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Abstract

Wafer-scale halide perovskite single-crystal films are highly sought after for integrated optoelectronic
applications. However, conventional vapor-phase growth suffers from poor substrate wettability and
restricted precursor diffusion, consequences of the high interfacial energies inherent to vapor-solid
interfaces at both the vapor-substrate and vapor-film boundaries. Here, we report catalyst-free vapor-
liquid—solid (VLS) growth of 2-inch perovskite single-crystal wafers. This process is mediated by a
condensed halide-rich liquid intermediate that establishes complete surface wetting and replaces high-
energy vapor—solid interfaces with low-energy liquid—solid interfaces, thereby substantially reducing the
nucleation energy barrier and nucleation density. The liquid-phase medium also dramatically extends
metal halide solute migration distances, enabling edge-dominated layer growth and seamless
coalescence of oriented nuclei. We demonstrate the generality of this approach by fabricating wafer-
scale films of CsPbBr;, CsPbCl;, and their alloys. Atomic-scale microscopy and wafer-scale
spectroscopy confirm exceptional crystalline uniformity, ultralow trap-state density, and superior
electronic and optoelectronic quality.

Introduction

Metal halide perovskites have demonstrated remarkable performance across diverse optoelectronic
applications, including solar cells,' 3l light-emitting diodes (LEDs),*"® laser diodes,”~8 and visible light
/radiation detection.®=12 However, polycrystalline perovskite films suffer from abundant grain
boundaries that induce carrier scattering, Joule heating, and ion migration, severely compromising
device efficiency and long-term stability.“S‘”] In contrast, single-crystal perovskites represent ideal
building blocks for high-performance optoelectronic devices.['5~1l Single-crystal perovskite solar cells
and LEDs have already achieved benchmark efficiency and stability metrics.['7~19 vet practical device
integration and mass fabrication require scalable synthesis of large-area single-crystal perovskite
wafers.[20-23] Several strategies—including solution space confinement,24=261 and solution- or vapor-
phase epitaxy[27‘30] have been explored, but wafer-sized single-crystal perovskite growth remains a

critical bottleneck.[30-31]

Conventional chemical vapor deposition (CVD) for perovskite epitaxial growth relies critically on
substrate wettability and vapor-phase diffusion characteristics.32 Highly lattice-matched single-crystal
substrates with low surface energy—including mica, sapphire, NaCl, GaN, SrTiO,, KCIl, and ZnSe—have
been validated for epitaxial deposition of single-crystal perovskites.[29731.33=36] However, vapor-phase
growth of large-area single-crystal thin films faces a fundamental thermodynamic-kinetic dilemma
arising from high-energy vapor-substrate and vapor—film interfaces, which promote the formation of
numerous three-dimensional (3D) islands and prevent their coalescence into continuous single crystals.
37 This challenge is further amplified by heterogeneous nucleation, gas-phase pre-reactions, and flow-
field nonuniformities. Consequently, large-scale growth suffers from random, explosive nucleation;
nonuniform domain coalescence; and film discontinuity across substrates.
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Here, we report catalyst-free VLS growth of 2-inch perovskite single-crystal wafers mediated by a
condensed halide-rich liquid intermediate. This intermediate creates complete surface wetting and
replaces high-energy vapor—solid interfaces with low-energy vapor-liquid and liquid—solid interfaces,
substantially reducing both the nucleation energy barrier and nucleation density. The liquid-phase
medium also dramatically extends metal halide solute migration distances, enabling edge-dominated
layer growth and seamless coalescence of oriented nuclei. We demonstrate the versatility of this
approach by fabricating wafer-scale films of CsPbBr;, CsPbCl,, and their alloys. Atomic-scale
microscopy and wafer-scale spectroscopy confirm exceptional crystalline uniformity, ultralow trap-state
density, and superior electronic and optoelectronic performance.

