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ABSTRACT: Manipulating materials at the atomic scale and assembling them into
macroscopic structures with controlled dimensionalities and single crystal quality are
grand scientific challenges. Here, we report a general solvent evaporation method to
synthesize large area uniaxial-oriented growth of free-standing thin films at the
liquid-air interface. Crystals nucleate at the solution surface and rotate into the same
orientation under electrostatic interaction, and then merge as large crystals and grow
laterally into a large area uniform thin film with negligible grain boundaries. The
lateral dimension is confined only by the size of containers. The film thickness can be
tuned by adjusting solvent evaporation rate (R) and solute diffusivity (D), and a

characteristic length, L*~ b / R is derived to estimate the film thickness. Molecular

dynamic (MD) simulations reveal a concentration spike at the liquid-air interface
during fast solvent evaporation, leading to the lateral growth of thin films. The large
area single crystal-quality films are demonstrated on both inorganic metal halides
and hybrid metal halide perovskites. The solvent evaporation approach and the
determination of key parameters enabling film thickness prediction pave the way to
mass production of thin film materials under controlled evaporation conditions.

KEYWORDS: large area-oriented growth, single-crystal quality, liquid-air interface,
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High performance of optoelectronic devices relies on the crystallinity of semiconductor
materials.! Single crystal metal halide perovskite materials, which have been extensively
studied in recent years, possess high light absorption coefficient, large ambipolar mobility,
and long charge carrier lifetime.> However, the majority of current perovskite-based
devices are fabricated on polycrystalline thin films, suffering orders magnitude of loss in
charge transport characteristics*® and increased tendency of degradation®’ due to the high
density of grain boundaries. High-throughput methods are required to fabricate large-area
and high-quality perovskite thin films to further enable their ultimate practical applications.
Solution-based methods are recognized as more cost-effective routes compared to the
vacuum-related techniques.®'° To achieve scalable production, several methods have been
reported, such as spray coating,!"!? doctor blade coating'® and slot-die coating.'* However,
these methods can only produce polycrystalline films and still suffer from the challenge to



produce large scale uniform thin films with appropriate compositions for high performance
optoelectronics.

Indeed, single-crystalline films of perovskite materials could be obtained using a space-
controlled method,'>'® and the film thickness could be downsized to micrometers.
However, the lateral size of the obtained films is usually less than 1 cm due to the difficulty
of ion diffusion in the limited micrometer size channel. Solution surface growth of
perovskite single crystalline thin films has also been demonstrated previously with limited
lateral sizes around 1 cm.!*2! Kinetically, it is very challenging to suppress the nucleation
rate to a very low level, in order to grow large area single crystal thin films, and the
competition between nucleation rate and grain growth rate typically results in the growth
of polycrystalline films with a 3D island growth mechanism.

Success has been attempted to assemble 2D materials (e.g. graphene,?> hBN?*2* and
MoS,%) into singe crystal films from multiple domains with the same orientation which
could be self-aligned and assembled into more energetically favorable single crystal films
without grain boundaries. Half-meter-size single crystal graphene was realized via
seamless stitching of thousands of unidirectionally-aligned graphene domains by choosing
a substrate with same surface symmetry.?® Without a solid substrate, liquid surface has
been previously adopted as a 2D template for thin film growth in a controlled manner.?* %7
30 For example, h-BN grains could be grown on the liquid Au surface due to the limited
solubility of B and N atoms in the liquid Au. The electrostatic interaction between N and
B atoms at the edge of different grains with the same orientation rotates and seamlessly
stitches them into a wafer-scale single crystal hBN thin film eventually.?®> However, it is
still a challenge to control domain orientation and suppress grain boundary formation in
solution-based methods, and this concept has not been demonstrated/realized to achieve a
large area oriented growth of single crystal metal halide and hybrid halide perovskite films.
The precise control and manipulation of materials at the atomic scale and assembly at the
macroscopic scale into large-area and single crystal quality films remains a grand material
synthesis challenge. Underlying physics and mechanisms governing the competing kinetics
of nucleation and grain growth must be revealed in order to advance materials synthesis
science to fabricate large-area single crystal films in a controllable and predictable manner.

Here, we report a general solution-based synthesis method for the uniaxial orientation
growth of large-area free-standing thin films with millimeter sized grains at the liquid-air
interface in minutes by directly evaporating solvent. During fast solvent evaporation,
multiple grains nucleate and coalesce on the solution surface, and grow laterally as compact
structures until fully coverage. As a result, the lateral dimension of 2D single crystal quality
films is only confined by the dimension of container. The scalable solvent evaporation
approach at the liquid-air interface represents a potentially high throughput method in
manufacturing large-area single crystal quality films. This method is universal and can be
applied for a wide range of metal halides and hybrid perovskite materials (e.g. Pblo, Bil3,
MAPDbI3;, MAPbBr3 and 2D perovskites). Molecular dynamic simulations at the atomic
scale elucidate the dominant factors governing nucleation and growth of 2D films based
on the spikes of super-saturation of reactants at the liquid-air-interface during fast solvent
evaporation. A simple analytical model is developed to discover a characteristic length



(L*~ D / p) that can correlate with film thickness and diffusivity of solutes (D)/evaporation

rate of solvent (R), enabling a science-based prediction of 2D materials into large-area
single crystalline thin films with control film thicknesses. As a result of the substrate free
process, the large-area and uniaxial oritented films at the liquid-air interface can be easily
transfered and incoroprated for scalable fabrication of devices for functional applications
such as solar cells, photodetectors, sensors and x-ray detectors, efc.

