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Materials and Methods 

Growth of CsPbBr3 nanoplates 

The CsPbBr3 perovskite nanoplates were grown by a chemical vapor transport (CVT) method 
in a tube furnace (Thermolyne 79300). An alumina boat loaded with mixed precursors of CsBr 
(99.999% trace metal basis, Sigma Aldrich) and PbBr2 (99.999%, Sigma Aldrich) in a 1:1 molar 
ratio was put at the heating center of a 1-inch-diameter quartz tube. The freshly cleaved muscovite 
mica substrates (Grade V2, Ted pella, Inc.) with (001) face exposed were placed at a specific 
position in the downstream region of the tube, which is 16-18 cm away from the tube center, giving 
a substrate temperature of around 410 ~ 460 °C. A carrier gas of high purity N2 (99.998%) with a 
flowing rate of 200 sccm was used to purge the whole tube system in order to eliminate oxygen 
and moisture in the tube before materials growth. In the growth process, the center temperature 
was set to ramp from room temperature to 550 °C with a heating rate of 50 °C/min and then was 
maintained at 550 °C for different time periods in order to achieve different thicknesses of the 
grown nanoplates (see results in Fig. S1, S5 and Table S1). Note that the total growth time was 
defined containing ramping time (10 minutes) and maintaining time. The furnace was then shut 
down and the whole growth system was naturally cooled down to room temperature. During the 
entire growth process, the N2 flow rate was set and stabilized at 100 sccm. After the growth was 
completed, the samples were taken out and stored in a N2 box, ready for the following anion 
exchange steps. 

 

Structure and morphology characterization 

Morphologies of the CsPbBr3 nanoplates were first identified under an optical microscope 
(Carl Zeiss) before further characterization by a field-emission scanning electron microscope (FE-
SEM, JEOL JSM-6340F). A thin layer (5 nm) of gold was sputtered on the sample by a Denton 
Vacuum Desk IV sputtering system for imaging purpose in the SEM. The thickness and roughness 
of the nanoplates were measured using Atomic Force Microscope (MFP-3D Asylum Research, 
Oxford Instruments) equipped with an acoustic isolation chamber (AEK 2002) and a silicon tip 
(AC240TS-R3, Asylum Research, Oxford Instruments). The measurements were performed in AC 
mode and at a low scan rate of 0.2 Hz with a resolution of 256-by-256 pixels. A high-resolution 
transmission electron microscope (HR-TEM) (Tecnai G220 S-TWIN) was utilized to acquire the 
TEM image with the corresponding FFT pattern to obtain the structure information.  

 

Wide-field photoluminescence measurements 

The photoluminescence measurements were carried out in a photoluminescence microscope 
system.  An excitation from a continuous-wave solid state laser at 375 nm (Coherent OBIS 375LX) 
was focused obliquely onto the perovskite sample. A laser filter (bandpass, 375 nm / 6nm) was 
used to clear the laser residual emission. A mechanical shutter was used to minimize the laser 
exposure to the sample. The photoluminescence from the perovskite nanoplates was collected by 
a microscope objective (50×, numerical aperture (N.A.) = 0.55) before sending to the grating-based 



spectrograph (Princeton Instruments, SP-2300i) through an optical fiber for spectrum analysis. A 
long-pass emission filter at 390 nm was used to filter out laser signal. The spectrograph was 
equipped with a diffraction grating of 150 lines/mm (blaze wavelength at 300 nm) and coupled 
with a CCD detector with optimized detection efficiency by liquid nitrogen cooling to -120 °C. 
The optical image was taken by a CCD camera (Zeiss AxioCam MRc 5). 

 

Theoretical modeling and simulation 

Theoretical analysis and modeling are based on the proposed reaction-diffusion mechanism 
for the anion exchange process. Our model uses a first-order reaction mechanism to describe the 
surface reaction of anion exchange at the vapor-solid interface and Fick’s second law (1) for the 
anion diffusion in solid. By utilizing the surface reaction mechanism, we can solve for the real-
time iodide ratio change on the nanoplates surface caused by anion exchange, which can serve as 
the boundary condition (as a function of time) for analyzing the subsequent anion diffusion process. 
Detailed analysis was included as follows: 

(1) Surface reaction for anion exchange:  