Results and discussions

Characterization of perovskite single-crystal wafer

All-inorganic halide perovskite CsPbBr, single-crystal films with 2-inch diameters were grown on both
sapphire and mica substrates, exhibiting excellent continuity and full substrate coverage (Fig. 13,
Supplementary Fig. S1). Cross-sectional imaging reveals a uniform, dense 1.63-um-thick film free of
grain boundaries; the CsPbBr,/sapphire interface exhibits intimate contact, indicative of robust van der
Waals epitaxial coupling (Fig. S2a). Optical microscopy shows a compact, smooth surface free of
islands, cracks, or uncovered regions, confirming the high surface quality of the single-crystal wafers
(Supplementary Fig. S2b). Atomic force microscopy (AFM) further verified surface quality, revealing
atomically smooth topography with a root-mean-square roughness of 0.94 nm over a 10 x 10 pm? area
(Supplementary Fig. S3)—a critical attribute for optimized device interfaces.

The chemical composition and microstructure of as-grown CsPbBr; films were comprehensively
characterized. Out-of-plane X-ray diffraction (XRD) presents two sharp peaks indexed to the (001) and
(002) planes of cubic CsPbBr;, demonstrating preferential [00/] crystallographic orientation
(Supplementary Fig. S4a). In-plane XRD ¢-scans of the (101) reflection over - 180° to 180° display
fourfold-symmetric peaks with uniform spacing, consistent with the cubic crystal structure (Fig. 1b). The
full-width at half-maximum (FWHM) of the ¢-scan peaks is 0.63°, indicating strong epitaxial alignment
between the perovskite film and substrate. The w-scan rocking curve of the main diffraction peak
exhibits a sharp profile with an FWHM of 0.01° (Supplementary Fig. S4b), indicative of exceptional
crystalline quality and ultralow defect density.

Electron backscatter diffraction (EBSD) was employed to map crystallographic orientation across the
CsPbBr, wafer. Pole figures for the [001], [101], and [111] directions all present well-defined spot-like
projections (Supplementary Fig. S5). EBSD maps of crystal domain boundaries show consistent
orientation in both (001) and (100) planes, ensuring overall orientational uniformity after coalescence
(Supplementary Fig. S6). Moreover, measurements across 15 distinct regions (labeled in Fig. 1a) and
photoluminescence (PL) maps across the full 2-inch film confirm consistent (001) orientation and
uniform emission throughout the wafer (Fig. 1c, h).
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Scanning transmission electron microscopy (STEM) was performed on focused ion beam (FIB)-milled
lamellae to resolve atomic-scale microstructure. High-resolution STEM images reveal highly ordered
atomic arrangements in the CsPbBr, film (Fig. 1d), with a well-defined, abrupt CsPbBr,/sapphire
interface that further corroborates the epitaxial interaction. Fast Fourier transform (FFT) patterns of the
entire STEM field of view show well-resolved lattice dots (Fig. 1e); the (110) and (002) lattice planes of
CsPbBr, are clearly identified, confirming the single-crystalline nature. Diffraction spots from the Al,O,
substrate (marked with a red ring) are also resolved and indexed to the (001) plane, verifying that
CsPbBr, (110) is epitaxially matched to c-plane sapphire (001). Lattice spacings of 5.6 A and 7.93 A in
vertical and horizontal directions correspond to the (001) and (110) planes from Cs and Br atomic
columns, respectively (Supplementary Fig. S7).

VLS growth occurred preferentially at higher temperatures and lower pressures (Fig. 1g), where
precursors more readily evaporate and condense into the liquid phase. Film thickness depends on
reaction time (Supplementary Fig. S8), with growth rate fitted to a mono-exponential function, enabling
film thicknesses from 0.5 to 15 pym in our experiments. Moreover, these 2-inch wafer-scale single
crystals represent a substantial advance over state-of-the-art synthetic approaches (Fig. 1f).[18-19.26-27.
29-31,36,38-39] G olectively, these characterizations confirm successful growth of all-inorganic CsPbBr,
single-crystal epitaxial wafers with exceptional crystallinity, uniform orientation, and wafer-scale
homogeneity.