RESULTS AND DISCUSSION

Based on the classical nucleation theory,?’?® the driving force for nucleation is
supersaturation (o) which can be quantified in terms of the concentration of solute (¢) and
the equilibrium concentration (c.), 0 = In (c¢/c,) .2’ Thus, the tendency to nucleate
becomes higher as the supersaturation increases. As the solution is heated at the bottom,
solvent evaporates continuously. Under the assumption that the evaporation rate is very
low, solute diffusion is sufficient such that there is no concentration gradient. On the other
hand, a high evaporation rate will cause a rapid descend of the liquid-air interface and
create a thermal gradient between the surface and the bottom of the solution while solvent
evaporates. Due to the limited diffusivity of the solute, it could significantly increase the
concertation near the liquid interface and create a concentration spike at the interface. This
high concentration gradient will result in higher supersaturation and be more favorable for
nucleation and growth along the liquid-air interface (Figure 1A). Our observation implies
that two key factors are required for the solution-based surface nucleation and 2D growth:
(1) solute diffusivity, which is related to temperature and solvent conditions, (ii)
evaporation rate of solvents, to establish concentration spike at the interface. Under well-
controlled solute diffusivity and evaporation rate of solvents, wafer-scale single crystalline
thin films could be obtained at the liquid-air interface and the film thickness can also be
well-tuned.

We chose Pbl, as a model material partly because Pbl> films have found many
applications, such as in nonlinear optics,? luminescence,*® X-ray/gamma ray detection,’!"
33 photodetectors,** and as an important raw material for the synthesis of lead-halide
perovskites.’® % To obtain Pbl, thin film, a well-controlled solvent conditions and
evaporation rate are desirable. As shown in Figures S1A-E, only particles or PbI2 wires
could be obtained under an ethylene glycol environment. Changing the solvent to glycerol
with extra air flow over solution surface, thin film could be formed at the solution surface
(Figures S1F and G). Thus, the higher viscosity of glycerol (ngiycero=1.68 mPa-s vs. ngg=
0.7 mPa-s, at 200 °C) and the constant air flow are essential and effective for Pbl
nucleation and growth at the liquid-air interface. In a typical process, Pbl, solution (50
mg/mL in DMF) was added in a petri dish with 5 mL of glycerol and evaporated on a hot
plate (see in experimental method). A fully surface covered Pbl> thin film with good
transparency could be obtained (Figure 1B) and the free-standing Pbl, thin film also
displays good flexibility, shown in Figure 1C. Figure 1D and S2 show the snapshots of
Pbl, thin film nucleation and growth process at the liquid-air interface. As solvent
evaporating, yellow Pbl, small crystals nucleate at the liquid-air interface and tend to rotate
into same orientation under the electrostatic interaction and merge together into large-sized
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2D crystals, which could be driven by the thermodynamic-driven minimization of the
overall energy of the structure (Figure S2). As shown in Figures S2D and 2E, two triangular
grains rotate and align into the same orientation, then coalesce together and grow in a large
crystal. During the coalescence process, the in-plane strain can induce a continuous
rearrangement of Pbl lattice at the grain boundary to decrease the orientation dependent
energy (Figure S3). Then, these islands grow laterally along the solution surface to form a
continuous and uniform thin film across the entire liquid-air interface (Figure 1D and
Movie S1). The optical image of the Pbl> thin film etched by ethylene glycol, displays
multiple well-aligned triangular etching pits, suggesting the uniform orientation of the
whole thin film (Figure S4).



Figure 1. A solution-based wafer-scale growth of Pbl, thin films at the liquid-air
interface: (A) A schematic concept of thin film nucleation and growth at the liquid-air
interface by solvent evaporation; (B) Optical images of a Pbl> thin film in 60 mm
diameter prepared on the solution surface; (C) A free-standing Pbl thin film with good
flexibility; (D) Snapshots of Pbl> thin film nucleation and growth at the solution surface
in a ® 60 mm petri dish; (E) An optical image of a larger sized Pbl, thin film (® 100
mm) only by increasing the size of petri dish; (F) An optical image of the prepared Pbl,
thin film which can be floated on water surface for transferring to targeted substrates;
(G) A large Pbl thin film transferred on the PET substrate by a lift-off method, showing
good flexibility. Scale bars: 2 cm.

By increasing evaporation rate, the growth of large-area single crystalline quality Pbl,
thin films can be completed very rapidly within 15 mins (Figure S5), demonstrating a
potentially high-throughput approach for fabricating wafer scale free-standing thin films.
Due to the simplicity of the method, it can be easily enlarged to fabricate much larger-sized
thin films by simply increasing the size of container, and therefore, the lateral dimension
of the thin films is essentially unlimited. As shown in Figure 1E, over 100 mm in diameter
of Pbl, thin films could be obtained by evaporating solvent at 200 °C, which is the largest
area that ever reported on this material. The good transparency indicates high crystallinity
of the thin film. In addition, the obtained thin film floats freely on the water surface (Figure
1F), allowing an easy transfer to any targeted substrates. As a demonstration, Pbl, thin film
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can be directly transferred from water to a PET substrate by a lift-off method (Figure 1G).
The film displays a good flexibility, which can be integrated into flexible electronics.