                       3	n-C&H(NH*+I-(g) + CsPbBr*(s) → CsPbI*(s) + 3	n-C&H(NH*+Br-(g) 

The first-order reaction mechanism for this process is based on the fact that the concentration 
of I- in the vapor environment inside the closed reaction vial is constant with the sufficient supply 
(the amount of iodine source is in great excess, see detailed explanations in SI appendix) and the 
continuous evaporation of n-C4H9NH3I as solid source. The changing variable is the ratio of Br- 
on nanoplates surface during the halide exchange process. Assume that the surface Br- ratio is 
initially 1, denoted as [Br]: = 1, and changes with the reaction time to [Br]=. By using first-order 
reaction mechanism, the reaction kinetics can be formulated as:  

−
d[Br]
d𝑡 = 𝑘[Br] 

The solution to this equation is [Br] = [Br]:	exp	(−𝑘𝑡), where k is the reaction constant. 
Therefore, the surface I- ratio changing with reaction time can be expressed as: 

[I] = 1 − [Br] = 1 − 𝑒𝑥𝑝	(−𝑘𝑡) 

(2) Anion diffusion in solid: 

Fick’s second law is a general mechanism to describe non-steady-state diffusion in solids. 
We applied its one-dimensional (1D) form into our system written as 

𝜕𝐶
𝜕𝑡 = 𝐷

𝜕K𝐶
𝜕𝑥K 



(C is the iodide ratio in the solid at a distance of x from the surface and at time t; D is the diffusion 
coefficient for iodide at our reaction temperature.) The solution to this equation is also dependent 
on the boundary conditions under specific circumstances. 

In our system, the central column of the nanoplates in the z direction is considered as a 1D diffusion 
channel as discussed in the main text. To calculate the reaction constant and diffusion coefficient 
by simulation, we need to find a relation that accommodates both experimental conditions and 
theoretical models. It was experimentally assumed that the change of I ratio in this channel is only 
determined by the vertical diffusion within a short time period. This is reasonable considering the 
much larger length scale of the nanoplates compared to the general ion diffusion length and is also 
supported by our experimental observations. Another assumption is that the experimental I ratio 
at the central spot on nanoplates surface is considered as the average value of the I ratio over the 
entire vertical length (i.e. thickness of nanoplates). This is due to the limited vertical resolution of 
confocal microscope, which is around 500 nm and exceeds the thickness of our nanoplates (20 – 
380 nm). Confocal photoluminescence mapping, conducted on a series of individual nanoplates 
with the same anion exchange reaction time, demonstrated that the different thickness values 
correspond to the different emission wavelengths and so to the different I ratio at the center of 
surface of the nanoplates (SI Appendix, Fig. S6). 

Therefore, the goal of theoretical modeling is to find such a relation between thickness and I ratio 
that also fits this experimental result. We solved the diffusion equation by utilizing the Finite 
Difference Method (FDM) (2) with Crank-Nicolson algorithm (3) illustrated in the following 
schematic and formula: 

                                              

With the ordinary differential equation	LM
LN
= 𝐶 LOM

LPO
	(C = any constant), the general form of the 

Crank-Nicolson method is that discretizes both the spatial degree of freedom and temporal 
degree of freedom is as follows: 

𝑐RS+T − 𝑐RS

𝑘 =
1
2𝑥K (𝑐R-T

S − 2𝑐RS + 𝑐R+TS + 𝑐R-TS+T − 2𝑐RS+T + 𝑐R+TS+T ) 

1
2
3
4

n

h

z



where n is the index for spatial degree of freedom and i is the temporal degree of freedom, both 
discretized, and k and x are steps for time and position, respectively. By rearranging the equation 
and using 𝑟 = 𝑘/2𝑥K, 

−r𝑐R-TS+T + (1 + 2𝑟)𝑐RS+T − 𝑟𝑐R-TS+T = 𝑟𝑐R-TS + (1 − 2𝑟)𝑐RS + 𝑟𝑐R+TS  

we can solve this equation by solving the eigenfunction of a sparse matrix with a fixed time step 
and reiterate the process to obtain any time evolution. 