VLS epitaxy process for growing perovskite single crystals

The VLS process for growing CsPbBr, single-crystal wafers is illustrated in Fig. 2a. CsBr and PbBr,
powders were uniformly mixed and loaded into an alumina crucible placed at the center of a tube
furnace, with the substrate positioned to fully cover the crucible opening. The furnace was subsequently
heated to a fixed temperature (e.g., 510°C) and held. As the precursor mixture gradually evaporated,
precursor vapor condensed on the substrate to initiate nucleation and subsequent growth (Fig. 2b, c),
ultimately yielding a uniform, continuous CsPbBr; single-crystal film conformally deposited across the
entire substrate surface. Full substrate coverage of the crucible not only creates a uniform heating zone
but also ensures homogeneous vapor diffusion geometry. No carrier gas was used during growth;
instead, vacuum conditions eliminated airflow-induced vapor-phase disturbances and ensured stable,
continuous precursor diffusion to the substrate.

To elucidate the intrinsic mechanism underlying the VLS method, growth features were investigated in
detail using in situ visual CVD technology, which enables real-time observation of dynamic crystallization
by simulating vapor-phase conditions and monitoring temporal evolution through optical imaging.[4°]
Initially, crystals observed via optical microscopy presented irregular shapes with curved edges. Upon
holding at the growth temperature for tens of seconds, lateral dimensions gradually increased (Fig. 2d,
Supplementary Video S1). Notably, as crystals grew, their irregular morphology was retained, with

Page 5/20



regions of larger edge curvature growing faster than those with lower curvature—indicating no
crystallographic plane dependence.

Statistical analysis of domain size evolution over time showed an increase of approximately 3,200 pm?2
within 4 minutes (Fig. 2e), fitting well with a quadratic time dependence (R? = 0.999, D ~ t2). Moreover,
length changes along horizontal (X) and vertical (Y) directions were recorded and analyzed, revealing
nearly uniform edge growth without obvious anisotropy (Fig. 2f). From linear fit slopes, growth rates
were determined to be 0.138 and 0.155 pm s~ for horizontal and vertical directions, respectively.
Substrate coverage over time was also examined (Fig. 2g), revealing a well-fitted quadratic dependence
(R? = 0.998) described by:

A~t2(1)

This relationship arises because film coverage is proportional to the total area of all single-crystal
domains on the substrate surface, and individual domain coverage is proportional to the square of
growth time. Therefore, total coverage can be expressed as:

A= ziAi ~ 12 (2)

Where t; represents the nucleation time of newly formed nuclei during growth. Neglecting contributions

from new nuclei, Equations (1) and (2) are equivalent. This relationship indicates stable, continuous, and
uniform single-crystal film growth—a critical prerequisite for fabricating large-scale wafers.

Additionally, during film growth, a liquid-phase region several micrometers wide was consistently present
at crystal edges (marked in Fig. 2d). This observation suggests that film growth follows a VLS
mechanism, where vapor first condenses into droplets at crystal edges, followed by film crystallization
driven by liquid-to-solid phase transition. The VLS growth mode is typically associated with synthesis of
one-dimensional perovskite wires using metal nanoparticle catalysts (e.g., Sn, Pb).[41 ~42] |t has also been

reported in growth of 2D atomic layers and nanoribbons,*3-44 where gas-phase molecules continuously
dissolve in the liquid catalyst until reaching saturation, thereby initiating and sustaining crystal
nucleation and growth.[43] This represents the first demonstration that halide perovskite single-crystal
wafers can be grown via the VLS pathway without any additional catalyst.