The crystalline quality can be further confirmed by X-ray diffraction (XRD) and pole
figure measurements. The XRD diffraction peaks of the Pbl, thin film are very sharp,
indicating the film possesses high crystallinity, as shown in Figure 2A. The diffraction
peaks located at 20 = 12.68°, 25.49°, 38.62°, and 52.33°, correspond to the (001), (002),
(003) and (004) planes of Pbl, respectively. It is consistent with the reported results for
Pbl, single crystals®>3® and suggests that the large area Pbl, thin film is highly oriented
parallel to the (001) plane (Figure 2B). The highly oriented thin film is further
demonstrated by the sharp rocking curve of (001) diffraction peak with full width at half-
maximum (FWHM) of 0.46°. Considering the limited X-ray beam size, XRD diffractions
acquired from multi-positions from six different locations (see Figure S6) show almost
identical results (Figure S6A). In addition, almost constant FWHMs of the (001) diffraction
peaks with only around 0.06° are identified (Figure S6B), indicating the single crystalline
quality of the obtained Pbl, film. Figure 2C shows the {1011} pole figure of Pbl, with 3
sets of six distinct poles Ap = 60°, which fits well with three single-crystal domains of
(001)-oriented hexagonal Pbl> from the wafer-scale film. As marked by the coordinates,
the in-plane orientation of [111] and [101] can also be determined. A SEM-based electron
backscatter diffraction (EBSD) was also conducted to inspect the phase purity and the
quality. In the experiment, a focused electron beam strikes on the sample surface at an
angle of 70°. The diffraction patterns (Kikuchi patterns) were obtained at different
positions which show almost identical patterns, indicating no grain boundary within the
measure area (Figures S7A-F). The inverse pole figure (IPF) mappings were performed at
an area of 1.06 x 0.60 mm? on the film. The homogenous color on the IPF mappings
indicate the same crystallographic orientation (Figures S7G-I). The uniform color in the
IPF Z mapping (Figure S7TH), normal to the sample surface, implying that the crystallites
are very well oriented with the {001} planes, parallel to the substrate, in line with the results
from XRD and pole figure measurements. Furthermore, the typical scanning electron
microscopy (SEM) images of the top surface and cross section of the obtained film are
shown in Figures 2D and E. The flat surface in millimeter scale is obviously observed
without visible grain boundaries, further confirming the high quality of the fabricated thin
film (Figure 2D). It indicates that grains formed at the solution surface could be stitched
seamlessly without grain boundaries. The evident layered feature could also be identified
from the cross-section SEM, suggesting a layer-by-layer growth nature (Figure 2E). In
addition, the prolonged growth after fully surface coverage, screw dislocation growth
(Figure S8) can be observed on the surface of Pbl, thin film due to the lower supersaturation
condition.
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Figure 2. Structural and morphological characterization of Pbl; thin films showing its
essential single crystal quality. (A) XRD pattern of the wafer scale Pbl; thin film recorded
by Cu Ka radiation. The insert is the rocking curve measured of the (001) diffraction peak.
(B) Crystal structure of Pbl, with a view from [010] direction. The 2D layers are the (001)
planes. The pink plane represents the (101) plane. (C) {1011} pole figure of Pbl thin film
on a glass substrate. SEM images of surface (D) and cross-section (E) of Pbl thin films.

The absorption spectrum of the Pbl; thin film exhibits a sharp absorption edge at 522
nm (Figure S9A). Band gap extracted from the Tauc plot shows a value of 2.39 eV, which
is in good agreement with the values for the single crystals reported previously.>*>” The
photoluminescence (PL) peak position of Pbl, film is located at 525 nm (Figure S9B),
matching the value reported for the Pbl single crystal film synthesized using a temperature
gradient method.* Photoluminescence measurements of Pbl, film at different temperature
were conducted. As shown in Figure S10A, PL spectra of Pbl, film were continuously
blue-shifted with the decrease in temperature from 298 K to 78 K. The temperature
dependence of energy bandgap is a consequence of contributions from electron-phonon
interaction and the thermal expansion of the lattice. As the temperature increases, the band
gap becomes smaller than that of low temperature due to the enhanced electron-phonon
interaction caused by increased phonon population and weak contribution of thermal
expansion.®® The FWHM of PL peak is displayed in Figure S10B. As the temperature
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increases, the PL line width broadening is observed. Based on a linear fitting of FWHM
values, the broadening of PL emission could be resulted from the acoustic phonon
scattering.>® In addition, at temperature of 78 K, multi-PL peaks were observed (Figure
S10C). The line with a peak position at 2.49 eV (FX) is attributed to free excitons, while
the line with a peak position at 2.45 eV (BX) is from the bound excitons. The peak position
at 2.43 eV (ST) could be attributed to the phonon-assisted shallow level trap state emission.
A small peak at 2.39 eV (e-h) can be assigned as donor-acceptor pair emission. The well
resolved peaks of PL also suggests the single crystal quality of Pbl, film. Figure S10D
shows the time resolved photoluminescence (TRPL) at different temperatures. The TRPL
can be fitted by a biexponential decay behavior. At room temperature, the fast decay (11=
0.082 ns) refers to the free exciton combination and the slow decay (12= 0.34 ns) is
attributed to the trapped exciton recombination, which is consistent with the results
reported on Pbl, single crystals*’. Because of the free-standing configuration, the high
quality Pbl; thin film can be easily transferred on plastic substrates and exhibits excellent
flexibility. Figure S11 shows XRD patterns after different bending cycles. Full-width at
half-maximum (FWHM) of (001) planes at different bending cycles are less than 0.1°,
showing the single crystalline quality of Pbl, film even after 200 bending cycles (Figure
S11C). Thus, it is suitable for the fabrication of flexible optoelectronics.