In our real case, the shaded column represents the 1D diffusion channel through the central surface 
of the nanoplates, which in our model was divided into 𝑛	elementary components, each with length 
of 𝛥𝑧	(𝛥𝑧 = ℎ/𝑛), where ℎ is the thickness of nanoplates. The finite differences are utilized to 
approximate derivatives in order to solve the differential equation from Fick’s second law with 
specific boundary conditions. Here, we have 

𝜕𝐶
𝜕𝑡 = 𝐷

𝜕K𝐶
𝜕𝑧K  

where C (I ratio) is a function of distance 𝑧 from surface and time 𝑡, as 𝐶	(𝑧, 𝑡).  

The first-type (Dirichlet) boundary condition is used to describe the I ratio on the top surface of 
the nanoplates: C	(0, 𝑡) = C:(𝑡) = 1 − 𝑒𝑥𝑝	(−𝑘𝑡), defined by the surface reaction that has been 
discussed above. For the bottom surface of nanoplates, where there is no concentration gradient at 
the interfacial contact between nanoplates and the substrate (considering there is no ion transport 
from material to the mica substrate), we use a second boundary condition: 

LM(^,N)
LP

= 0, i.e. LM_
LP

= 0 

By applying the Finite Difference Method with Crank-Nicolson algorithm to solve the equation 
above, we can derive: 

𝜕𝐶R
𝜕𝑧 =

𝐶R − 𝐶R-T
𝛥𝑧 ,

𝜕𝐶R-T
𝜕𝑧 =

𝐶R-T − 𝐶R-K
𝛥𝑧 , … 

	
𝜕𝐶R
𝜕𝑡 = 𝐷

𝐶R + 𝐶R-K − 2𝐶R-T
2(𝛥𝑧)K , …	. 

Therefore, we can derive a series of expressions of LMb
LN
, LMO
LN
, … , LM_

LN
, 𝐶T, 𝐶K,… , 𝐶R with dependence 

on D, 𝛥𝑧	(ℎ/𝑛) and boundary conditions 𝐶: = 1 − 𝑒𝑥𝑝	(−𝑘𝑡),  LM_
LP

= 0. Then, we can solve the 
equation by solving the matrix composed of these expressions to obtain each 𝐶R. 

Then the expression for the average I ratio at the center over the entire vertical length (h) of the 
nanoplates is 𝐶cde =

∑ M__
R

, generating the theoretical relation between I ratio and thickness. For 



each different reaction constant k and diffusion coefficient D, the individual relation curve can be 
plotted. Then, by fitting the theoretical relation with the corresponding experimental data, we can 
roughly estimate the ranges for values of both k and D, which has been shown in Fig. 3C and 
discussed in the main text. 

 

Supplementary Text 

Discussion on the advantages of the vapor-phase anion exchange approach 

We observed a symmetrical anion exchange and migration pathway, which is inherently 
determined by the unique material system. The crystal symmetry of CVT-grown single-crystalline 
perovskite nanoplates determined the symmetrical square shape, and high growth temperature 
reduced defect density. Polycrystalline thin films or solution-processed crystals prepared at low 
temperature is not eligible for studying the intrinsic anion exchange kinetics due to their existing 
grain boundaries or step-edge defects. Besides the material superiority, several other factors also 
contributed to the result of successfully resolving the intrinsic anion exchange dynamics. First, our 
anion exchange approach uses a very simple experimental setup that makes it easy to quench the 
reaction at any time and thus to obtain the different anion exchange stages. Second, the iodine 
source (n-C4H9NH3I) can be easily vaporized due to the organic component; it’s long-chain 
structure also helps to exclude any potential cation exchange. Third, a reaction temperature of 
around 170 °C is favorable for kinetically controlling the reaction progress, enabling the ex-situ 
optical probing of each quenched stage. 