VLS growth mechanism for perovskite single-crystal wafer

To understand the control mechanism in perovskite single-crystal wafer VLS growth, reactions were
quenched by stopping at the target temperature and rapidly cooling to room temperature to avoid side
reactions during slow cooling. Subsequently, products were observed under SEM,; films also presented
curved edges (Fig. 3a), consistent with in situ observations and indicating that the in-situ reactor closely
simulates tube furnace conditions. Simultaneously, continuous, uniform condensate appeared at film
edges, corresponding to the liquid-phase region observed at high temperatures. Internal microstructure
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of the solid-liquid interface (boxed region in Fig. 3a) was characterized by STEM. As shown, clear
atomic arrangements in the film indicate good crystallinity, with no crystalline substances found in the
liquid region (Fig. 3b). Corresponding selected-area electron diffraction (SAED) confirmed this: region | in
Fig. 3b is amorphous, whereas regions II-IV all exhibit high single-crystal quality (Fig. 3c). Meanwhile,
angle variations between lattice points (from 87° to 88°) suggest incomplete phase transition within the
crystal. These results indicate that the liquid-phase region plays a crucial role in film growth.

To further clarify its composition, X-ray photoelectron spectroscopy (XPS) of quenched samples was
performed. Br 3d shows a peak corresponding to zero-valent elemental bromine in addition to halide
(Fig. 3d), whereas both Cs 3d and Pb 4f exhibit valence states characteristic of halide compounds
(Supplementary Fig. S9). This derives from metal halide decomposition; metal elements also remain in
the crucible (Supplementary Fig. S9). Notably, the critical temperature of pure bromine is below 315°C
according to thermodynamic phase diagrams;[45] the bromine component observed at high temperatures
arises from the general solution characteristic that boiling point elevation occurs due to metal halide
mixing (Supplementary Note 1). TEM mapping in Fig. 3b indicates that Cs, Pb, and Br are distributed
throughout the entire region, with Br presenting significantly stronger signals, indicating higher content
(Fig. 3e). Corresponding line-scan profiles confirm this (Fig. 3f). Additionally, Raman spectra were
acquired separately for liquid- and solid-phase regions (marked X and Y in Fig. 3g inset). Peaks at 75,
152, and 309 cm~" correspond to rotational vibration of [PbBr¢]*- octahedra, asymmetric Br—Pb-Br
stretching vibration, and symmetric Pb—Br bond stretching, respectively.[46] Rotational vibration of
[PbBrg]*- octahedra and Br—Pb—Br stretching (~ 141 cm™") are also observed in the liquid-phase region,
indicating abundant [PbBr¢]*- octahedra (Fig. 3g).

Based on in situ observations and solid—liquid region compositional analysis, the VLS growth
mechanism can be summarized (as illustrated in Fig. 4a). As metal halide precursors are heated and
melted in the crucible, some decompose: 2CsBr — 2Cs + Br,1; PbBr, — Pb + Br,1. These bromides
evaporate together with metal halide precursors onto the substrate surface. Due to negligible
temperature differences between vapor and substrate, commonly observed undercooling-driven
crystallization does not occur. This enables vapor adsorption onto the substrate, followed by
condensation into droplets once saturated vapor pressure is reached. As PbBr, and CsBr continuously
evaporate and dissolve into the liquid phase, the solution gradually reaches saturation, whereupon
nucleation and crystallization occur (Fig. 4a).

Furthermore, nucleation and growth of perovskite single-crystal films are co-determined by precursor
supersaturation, substrate surface wettability, and surface diffusion length—low supersaturation, high
wettability, and long diffusion length are desired (Supplementary Note 2). In the VLS pathway, the liquid-
phase medium provides complete surface wetting, allowing precursors to move freely within the liquid
phase without overcoming substrate lattice potential barriers (Fig. 4b, c), thereby effectively extending
diffusion length. Meanwhile, supersaturation within the liquid phase is determined by the equilibrium
between gas-phase dissolution and solid-phase growth and can be dynamically adjusted by liquid-phase
volume changes, maintaining relatively constant levels (Supplementary Note 1). Consequently, statistics
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from multiple substrate regions show significantly decreased nucleation density (three orders of
magnitude lower than vapor-solid (VS) growth) (Fig. 4d, Supplementary Fig. S10), while effectively
avoiding phenomena such as secondary nucleation. These results indicate that the VLS pathway offers
substantial advantages for growing large-area halide perovskite single crystals.