A prototype flexible photodetector on a PET substrate (Figure S12A) is fabricated with
a lateral metal-semiconductor-metal configuration. As the light illumination (405 nm, 2
mW/cm?) is on, a rapid increased photocurrent can be observed (Figures 3A-C). With a 5
V bias, the on/off ratio reaches as high as 1.7x10% and a low dark current of 7 pA was
obtained when the light is in the “off” state (Figure 3A). The low dark current indicates a
low noise and a high sensitivity, essential for the practical application. As shown in Figure
S9B, with the increase of illumination power, the photodetector manifests a good linear
relationship with photocurrent. The excellent property/performance of the fabricated Pbl,
flexible photodetector is one of highest responsivities among Pbl, prepared using different
methods (Figure S13) and highly comparable with the results obtained on Pbl, single
crystals in the literature (Supplementary Table S2). This indicates the single crystal quality
of Pbl, thin films obtained at the liquid-air interface through the solvent evaporation-
controlled approach. The uniformity of photocurrent measured on 20 devices on the same
Pbl; thin film is further evaluated as shown in Figure 3D, displaying good uniform photo-
electronic performance across the substrate. In addition, the mechanical stability after
different bending cycles is conducted. The typical bending angle is around 45°. It can be
seen that the photocurrent still remains the same order with only a minor reduction after
400 bending cycles, demonstrating excellent mechanical stability of the fabricated Pbl
flexible photodetector (Figures 3E and F). In addition, compared to the previous reported
Pbl, single crystal film, the lateral size typically lies in a range of millimeters, see in
Supplementary Table S3. The Pbl, thin films synthesized by this solvent evaporation
method, not only display a comparable or higher performance than the single crystal based
Pbl, photodetectors, but also have a >10 cm in diameter large size and can be enlarged by
increasing the container size. Therefore, this method provides a robust solution to have



potentially high throughput thin film fabrication while having single crystalline level
optoelectronic performance.
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Figure 3. Pbl> film-based photodetector performance: (A) I-V characteristics of Pbl>
thin film-based photodetector under dark and light conditions; (B) Typical
photoresponse of the device obtained using 405 nm LED radiation with the power of 2
mW/cm? at a bias voltage of 5 V; (C) Fast device photoresponse, giving the rise time
(~360 ms) and decay time (~380 ms), respectively; (D) Statistics of the measured
photocurrent for 20 devices on the Pbl> thin film; (E) The I-V curves of the flexible
photodetector under light illumination without and after different bending times; and
(F) Stability of the device after bending it 400 times. Inset: a photograph of the bending
devices. The bending angle is around 45°.

Following our hypothesis of the film growth, Pbl, thin films formed at the liquid-air
interface can be ascribed to the relative fast descending liquid interface relative to the slow
solute diffusion in the solution. In a typical process, solvent evaporation at 210 °C lowers
the solution interface by ~2 mm over 60 minutes during the growth process. At the same
time, the one-way characteristic diffusion length of Pbl, along the vertical distance from
liquid-air interface is ~2.1 mm based on /Dgy4t,*"" Where Dy, is the average diffusion
coefficient for Pb>" and I ions and Dy, ~ 1285 um?s~. It should be noted that the
hydration effects on the ions (Pb?* and I) are not considered and the ionic radii are used to
estimate diffusivity. More details on the diffusivity calculation could be found in the
experimental methods. Thus, the descending solution interface has a comparable speed to
the diffusion process. Pbl, tends to aggregate close to the interface leading to a
concentration spike and precipitates at the liquid-air interface as solvent evaporates.

To demonstrate the potential of a controllable film growth, we introduce a simple
analytical model considering the coupling of evaporation and diffusion. Due to the low
solubility of Pbl> in glycerol (Figure S14), a constant solute diffusivity can be assumed at



a constant temperature. Figure 4A displays the schematic illustration of the concentration
profile along z direction normal to the bottom, and the initial bulk solution concentration
is cg. After a rapid evaporation time At, the interface descends with the height reduction,
Ah = RAt. A concentration spike occurs at the interface, where ¢, represents the peak
concentration at the interface, ¢* is the critical concentration above which films can

nucleate and grow inside the solution. Therefore, the length scale of film thickness (L*) can
cp—c”

be expressed as: L* = L, where L is the characteristic length for supersaturation

p—Co
region. Since the solute (Pblz) does not evaporate at a low temperature, the mass balance

equation for the solute in the evaporated layer (Ah) can be expressed as: coAh = %L(cp -

Co)- Then, we can obtain the expression for the length scale of film thickness: L* = % :
0

%- More detailed derivation can be found in Supplementary Note 1. Considering the low
solubility of Pbl in glycerol at different temperatures (Figure S14), the characteristic film

thickness, L, scales linearly with a critical parameter, % The dimensionless pre-factor,
(cp—c™)
Co
the nucleation rate and solvent evaporation. Therefore, film thickness can be well tuned
through controlling solvent evaporation rates and diffusivity of solute. As shown in Figure
4B, fully covered Pbl; films in a ® 60 mm petri dish could be obtained at different
temperatures from 180 °C to 220 °C. The calculated FWHM of the (001) XRD peak has
similar values (Figure S15), indicating that single crystal quality of Pbl> thin films could
be obtained within a flexible temperature window. Meanwhile, solvent evaporation rates
and solute diffusivity could be tailored by controlling temperature (Figure 4C), providing
the flexibility in controlling the film thickness. This is shown by the increased transparency
of the films (shown in Figure 4B), implying a continuous decrease of film thickness as
temperature increases. The measured thicknesses of films synthesized at different solvent
evaporation rates can be adjusted from sub-micrometer to several micrometers (Figure 4D).
Interestingly, the reduction in film thicknesses with increased evaporation rates follows the
same trend with the value of D/R. By fitting the measured film thickness with D/R, a clearly
linear correlation is revealed with a slop value of 0.001 (Figure S16), demonstrating that
the film thickness is highly correlated to the evaporation rate and solute diffusivity and
could be well predicted by calculating the value of D/R.

