distance of 175 mm from the sample. The angle of incidence of

the focused beam onto the sample was 25o. Geometry of the experiment was calibrated using a

Laue pattern obtained from a YAG crystal.  The exposure time for each measurement was 1

second.  The  acquired  Laue  reflections  were  processed  and  indexed  using  the  X-ray

microdiffraction analysis software (XMAS)50 to obtain the relative changes in lattice parameters,

full deviatoric strain tensors and crystal orientations. 

X-ray pole figures were obtained with a PANalytical Empyrean diffractometer at the Stanford 

Nano Shared Facilities (SNSF). The diffractometer was set up in a parallel beam geometry with a
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Cu-source (λave = 1.5419 Å). Parabolic mirror and parallel plate collimator were used as incident 

beam and diffracted beam optics, respectively. An X-ray pole figure contains information about 

the spatial distribution of plane normals for a specific set of equivalent planes {hkl} from all 

crystals irradiated in the sample. During the measurement, the sample is continuously rotated 

around its surface normal (azimuthal angle φ), and tilted with respect to the incoming beam 

(inclination angle ψ of the surface normal) while keeping 2 constant. A polar contour map of 

the diffraction intensity is then plotted as a function of each tuple (φ, ψ), with ψ being the polar 

radius and φ the polar angle. Spots of enhanced intensities (poles) correspond to plane normals in

the crystals to the pole direction defined by φ and ψ. 

 

Powder X-ray diffraction (PXRD) patterns for a region of nanoplates grown on mica or Si/SiO2

were measured with a Bruker AXS D8 Advance diffractometer with a Cu Kα (λKα1 = 1.5406 Å,

λKα2 = 1.54439 Å) radiation source. 

Moisture-dependent nucleation rate measurement

Time evolutions of moisture-induced phase transition of the nanoplates from the high-T phase to

the low-T phase were captured over the course of one month in ambient conditions (21oC ± 1oC,

50%  RH  ±  2%  RH).  The  temperature  and  RH  level  were  monitored  using  a  hygrometer

(Honeywell) throughout the course of the experiment. The nanoplates were excited using a 620

nm wide-field light  emitting  diode (LED),  and the emissions  were collected  with an optical

microscope and a charge coupled device (CCD) camera and an emission channel within 663 nm-

738 nm. 
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Figure 1. Characterization of CsPbI3 nanoplates epitaxially grown on muscovite mica substrate.

(A)  AFM image of CsPbI3 nanoplates grown on mica. Scale bar: 10  m.  (B) Representative

AFM height profiles of individual CsPbI3 nanoplates. (C) Optical microscopy image of CsPbI3

nanoplates grown on mica. Scale bar: 20 m. (D) X-ray pole figure of mica(114) (blue) overlaid

with  the  pole  figure  of  CsPbI3 (221)  (red).  (E)  (Right)  Schematic  illustration  of  the  atomic

arrangement of -CsPbI3 (110) (dark grey: Pb, pink: Cs, purple: I) on the (001) plane of

muscovite mica (green: K, dark blue: Si, light blue: Al, yellow: O, pink: H) and the

proposed incommensurate epitaxial relationship. (Left) -CsPbI3 (110) facet and muscovite mica

(001) facet, with black outlines marking one unit cell of each crystal structure.
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Figure  2. Structural  characterizations of  strain  in  CsPbI3 nanoplates.  (A) Powder  X-ray

diffraction (PXRD) patterns of a region of high-T CsPbI3 nanoplates grown on muscovite mica

(red, top), and muscovite mica (black, middle). Bottom purple bar graph represents the reference

pattern for high-T -phase CsPbI3 structure from Sutton et al.34 (B) Magnified PXRD patterns in

the 13.5o-15o 2 range for CsPbI3 nanoplates grown on muscovite mica (red) and on Si/SiO2

substrate (green). Purple bars represent the reference pattern for high-T  -phase CsPbI3 from

Sutton et al34 in this 2 range. (C) Representative Laue reflection pattern of an individual high-T

-phase  CsPbI3 nanoplate  grown on  muscovite  mica. (D) Thickness-dependent  out-of-plane

strains of individual high-T -phase CsPbI3 nanoplates grown on muscovite mica. (E) Schematic

illustration of the strained CsPbI3 lattice on muscovite mica, showing out-of-plane compressive

strain and in-plane tensile strain relative to the unstrained CsPbI3 lattice.    
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Figure  3. Optical  characterizations  of  strain  in  individual  CsPbI3 nanoplates  of  different

thicknesses. (A) Representative photoluminescence spectra of individual high-T -phase CsPbI3

nanoplates of different thicknesses (117 nm, 227 nm, 443 nm) on muscovite mica. A

blueshift of the photoluminescence peaks with decreasing nanoplate thickness is observed and

attributed  to  increasing  strain.  (B) Thickness-dependent  bandgap  of  high-T  -phase  CsPbI3

nanoplates grown on muscovite mica.  (C) Representative confocal Raman spectra (λex= 785

nm) of individual high-T -phase CsPbI3 nanoplates of different thicknesses (246 nm, 1543

nm) on muscovite  mica.  (D)  Thickness-dependent Raman shift  for  the  I—Pb—I equatorial

bending mode of high-T -phase CsPbI3 nanoplates grown on muscovite mica (inset: schematic

illustration of the I—Pb—I equatorial bending mode). (E) Thickness-dependent Raman shift for

the I—Pb—I axial bending mode of high-T -phase CsPbI3 nanoplates grown on muscovite mica

(inset: schematic illustration of the I—Pb—I axial bending mode). 
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Figure 4.  Strain stabilization of high-T  -phase CsPbI3 nanoplates grown on muscovite mica.

(A) Schematic illustration of the phase transition of high-T -phase CsPbI3 into low-T -phase

CsPbI3 upon exposure to moisture. (B) Photoluminescence spectra and image (inset) of high-T -

phase CsPbI3 nanoplates (red) and low-T -phase CsPbI3 nanoplates (blue) grown on muscovite
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mica. Scale bar: 15 m. (C) Fractions of remaining high-T CsPbI3 nanoplates on muscovite mica

(red) and on Si/SiO2 (green) over the course of 672 hours (one month) at ambient conditions (21

± 1oC, 50% ± 2% RH). (D) Fractions of remaining thin (< 400 nm, dark red) and thick (> 400

nm, orange) high-T CsPbI3 nanoplates on muscovite mica over the course of 672 hours (one

month) at  ambient  conditions (21  ± 1oC,  50%  ± 2% RH). The fraction of remaining high-T

nanoplates  at  each  timepoint  is  averaged  over  three  samples,  with  error  bars  reflecting  one

standard deviation.  (E)  Representative photoluminescence images (λex= 620 nm, emission

channel: 663 nm - 738 nm) of CsPbI3 nanoplates on muscovite mica at ambient conditions

(21 ± 1oC, 50% ± 2% RH) at 0 hours and the same nanoplates at 672 hours (insets, scale

bars: 20 m), with respective thickness distributions of the remaining high-T nanoplates. 
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