All-inorganic halide perovskites exhibit tunable optoelectronic properties crucial for fabricating full-color
light-emitting devices, broadband sensors, and other optoelectronic platforms. To verify scalability of the
VLS approach, we successfully produced three additional single-crystal perovskite wafer compositions:
CsPbCl;, CsPbCl,Br, and CsPbCIBr,, corresponding to complete and partial alloying at the halogen site.
Photographs show color variations from white to yellow to brown as halogen composition transitions
from chlorine to bromine (Fig. 4e—g), consistent with decreasing bandgap.l"! All wafers exhibit excellent
uniformity and continuity across the entire wafer area, demonstrating the generality of the VLS method
for fabricating single-crystal wafers with different all-inorganic perovskite compositions. Furthermore,
XRD patterns exhibit sharp (100) and (200) diffraction peaks that gradually shift to lower angles with
increasing atomic radius and lattice constant (Supplementary Fig. S11).

Optoelectronic properties of perovskite single-crystal wafers

To evaluate optoelectronic quality, femtosecond transient absorption (TA) spectroscopy was performed
on CsPbBr, single-crystal wafers. The 2D contour TA map (Fig. 5a) displays well-resolved spectral
features with clear temporal separation of ground-state bleach (GSB, negative blue signal below 530 nm)
and broad excited-state absorption (ESA, positive red signal spanning 530-800 nm). The absence of
severe spectral broadening or disorder-induced overlapping bands is characteristic of low structural
disorder and minimized grain-boundary defects in single-crystal specimens. Time-resolved TA spectra at
representative delay times (Fig. 5b) further reveal distinct band-edge GSB centered at 490-520 nm and
stepwise decaying ESA bands at longer wavelengths. The sharp, symmetric GSB valley at the bandgap
energy (~ 2.3 eV, 521 nm) confirms uniform band-edge electronic structure free from energetic disorder.

Normalized TA decay traces probed at 490, 520, 550, and 700 nm (Fig. 5¢, Supplementary Note 3) reveal
multi-timescale carrier relaxation without ultrafast defect quenching. Band-edge ESA at 520 nm exhibits
a dominant sub-5 ps hot-carrier cooling component originating from weak electron—phonon coupling in
the single-crystal lattice. Medium-lived (20-130 ps) decay channels correspond to intrinsic exciton
dissociation and radiative bimolecular recombination. Minor nanosecond-scale slow components arise
from weak shallow trap populations, whereas negligible amplitude of long-lived deep-trap species
demonstrates drastically suppressed nonradiative recombination. The single-crystal film sustains
persistent photoinduced carrier populations up to 3,000 ps. Collectively, the well-defined TA spectral
profiles, ultrafast hot-carrier thermalization, and low trap-state densities indicate high crystallinity, low
energetic disorder, and outstanding carrier transport performance.

Carrier transport performance was evaluated via the space-charge-limited current (SCLC) method using
Au/CsPbBr,/Au planar devices. Current-voltage (I-V) curves present three distinct regions
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(Supplementary Fig. S12, Note 4). Carrier mobility and trap density (ntrap) were calculated to be 58.6 cm?
V-1s-1and 1.77 x 10"° cm~3, respectively, indicating excellent electronic quality. Furthermore,
photoelectronic response performance was investigated using the same devices (Fig. 5d) under 488-nm
illumination at 4 mW cm~2. Recorded dark current is ~ 10-° A, whereas photocurrent reaches 10-¢ A,
corresponding to a high on/off ratio of 103—superior to VS-grown film devices. Meanwhile, responsivity
shows good linear dependence on light intensity, with maximum responsivity exceeding 104,
demonstrating excellent photoconductivity (Fig. 5e). Notably, device rise and fall times were 0.74 ps and
1.2 ys, respectively—significantly faster than reference VS-grown film devices (5.6 pys and 11.5 ps)

(Fig. 5f). These results collectively indicate that VLS-grown films exhibit superior optoelectronic
properties.