To further validate the analytical model and the critical parameter in predicting film
thickness, Pbl, films are grown by controlling solvent evaporation rates at a constant
temperature (i.e. 210 °C). The evaporation rate of solvent can be adjusted by varying the
covering evaporation surface with glass slides, and a constant diffusivity of solute is
assumed at the constant temperature. The obtained film thicknesses at different evaporation
rates could be fitted well by a linear correlation (Figure 4E) as a function of D/R,
confirming the validity of the analytical model in predicting the film thickness, L* =

, reflects how much oversaturation is allowed in the system, which can be related to

0.001%. For our systems in which with a nucleation rate is much faster than the

evaporation rate as inferred from MD simulations, only small amount of oversaturation is
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(Cp_C*)
2C0
unity. For systems with a nucleation rate comparable to the evaporation rate, substantial
(C”:C ), will be much larger. Based on

0

the prediction of the simple analytical model and the critical parameter, D/R, we
synthesized a 122 nm thickness Pbl: film by controlling solvent evaporation rate and solute
diffusivity, as shown in Figure S17. As the evaporation rate and solute diffusivity can be
controlled by multiple variables such as temperature, solvent viscosity and composition,
we expect a wide range of flexibility in synthesizing large-area free-standing thin films
with controlled film thicknesses even down to a few monolayers at the liquid-air interface
under controlled evaporation conditions.

Ag

required before precipitation occurs. Thus, the pre-factor, , should be much less than

oversaturation is possible such that the pre-factor,
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Figure 4. An analytical model and a critical parameter D/R enabling the prediction and
control of Pbl, film thicknesses. (A) A schematic profile of Pbl> concentration along
solution height (z) after evaporating solvent by a height of Ah; (B) Optical images of
Pbl; films obtained by tailoring solvent evaporation rate at different temperature. Scale
bars: 2 cm; (C) The temperature dependence of the evaporation rate and diffusivity;
(D) The film thickness and D/R change at different evaporation rates as controlled by
different temperature; and (E) Evaporation rate-film thickness graph through varying
flow rates at a constant temperature, 210 °C, with a linear fitting.

Molecular dynamics simulations** are performed to further reveal the mechanism and
kinetics of film growth and obtain theoretical understanding in the relation between the
film thickness and the evaporation rate. The details of the force field used to model Pbl»
and the model solvent can be found in the experimental methods and Supplementary Note
2. The MD simulation starts with ~30000 model Pbl> molecules dispersed in about 45000
model solvent molecules, as shown in Figure SA. A gas-liquid equilibrium for solvent has
been established at the beginning of the simulation. Grand-Canonical Monte Carlo (GCMC)
steps* have been introduced under a constant frequency to the top of the simulation box in
order to remove the solvent gas, resulting in continuous evaporation of the solvent liquid.
The evaporation rate can be adjusted by the frequency of the GCMC operation. The
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evaporation simulation setup is illustrated in Figure S18. As the solvent evaporates, the
solute left-behind starts to concentrate near the solution-gas interface, which can be seen
on Figures 5A and B. The peak of Pb concentration increases, and the supersaturation
region widens. Due to Pbl, supersaturation, Pbl> precipitates out as a layered structure near
the solution-gas interface (Figure SA, Movie S2). Upon further evaporation, a Pbl, film
grows and covers the entire solution-gas interface. Importantly, the evaporation rate
reduces as the Pb and I particles must diffuse through the already-formed Pbl> solid film,
as seen in Figures 5C, D and E. Once the film fully covers the interface, evaporation
becomes low, leading to self-termination of the precipitation process. This self-limiting
growth is consistent with our experimental observation, as illustrated in Figure S19.

In addition, by tuning the evaporation rate, the film thickness can be well-controlled
(Figure 5F). A faster evaporation rate tends to result in a thinner film thickness, while
having smaller crystal-domains due to the rapid nucleation at the interface (Figure S20,
Movies S2 and S3). As Pbl, grows at the liquid/air interface, it increases the surface
coverage along with decreasing the evaporation rate and increasing the film thickness
(Figures 5C-E). It is found that a higher evaporation rate leads to a faster nucleation rate,
indicating that the nucleation process is mainly controlled by diffusion process. As solvent
evaporating, the concentrations of both Pb and I particles increase. Compared to the Pbl»
concentration, the diffusivities of Pb and I particles are more sensitive to the temperature
(Figure S21). This suggests that the dominate factor to control film thickness is the solvent
evaporation rate at a constant temperature. The measured film thickness follows an inverse
function of R, and the fitting constant (5.1 X 10719 m?/s) obtained is very close to
diffusivity of Pb particles at 595 K (4.8 x 10719 m?/s), as shown in Figure 5F and Figure
S21B. This demonstrates again that we are able to predict the film thickness only by
acquiring solvent evaporation rate and solute diffusivity. At different temperatures, the film
thickness depends on the interplay among diffusivity and solvent evaporation rate as
expressed by the critical parameter of D/R in the analytical model.
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Figure 5. Molecular dynamics simulations of Pbl> films growth at the liquid-air interface,
revealing growth mechanisms and its kinetics: (A) Snapshots of Pbl, solution within a 5-
nm slice with an initial evaporation rate R=0.3 m/s and R=0.11 m/s; (B) The Pb
concentration distribution (number of Pb particles in a volume of 288 nm?) as a function
of evaporation time. The initial evaporated rate is ~0.14 m/s; (C) The instantaneous
evaporation rate as a function of time for different initial evaporation rate to up 90% of
surface coverage; The film surface coverage (D) and thickness (E) as a function of time
for different initial evaporation rates; (F) Film thickness at 90% surface coverage as a
function of the initial evaporation rate. The red dash line is a fitting of the form 1/R.