 

Analysis of relation among composition-bandgap-emission wavelength  

For the mixed halide perovskite compositions (i.e. CsPb(Br1-xIx)3), the photoluminescence 
spectra of a series of different I ratio x (x=0, 1/6, 1/3, 1/2, 2/3, and 1) were acquired and exhibited 
in Fig. S4A. These measurement were conducted on CsPb(Br1-xIx)3 thin film samples with exact 
compositions confirmed. By converting the emission wavelength to the material bandgap using 
𝐸 = ℎ𝑐/𝜆, fitting of the experimental data gives rise to a quadratic relation between bandgap (Eg, 
eV) of CsPb(Br1-xIx)3 and the I ratio x. The fitting function is in the form of 𝐸𝑔 = 2.34 − 0.27𝑥 −
0.29𝑥K  (Fig. S4B). Using the bowing function formula, which can be written as 𝐸𝑔 =
2.34	(1 − 𝑥) + 1.76𝑥 − 𝑏𝑥(1 − 𝑥) , where 2.34 eV and 1.76 eV are the bandgap values of 
CsPbBr3 and CsPbI3, respectively, the bowing effect of this relation was identified and the bowing 
constant b is −0.29 eV. The correspondence of experimental emission peak wavelength to I ratio 
for different compositions in CsPb(Br1-xIx)3 can thus be obtained by applying this relation. 

 

Data analysis on confocal microscopic imaging from lambda scan 

The lambda scan in confocal microscopy records a series of individual images within a 
defined wavelength range, each of which is detected at a specific emission wavelength. Therefore, 
the emission maximum at each image pixel can be recorded. By employing linear unmixing, the 



spectral images from one scan can be transformed into one confocal image that exhibits the spatial 
emission distributions among the sample on the plane. The spectrum at any pixel of confocal 
images can be extracted in Zen software during the measurement. We were able to obtain the 
emission spectrum at each selected site of our nanoplates through confocal imaging. The line 
profiles shown in Fig. 1, C to F were obtained through a Matlab code that analyzes the original 
series of spectral images within a wavelength range. The emission wavelength at the highest 
intensity for each pixel along the lines can be converted to plot the iodine ratio x in CsPb(Br1-xIx)3 
versus distance by using the relation given in Fig. S4B. 

 

Discussion on the chemical reaction system and analysis on the excess of iodine source 

        One of the key assumptions in the kinetic model is based on the fact that the iodine source (n-
C4H9NH3I) is in great excess and the solid component is continuously vaporizing to provide 
constant [I-] in vapor environment inside the closed reaction vial. To verify the rationality of this 
assumption, a clarification of our experimental system needs to be presented, accompanied by an 
examination of our experimental observation from a different perspective. First, our experiments 
were initially designed to “have a finite number of nanoplates immersed in a comparatively infinite 
chemical and thermal bath” so that we can quantify the kinetics of the anion exchange on single 
nanoplate level. The amount of n-C4H9NH3I solid precursor we placed in the sealed system is 
overwhelmingly in excess and is continuously vaporizing when consumed by the reaction 
meanwhile considering the precursor’s finite vapor pressure at the temperature around 175 °C. 
This could be verified by our experimental observation that there would be a large portion of solids 
left at the end of each reactions, even if the initial amount is only 10 mg in a vial for each single 
experiment. We can estimate that only very tiny portion (estimated as ~ 0.000002) of the iodine 
source was actually needed for the entire anion exchange of all CsPbBr3 nanoplates on one of our 
substrates.  

 

Temperature quantification and thermal conducting analysis 

We performed temperature quantification in order to give an exactly calibrated temperature 
value of the sample itself in our experiment system. Since we only had one fixed temperature 
condition for all tested samples, so the temperature term was not a variable to be considered in our 
simulations. A calibrated IR pyrometer was used to measure the temperature over the sample on 
substrate during reaction, accompanied by the temperature calibration of the hotplate. We thus 
obtained a full set of temperature data over the sample surface within our experiment time period, 
as shown in Table S2. The temperature of the sample surface can achieve the stabilized value after 
2.5–3 min, and maintains 170 ± 2 °C till the end. Accompanied with that, the temperature of the 
hotplate was also measured as constant value within the range of 175–180 °C for several point 
positions on the top surface while it’s pre-set in a continuous heating status. The slightly lower 
value of the measured temperature of sample surface than that of the hotplate surface could be 
attributed to two main reasons: (i) the thermal gradient from hotplate surface to the glass vial 
bottom and to the sample on mica substrate just as the reviewer mentioned; (ii) the measurement 
of sample surface may slightly underestimate the actual temperature value due to fact that 



temperature measurement was performed in an open system with the vial unsealed while the real 
experiment was conducted in a closed system, where the thermal convection would take effect.  