Conclusion

In summary, we have demonstrated catalyst-free VLS growth of 2-inch perovskite single-crystal wafers.
A condensed halide-rich liquid intermediate creates complete surface wetting and replaces high-energy
vapor-solid interfaces with low-energy vapor-liquid and liquid—solid interfaces, substantially reducing
both nucleation energy barriers and nucleation density. The liquid-phase medium also dramatically
extends metal halide solute migration distances, enabling edge-dominated layer growth and seamless
coalescence of oriented nuclei. We further fabricated wafer-scale films of CsPbBr;, CsPbCl,, and their
alloys, demonstrating the scalability of this strategy. Atomic-scale microscopy and wafer-scale
spectroscopy confirm exceptional crystalline uniformity, ultralow trap-state density, and superior
electronic and optoelectronic quality. The VLS paradigm overcomes fundamental vapor-growth
limitations, providing a viable route toward scalable manufacturing of high-performance perovskite
single-crystal devices.

Methods
Growth of CsPbX; perovskite single crystal wafers

VLS growth of CsPbX;, single-crystal films was performed via modified chemical vapor deposition. First,
2-inch sapphire substrates were ultrasonically cleaned three times with isopropanol, acetone, and
deionized water. Then, 0.5 mmol CsBr (99.5%, Aladdin) and 1.0 mmol PbBr, (99.5%, Aladdin) were mixed
and placed in an alumina crucible (diameter 3 cm). The sapphire substrate was placed on top of the
crucible, which was subsequently positioned at the center of the tube furnace. Internal atmosphere was
maintained at 50 Pa, followed by heating to 510°C at 2°C min-". After holding for 10 minutes, continuous,
uniform large-area CsPbBr; films were grown on the substrate. Growth on mica substrates followed the
same procedure, with care taken to keep freshly cleaved mica substrates flat and clean.

For growth of single-crystal CsPbCl;, CsPbCl,Br, and CsPbCIBr, wafers, experimental conditions were
kept identical to those for CsPbBr; except for metal halide precursors and deposition temperature.
Specifically, metal halide salts were replaced with corresponding counterparts, and deposition
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temperatures were adjusted to 530°C, 520°C, and 515°C for CsPbCl,, CsPbCI,Br, and CsPbCIBr,,
respectively.

Reference VS-grown CsPbBr, single-crystal films were prepared as follows. Sapphire substrates were
ultrasonically cleaned three times with isopropanol, acetone, and deionized water. Then, 0.5 mmol CsBr
and 1.0 mmol PbBr, were mixed, placed in a crucible, and positioned at the center of the tube furnace.
The sapphire substrate was placed downstream (6 cm from the crucible). High-purity argon gas was
used to eliminate oxygen and moisture (three purge cycles). During growth, Ar flow rate was set at 100
sccm at 104 Pa. The furnace was ramped to 550°C and held for 10 min, depositing CsPbBr; single-
crystal films.

Characterizations

Optical microscopy images were acquired using a Nikon ECLIPSE LV150N microscope. Atomic force
microscopy was performed with a Bruker Dimension Icon. Scanning electron microscopy images were
captured with a Hitachi SU-8010. Electron backscatter diffraction was collected using an Oxford Nordlys
Max3. Transmission electron microscopy and scanning transmission electron microscopy were
performed using a Tecnai F20 operated at 80 kV equipped with X-ray energy-dispersive spectroscopy. X-
ray diffraction patterns, including ¢-scans and rocking curves, were measured using a Bruker D8
Advance X-ray diffractometer. In situ visual CVD observations were performed using a JYR1000DEP
(UNITS). Transient absorption spectra were acquired with a PhysTech FT1230 HERA system. X-ray
photoelectron spectroscopy was performed with a Thermo Fisher Scientific ESCALAB XI*. Raman
spectra were acquired with a HORIBA LabRAM 0dyssey. Photographs were taken with a HUAWEI Pura 90
Pro Max (50 megapixels).