The solvent-evaporation controlled method has been successfully demonstrated in
growth of large-area free-standing Pbl> thin film under a desirable solvent condition. Based
on our MD simulation results, a concentration spike appears as fast solvent evaporates,
resulting in thin film growth at the liquid-air interface. In addition, the film thickness can
be well adjusted by tuning the solvent evaporation condition and solute diffusivity. Thus,
we believe that large-area thin films for a wide range of material systems could be realized
by designing an appropriate combination of solvent and evaporation conditions. We
applied the solvent evaporation approach to grow large-area hybrid perovskite films.
MAPDI; films could be grown at the liquid-air interface by evaporating a mixture of Pbl,
and methylamine in hydriodic acid solution at 100 °C (see details in the experimental
methods). The obtained film has a uniform thickness with a well-defined film edge,
suggesting good crystallinity of the MAPDI3 film (Figure 6A). The XRD pattern also
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confirms high crystallinity with preferential orientation along [001] direction. The
measured FWHM of (004) diffraction peak is as small as 0.12° (Figure 6B), which is close
to the reported values of MAPDI; single crystal films.!”?! The evaporation rate can be
controlled through varying evaporation areas similar as the previous reported method?!
such that the film thickness can be controlled from 40 um down to a few microns, and the
free-standing MAPDI3 film can be directly transferred to fabricate optoelectronics or solar
cell applications. The MAPbI3 film thickness decreases as increased evaporation rates,
following the trend of 1/R function by assuming a constant diffusivity at a constant
temperature (Figure 6C). This further validates the feasibility of using the simple analytical
model and the critical parameter of D/R in predicting the film thickness under the
evaporation-controlled synthesis route.

In addition, MAPbBr3; and Bils with a preferential orientation along [001] direction
could also be obtained at the liquid-air interface with high crystallinity (Figures 6D-G).
This method was further demonstrated on 2D perovskites, such as (C2HoNH3)2Pbly
(BA2Pbly), (C4HoNH3)> (CH3NH3)Pbal7 (BA2MAPD:17), and CsHoNH3Pbls (PEA2Pbly). As
shown in Figures 6H-J, it displays a uniform thin film grown on the solution surface which
fully covers a ® 60 mm petri dish, suggesting that a larger thin film could be achieved by
enlarging the size of the container. Figure 6K demonstrates good flexibility of the
transferred PEAoPbI4 thin film on the PET substrate. The XRD measurements (Figures
S22A-C) indicate that the highly oriented films can be obtained as well using the solvent
evaporation method. To investigate the domain orientations, EBSD were performed. As
shown in Figures S23A-F, the obtained BA>Pbly film displays similar Kikuchi patterns at
four different positions, indicating the same crystallographic orientation and no grain
boundaries within the crystal. Figure S23F shows the crystallographic orientation mapping
with a uniform color, indicating the crystal has a single orientation. The single orientation
was confirmed by the inverse pole figure mapping, as shown in Figure S23G. For PEA>Pbls
perovskite, IPF mapping was conducted across the selected area in Figure S24A. The
uniform color within IPF X, Y and Z mappings suggest the single orientation of the film
(Figures S24B-E). Therefore, it demonstrates that the solvent evaporation method is a
versatile method capable of fabricating uniaxial orientation growth of large area free-
standing films across various material systems. Meanwhile, 3D heterostructures could also
be realized, as shown in Figure S25. Using as-grown Pbl; film as a substrate on Bils
solution surface, Pblo/Bilz heterostructure can be obtained at the liquid-air interface. The
SEM image of the obtained film shows an obvious 2-layer heterostructure (Figure S25A).
Figure S25B displays a close look at the heterostructure, which exhibits a smooth and flat
Pbl; layer and a flake-flower Bils layer. The flake-flower Bil; are growth vertically on the
flat Pbl, thin film. The vertical structure would be beneficial for the charge carrier transfer.
Therefore, various complex 3D heterostructures could be expected. The ultimate control
of the film dimension, film uniformity and quality depends on the interplay between
materials intrinsic properties and the control of the evironmental variables as predicated by
the solvent evaporation rates and solute diffusivity.
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Figure 6. Perovskite thin films grown at the liquid-air interface: A SEM image (A)
and XRD pattern (B) of a MAPDbI; thin film; (C) Correlation between the large-area
2D MAPDI; film thickness and evaporation rate; A SEM image (D) and a XRD pattern
(E) of the MAPbBr3 thin film grown at the liquid-air interface; Optical images of
free-standing (H) BA2Pbls, (I) BAoMAPDb2I7, and (J) PEA>PbI4 thin films grown on
the solution surface by direct solvent evaporation; (K) An optical image of a PEA>Pbl4
thin film transferred on a PET substrate, displaying good flexibility.