Based on the measurement and discussions, we can make a conclusion that the temperature of 
sample would be 170 ± 2 °C and stabilize within the reaction time period and at the data point we 
have taken (e.g. t = 10, 15, 20, 25 min), so we do not need to take the temperature ramping 
heterogeneity issue into account when quantitatively analyzing the anion exchange kinetics.  

Another important point about temperature effect would be the consideration on the possible 
thermal gradient among the single nanoplate itself, especially along the z-axis (vertical direction). 
Here we can provide solid evidence to verify that such thermal gradient would be very minimal 
and thus would not affect our kinetic model in which the temperature among the sample is 
considered to be constant. Based on the studies on thermal conductivity of halide perovskites (4, 
5), we can show a simplified calculation to roughly estimate the largest temperature difference 
along the z-axis in our material dimensions (up to around 300 nm in thickness of the nanoplates). 
As presented in the work we published before (5), the thermal conductivity in CsPbBr3 nanowires 
has been quantified with the value of klattice around 0.42 W/(m K). Based on this early study, the 
largest temperature difference for the nanoplates of 300-nm thickness in the z-axis would be 
smaller than 1 K, which means the effect of thermal gradient on thickness difference is minimal.  

 

Analysis of carrier dynamics  

Photoluminescence lifetime imaging on nanoplates of two pure halide perovskites, CsPbBr3 
(Fig. 4A) and CsPbI3 after complete anion exchange (Fig. 4D), identified lifetimes around 3.4-3.9 
ns. Both of the two lifetime mappings showed the homogeneous features, indicating the near 
uniform carrier behavior within each type of pure halide perovskite nanoplate. Note that a little 
variance could exist among individual samples, so careful comparison of the lifetime was thus 
only made among different sites within each single nanoplate. However, we can still conclude that 
anion exchange does not deteriorate the materials quality, since their lifetimes remain in the same 
level without significant changes throughout the anion exchange process. 

A bi-exponential function was used to fit the photoluminescence decay curves (Fig. 4E) 
individually at face, edge, and corner sites of the heterostructured nanoplate in Fig. 4B, with the 
fitting parameters given in Table S3. The prominent fast component of the fitting to the 
photoluminescence decay at face site contributes to the extremely short lifetime, compared with 
that at the edge or corner sites. The fitting parameters in Table S3 also suggest the decreasing fast 
components from face to edge to corner site (i.e. from Br-rich to I-rich part). Such phenomenon 
could be explained by the carrier flow from Br-rich to I-rich region on the heterostructured 
nanoplates, given the bandgap energy decrease from CsPbBr3 to CsPbI3. This also suggests a 
reduction in non-radiative recombination rates from the central to peripheral region, which might 
result from different levels of surface passivation through anion exchange treatment among 
different sites. 
  



 

 

Fig. S1.  

Characterization of the CsPbBr3 nanoplates grown by chemical vapor transport (CVT). (A) 
Optical bright field image of CsPbBr3 nanoplates grown on mica substrates with different colors 
exhibiting the variance of their thickness in a small area. Scale bar, 30 µm. (B) High-resolution 
transmission electron microscope (HRTEM) image of a very thin nanoplate. Scale bar, 10 nm. (C) 
The fast Fourier transformation (FFT) pattern from the HRTEM image of the nanoplate in (B) with 
the relevant crystallographic axes labeled. Analysis of this pattern yields the same lattices spacing 
of around 5.87 Å on the two denoted perpendicular planes, in agreement with lattice constant of 
CsPbBr3. Scale bar, 5 nm-1.   
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Fig. S2.  

Wide-field photoluminescence measurements on individual nanoplates before and after anion 
exchange. (A) Photoluminescence spectrum and image (inset) of a CsPbBr3 nanoplate before anion 
exchange. Emission centers at 526 nm, with uniform green light from the entire nanoplate. (B) 
Photoluminescence spectrum and image (inset) of a nanoplate after anion exchange for 10 min. 
The nanoplate emits green light in the central region and yellow-red light in the edge region, with 
the two distinctive peaks at 526 nm and 670 nm, respectively. (C) Photoluminescence spectrum 
and image (inset) of a nanoplate after anion exchange for 15 min. Emission from the nanoplate is 
shows a more distinctive two-color contrast (green and red). Two main peaks in the spectrum can 
be identified around 540 nm and 680 nm, respectively. Scale bars in all insets, 5 µm.  
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Fig. S3.  