Device Fabrication and Characterization

Devices for SCLC measurements and photodetectors used an Au/perovskite/Au planar structure. A 100-
nm-thick Au layer was deposited on the perovskite surface through a mask with 10-uym channel spacing
and 200-uym width. Electrical and photoelectrical measurements were performed on a probe station
(Lakeshore TTP4) equipped with a semiconductor parameter analyzer (Keithley 4200). A 488-nm laser
was used as the illumination source.
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Morphology and microstructure of the synthetic CsPbBr; perovskite wafer. (a) Digital camera
photograph of the CsPbBr; wafer on sapphire substrate. (b) in-plan XRD Phi-scan of the CsPbBr; wafer.
(c) EBSD images of the CsPbBr; wafer that was collected from the marked fifteen region of (a) with the

area of 600x600 um?. (d) cross-sectional STEM image of the CsPbBr, wafer. (e) The corresponding FFT
image of the (d). (f) The statistics and comparison of the representative size and thickness of perovskite
single-crystal thin films prepared in the literature and this work, where the orange represents the solution
method, and indigo represents the vapor deposition method. (g) The preferred growth map of VLS at the
ranged reaction temperature (490~610 °C) and pressure (0.007~0.5 MPa). (h) PL intensity mapping
image across the whole perovskite wafer, with the emission center at 521.5 nm.
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Figure 2. In situ growth observation of CsPbBrs: perovskite single crystal film. (a)
illustration of substrate placement position and precursor transport direction during the
growth process. (b, ¢) illustration of nucleation and growth for perovskite single crystal
wafer. (d) The instantaneous slice images of during high-temperature in-situ growth
stage for perovskite single crystal film, where the process was holding 140 seconds. (&)
Statistics of domain size evolution over time, the fitting model between holding time
and domain size was: D(t) = 0.012t2 + 9t + 965. (f) Statistics of horizontal/vertical
size evolution over time, the fitting model between holding time and horizontal/vertical
size was: X(t) = 0.138t + 31.5, Y(t) = 0.155¢ + 38.6. (g) Statistics and fitting of

coverage evolution over time, the fitting model between holding time and coverage was:

C(t) = t* + 0.08t + 8.2.

Figure 2

See image above for figure legend.
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Figure 3

Composition characterizations of the liquid-solid interface region. (a) SEM image of the film crystal edge
that was quickly quenched during the growth process. (b) The STEM image of the liquid-solid interface.
(c) The FFT images of the liquid-solid interface with the marked four regions in (b). (d) The Br 3d XPS
high-resolution spectra of the quenched crystal. (e, f) The EDS mapping image and line spectra of the
liquid-solid interface. (g) The Raman spectra of the liquid phase and solid phase that marked in the

insert.
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Figure 4

Growth mechanism and scalability of perovskite single crystal wafer through VLS pathway. (a)
Schematic diagram of vapor-liquid-solid growth mechanism that is composed of precursor
decomposition, adsorption by substrate, condensation, precursor dissolution, and liquid-solid growth,
respectively. (b) Nucleation density statistics of VLS and VS. (c, d) Schematic diagram of volume
diffusion and interfacial diffusion of precursor molecules during VLS and VS growth pathway. (e-g) The
digital camera photos of 2-inch sized CsPbCl;, CsPbCl,Br, and CsPbCIBr, that grown through VLS

method.
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Optoelectronic properties of CsPbBr; perovskite single crystal wafers. (a) 2D contour plot of transient
absorption spectra for single-crystalline CsPbBr5 thin film. (b) Representative transient absorption
spectra recorded at typical delay times. (c) Normalized kinetic decay curves monitored at 490, 520, 550,
and 700 nm. (d) The current-voltage curve of the perovskite wafer in light/dark state, with excitation
wavelength of 488 nanometers and intensity of 0.5 mW cm. (e) The device responsivity of VLS and VS
single-crystal films under various light intensities. (f) The device response speed of VLS and VS grown

single-crystal films.
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