CONCLUSIONS

In summary, we demonstrate a versatile solution-based approach to synthesize large-scale
freestanding uniaxial oriented thin films with millimeter sized grains at the liquid-air
interface as driven by the supersaturation of solute during solvent evaporation. Grains
nucleate and coalescence to form small islands, then grow laterally into large area uniform
thin films. The quality of the obtained films is comparable to the single crystalline films,
as confirmed by XRD measurements and optoelectronic performance. EBSD results
demonstrate the single orientation within the film. A critical parameter (D/R) is discovered
enabling the manipulation and prediction of the film thickness based on an analytical model
and MD simulation, which is further validated by experiments. This evaporation-controlled
approach can be adopted to fabricate across multiple material systems of metal halides and
hybrid perovskites at the liquid-air interface. The lateral dimension of the thin films is only
confined by the dimension of containers. Therefore, the solution-based approach is a
potentially high-throughput and cost-effective approach that can be used to grow large
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scale high quality thin films at the liquid-air interface across a wide range of material
systems.

EXPERIMENTAL METHODS

Growth of single crystalline Pbl: films. Typically, 5 mL of glycerol was added to the
bottom of a petri dish (® 60 mm), followed by heating the solution on a hot plate at different
temperature (160 °C ~ 220 °C) in the fume hood with constant air flow. ~1800 uL of Pbl,
solution (50 mg/mL in dimethylformamide, DMF) was carefully added to the solution.
During the solvent evaporation, Pbl> film was assembled at the liquid-air interface. After
about 1 hour, a shiny free-standing yellow thin film can be obtained at the top of solution.
Then, water was added into the petri dish to float the prepared film after the solution was
cooled down. The free-standing Pbl> film was then transferred to other substrates. The
transferred film was then washed in ethanol and dried in a vacuum chamber at room
temperature for further characterization. The flexibility of Pbl, film can be affected by
many factors, such as film thickness, substrate thickness, film patterning, additional
protection layer, which needs further investigation. For larger-area growth of Pbl: thin
films, it only needs to expand the system using larger size of petri dishes.

Synthesis of Pblz wires. 10 mL ethylene glycol (EG) was added to a petri dish (® 60 mm).
2 mL of Pbl; solution (80 mg/mL in DMF) was carefully added to EG by drops to form
light yellow solution. Then the solution was heated at 160°C on the hot plate. As solvent
evaporating, yellow wires were formed at the bottom of the petri dish. The obtained yellow
wires were transferred on glass substrates for further characterization.

Synthesis of MAPDIS3 thin films. The method is similar as reported previously.?! Typically,
Pbl> powder (1.4 g) was dissolved in 15 mL of hydriodic acid (HIL, 57% w/w aq. solution)
in a 50 mL beaker, following by adding 200 pL of methylamine solution (33 wt.% in
absolute ethanol) and stirring to form a clear solution. Then, the solution was poured into
a petri dish (® 60 mm) and heated on a hot plate at 100 °C. Two glass slides was placed on
top of the petri dish to cover the solution. The film thickness was tuned by adjusting the
gap of the two glass slides to change the solvent evaporation rate. The solution was
evaporated until fully-coverage film was formed at the solution surface.

Synthesis of MAPbBr3 thin films. Similarly, PbBr; (1.53 g) was dissolved in 15 mL of
hydrobromic acid (HBr, 48% w/w in aq. solution) and 0.2 g of methylamine solution (33
wt.% in absolute ethanol) was added into the solution. The solution was heated in a petri
dish on the hot plate at 90 °C until a thin film formed at the solution-air interface.

Synthesis of Bil3 thin films. Bilz powder (700 mg) was added in pure glycerol (10 mL).
The mixture was stirred and heated at 210 °C until a clear solution formed. Then, the
solution was heated at the constant temperature to evaporate the solvent until Bils film
formed at the solution surface.

Synthesis of 2D perovskite thin films. The method is similar as discussed above. For
BA,Pbl4 or PEA,;Pbl4 perovskites, n-butylamine or 2-phenylethylamine mixed with Pbl,
(2:1), and dissolved in hydroiodic acid (5 mL). Then, the solution was added into a petri
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dish and evaporated on a hot plate at 85 °C. In order to lower the nucleation rate, two glass
slides were placed on the top of the petri dish and left a gap about 5 mm. For BA;MAPb:I;
perovskite, the ratio between n-butylamine and methylamine are 2:1. Then, following the
same steps to prepare the thin film. For the large thin film transfer, n-propanol was used as
a solvent to float perovskite film on its surface. Then the perovskite film was transferred
to the desire substrate by a lift-off method. The extra solvent can be washed out by toluene.
The transferred film can be dried under vacuum.