Morphology and topography characterizations of a heterostructured nanoplate formed at an 
intermediate anion exchange stage. (A) Confocal photoluminescence mapping on the nanoplate 
confirms the formation of a heterostructure with separate Br-rich and I-rich regions. Scale bar, 10 
µm. (B) Scanning electron microscopy (SEM) image of the same nanoplate corresponding to that 
in (A). Scale bar, 10 µm. (C) Atomic force microscopy (AFM) image of the same nanoplate 
corresponding to that in (A) and (B). The profile is shown on the right for the red solid line across 
the nanoplate, indicating a thickness around 120 nm, a moderate thickness level for our material. 
Scale bar, 10 µm. (D) AFM scanning image of the selected region marked with a dashed square 
and the corresponding profile for the red solid line, indicating the smoothness of nanoplate surface 
after the anion exchange reaction, with a roughness value around 1.375 nm. Scale bar, 4 µm.  
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Fig. S4.  

Correlation between optical properties and mixed halide perovskite compositions (i.e. CsPb(Br1-

xIx)3). (A) Photoluminescence spectra of a series of CsPb(Br1-xIx)3 with different I ratio x (x=0, 1/6, 
1/3, 1/2, 2/3, and 1). The measurement was performed on CsPb(Br1-xIx)3 thin film samples with 
exact compositions confirmed. (B) Fitting of experimental data to a quadratic relation between 
bandgap (Eg, eV) of CsPb(Br1-xIx)3 and the I ratio x, with the fitting function in the form of .   
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Fig. S5.  

Illustration of thickness tunability in CVT growth. (A to C) Optical bright field images of different 
batches of CsPbBr3 nanoplates prepared with different growth time of 10 min, 12 min and 15 min, 
respectively. Scale bars, 20 µm. (D) AFM profiles from measurement on nanoplates in (A) 
identifying the thickness of 27 nm (black line), with corresponding scanning image (black dashed 
line) shown at the bottom. Scale bar, 5 µm. (E) AFM profiles from measurement on nanoplates in 
(B) identifying the thickness of 74 nm (red line) and 124 nm (green line) with one of corresponding 
scanning image (red dashed line) shown at the bottom. Scale bar, 5 µm. (F) AFM profiles from 
measurement on nanoplates in (C) identifying the thickness of 235 nm (navy line) and 356 nm 
(pink line), with one of corresponding scanning image (pink dashed line) shown at the bottom. 
Scale bar, 5 µm.   
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Fig. S6.  

Thickness-dependent anion exchange rates shown on representative nanoplates. (A) Confocal 
photoluminescence mapping on different nanoplates from (i) to (vi) after anion exchange for same 
time period (10 min). The specific thickness value was labeled on each of the confocal images. 
Scale bars, 5 µm. (B) Corresponding emission spectra acquired from the central surface regions 
(marked with dashed circles) on the six nanoplates in (A). 
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Table S1.  
Correlations between thickness ranges and growth time. 

Thickness of nanoplates Growth time 

20 – 40 nm 10 min 

50 – 80 nm, 100 – 120 nm 12 min 

220 – 260 nm, 350 – 380 nm 15 min 

 

 

Table S2.  
Real-time temperature measurement of the sample during the reaction. 

 

 

Table S3.  
Fitting parameters for the carrier lifetime decay shown in Fig. 4E. 

Sites 	(ns)  (ns) Amplitude1 (a1) Amplitude1 (a2) Lifetime (Ave.) 

1 (face) 0.369 1.84 0.63 0.37 0.524 

2 (edge) 0.82 4.01 0.34 0.66 1.726 

3 (corner) 9.9 10.4 0.57 0.43 10.11 

 

 

 

time T (℃) time T (℃) time T (℃) 

28s 125 8min 168 15min 170 
1min 156 8min30s 170 16min 169 
2min30s 164 9min 170 17min 170 
3min 168 10min 170 19min 169 
4min 168 11min 169 20min 168 
5min 170 11min30s 172 23min 169 
6min 172 12min 169 25min 170 
6min30s 169 13min 169 27min 170 
7min 170 13min30s 171 30min 171 
7min30s 170 14min30s 169   
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