Measurements and characterizations. The morphology was characterized with field
emission scanning electron microscopy (FE-SEM) (Carl Zeiss Supra 55). The multi-
position XRD measurements on the film were taken on the Panalytical X'Pert
Diffractometer using 1° slit. If not specified, X-ray powder diffraction (XRD) and pole
figure measurements were conducted to characterize the crystallinity and texture of Pbl,
thin films on Bruker D8-Discover (Germany). The crystal structures were visualized using
VESTA.** Atomic force microscopy (AFM) images were recorded using a Digital
Instruments Nanoscope I1la MultiMode microscope. The UV-vis spectrum was measured
in the range 300 — 800 nm by Perkin Elmer Lambda 950 UV spectrometer. The
photoluminescence (PL) spectrum was performed on a Spex Fluorolog Tau-3
spectrofluorometer with a xenon lamp, and the excitation wavelength was fixed at 350 nm.
Temperature dependent PL. measurements were conducted using a customized PL system
including a Picoquant 405 nm pulsed laser with a 2 mW power and a repetition of 4 MHz,
a Thorlabs 4 Megapixel Monochrome Scientific CCD Camera, a Princeton Instruments
SP-2358 spectrograph. Time resolved photoluminescence (TRPL) was measured in the
same PL system. A Picoquant PDM series single-photon detector synchronized with the
pulsed laser source was used to collect the time domain PL information. The film thickness
was measured by a surface profiler (Dektak 6M, Veeco).

Device fabrication and optoelectronic property measurements. For the device
fabrication, the Pbl, thin film was firstly transferred onto a PET substrate by a lift-off
method from water surface. The substrate with Pbl, film was washed by ethanol several
times and dried in a vacuum chamber. A copper grid was used as the shadow mask and
attached onto the substrate to afford a channel width of 80 um and length of 40 um. Au (50
nm) thin film was deposited using electron beam evaporation as the electrical contact
electrodes. The photoelectronical measurements were performed on a Keithley 4200 probe
station. A LED of 405 nm was used as the light source with the incident power of 2
mW/cm? for the photodetector measurements. The responsivity (R) is defined as the
photocurrent generated per unit power of light incidence on the effective area, which can

be calculated by the following equation:***4®

PS

where I, is the photocurrent, P is the light intensity, and S is the active area of the
photodetector. The Detectivity (D") reflects the photodetector’s sensitivity, as
expressed*>4°:
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where e is the absolute value of the charge of an electron, and 1, is the dark current.

Solubility measurements. The procedure of measuring solubility of Pbl; in glycerol at
different temperature included adding Pbl> powder in pure glycerol and heated on a
hotplate at a constant temperature until Pbl> was fully dissolved. Then, more Pbl, powders
were added into the solution until the equilibrium was reached. The saturation was
confirmed by observation of the presence of undissolved solute and re-dissolving after a
small amount of glycerol addition. The Pbl, concentration was then determined by
measuring the total amount of Pbl, added into solvent.

Diffusion coefficients. We determined the diffusion coefficients (diffusivity), D, for

individual salt ions using the Stokes-Einstein relation as follows:*!4
__ kpT
b= 6mnr ©)

where kg is Boltzmann’s constant, T is the temperature, 1 represents the viscosity of
solvent, and r is the hydrodynamic radius. It is noted that the hydration effects on the ions
(Pb?* and I') was not included and the ionic radius was used to estimate diffusivity. Due to
the small amount of Pbl> (~90 mg) in glycerol solvent (>3 g), we determined the solution
viscosity only based on pure glycerol solvent. The solvent viscosity could be calculated by
the formula proposed from previous report.*® Then, the average diffusivity of the Pbl> was
estimated by the equation as expressed**-":

|Z1]+1Z;]
D = 4
V9 (1Z21/D1+1211/D2) )

where Dy,,4 is the overall diffusion coefficient for the salt in solution, Z; is the cation/anion
charge, and D; is the cation/anion diffusion coefficient in solution.

Molecular dynamics simulations of Pblz film growth. Classical molecular dynamic
simulations were carried out in LAMMPS package®’ using the force field described above.
The visualization software OVITO’! was used to generate simulation snapshots,
animations. The equations of motion were integrated by Velocity-Verlet algorithm with a
time step of 0.005 in reduced unit. Nose-Hoover thermostat were used to control the
temperature of the system.>>>® The unit conversion is followed a procedure in previous
paper.>* The size of simulation box is ~47 nm (X) x 24 nm (Y) x 24 nm (Z). Periodic
boundary condition is applied in Y and Z dimensions. There are two walls capping at the
two ends in the X-direction, each interacting with all particles following Lennard-Jones 9-
3 form. The sample is illustrated in Figure S18.There are 30000 Pbl> molecules 45000
solvent particles (equal amount of Sa and Sg particles). We select the number density and
temperature such that the solvent particles form a mixture of liquid and gas, while the liquid
solvent contains the solute Pbl, (Pbl, does not evaporate into the gas phase). The solute
concentration is ~40%. The solution is in equilibrium at 595 K. The solubility limit is about
70% at this temperature. Note that there is a very small force to the left (11.7 fN) acting on
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all particles (very much like gravity) such that the liquid phase is on the left of the system
as shown in Figure S18. The evaporation process is accomplished by couple grand
canonical Monte Carlo (GCMC) operations** with the MD simulation. GCMC operations
are conducted at well controlled frequency (from ~0.2 to 2 ps™' ) over a region that ~1 nm
thick near the top of the simulation box to control the evaporation rate. As evaporate
continues, the liquid-gas interface moves which induces oversaturation of Pbl> solutes and
precipitation as shown in Movies S2 and S3. Please note that the evaporation process is not
directly affected by the GCMC operations, such that the evaporation rate is generally not a
constant (as can be seen in Figure 4C). The projection images were obtained by capturing
snapshots along X direction when the film coverage reaches 90% at the interface.

The diffusivity of Pb and I atoms is obtained by calculating from mean-squared
displacement (MSD = [r;(t) — 1;(0)]?), and using the long time limit of Einstein relation:
55

[ri(6)-1;(0)]?
D == ©)

where 7;(t) is the position of the atom i at time t.
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