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Organic-inorganic hybrid perovskites have electronic and optoelectronic properties
that make them appealing in many device applications'™. Although many approaches
focus on polycrystalline materials®”, single-crystal hybrid perovskites show improved
carrier transport and enhanced stability over their polycrystalline counterparts, due to
their orientation-dependent transport behaviour®° and lower defect concentrations*2,
However, the fabrication of single-crystal hybrid perovskites, and controlling their
morphology and composition, are challenging™. Here we report a solution-based
lithography-assisted epitaxial-growth-and-transfer method for fabricating single-
crystal hybrid perovskites on arbitrary substrates, with precise control of their
thickness (from about 600 nanometres to about 100 micrometres), area (continuous
thin films up to about 5.5 centimetres by 5.5 centimetres), and composition gradient
inthe thickness direction (for example, from methylammonium lead iodide, MAPbI,,
to MAPb, sSn sI;). The transferred single-crystal hybrid perovskites are of comparable

quality to those directly grown on epitaxial substrates, and are mechanically flexible
depending on the thickness. Lead-tin gradient alloying allows the formation of a
graded electronic bandgap, which increases the carrier mobility and impedes carrier
recombination. Devices based on these single-crystal hybrid perovskites show not
only high stability against various degradation factors but also good performance
(for example, solar cells based on lead-tin-gradient structures with an average
efficiency of 18.77 per cent).

The schematic and optical images in Fig. 1aillustrate the fabrication
process of single crystals using asolution-based lithography-assisted
epitaxial-growth-and-transfer method. A bulk crystal of hybrid
perovskites (for example, methylammonium lead iodide, MAPbI;)
serves as the substrate to epitaxially grow single-crystal hybrid
perovskites (see Supplementary Discussion 1 and Supplementary
Figs.1-3 for more details). A 2-um layer of patterned polymer (for exam-
ple, parylene) serves as the growth mask'>* (Extended DataFig.1). The
as-grown epitaxial single-crystal film canbe transferred to an arbitrary
substrate, maintaining a good crystallinity and a strong adhesion to
the substrates (Extended DataFig.2; see Supplementary Discussions 1
and 2 and Supplementary Figs. 2-9 for more details). Figure 1b shows
scanning electron microscope (SEM) images of anintact single-crystal
MAPDI, thin film transferred onto a curved general substrate, with
dimensions of about1cm x1cm x 2 pm and amonolithic cross-section
withoutany grainboundaries that are typically seenin polycrystalline
MAPDI, thin films (Fig. 1b, inset, and Supplementary Fig. 10). With a
more rigid growth mask, a scaled single-crystal MAPDI, thin film with

dimensions of about 5.5cm x 5.5cm x 20 pm canbe achieved (Extended
Data Fig. 3; see Supplementary Discussion 3 for more details).

A high-resolution transmission electron microscope (TEM) image
further reveals the epitaxial relationship and an absence of disloca-
tions in the as-grown MAPbI, single-crystal thin film (Fig. 1c). 6-26
X-ray diffraction (XRD) and photoluminescence (PL) studies prove
the high crystallinity of the single-crystal MAPbI, thin films fabricated
by this growth-and-transfer method (Fig. 1d, e). Similar full-width at
half-maximum (FWHM) of the XRD w-scan (400) and PL peaks of the
as-fabricated single-crystal MAPbI, thin films to those of the bulk single
crystals indicate their comparably high crystal quality (Fig. 1d, e; see
Supplementary Discussion 4 and Supplementary Fig. 11, 12 for more
details). The high crystal quality is attainable over agrowth temperature
ranging from 80 °C to 160 °C (Fig. 1d, bottom), indicating the poten-
tial broad applicability of this growth-and-transfer method to other
perovskites with different growth temperatures and crystallization con-
ditions. Furthermore, the ratio of the PL intensity (/) of the transferred
epitaxial single-crystal thin film to the excitationintensity (/;) shows a
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Fig.1| Thelithography-assisted epitaxial-growth-and-transfer method for
fabricating high-quality, single-crystal hybrid perovskite thin films.

a, Schematics (left) and corresponding optical images (right) showing the
solution-based epitaxial growth, merging and transferring processes of the
single-crystal perovskite thin film. The bottom four opticalimages share the
samescalebar,4 um.b, SEMimages showing a single-crystal MAPbI, thin film
with dimensionsof aboutlcmx1cmx2umonabent PDMSsubstrate. Inset:
magnified cross-section of the thin film without grainboundaries. ¢, A high-
resolution TEMimage showing theinterfacial area of the homo-epitaxial
single-crystal MAPDI,. The epitaxial layer shows a well-aligned tetragonal
lattice structure withoutdislocations. Contrast across the interface comes

closetendency to thatratio of the bulk single crystal (Fig. 1e, bottom),
providing additional evidence that this growth-and-transfer method
will not cause noticeable non-radiative recombination or quenching
in the transferred epitaxial single-crystal thin film'>*,

The carrier diffusion length of the single-crystal thin film with differ-
ent thicknesses has been calculated by measuring the carrier mobility
and carrier lifetime using time-of-flight (ToF) and time-resolved PL
(Extended Data Fig. 4 and Supplementary Discussion 5). The results
show that the carrier mobility and the carrier lifetime increase with the
crystal thickness. This can be attributed to the better crystal quality
ofthelarger thickness, where thereis alower surface-to-volumeratio,
alower trap density, and smaller XRD and PL FWHM values in thicker
films, as evidenced by thickness-dependent crystal-quality studies
(Supplementary Fig. 13). The carrier diffusion length is estimated
to saturate at about 5-7 um, indicating that most charge carriersin
thicker films are more likely to recombine rather than being collected”.

Thickness-dependent external quantum efficiency (EQE) spectra
have been measured and are shownin Fig. 2a, with the integrated cur-
rent densities plotted in the inset. For a film thickness in the range of
about 600 nm to about 2 um, increasing the thickness improves the
EQE, which should be due to the enhanced light harvesting and the bet-
ter crystal quality of thick materials. In the roughly 2pumto 5 pmrange,
eventhough the crystal quality is stillimproved, the carrier collection
efficiency becomes the dominant limiting factor, and the EQE decreases
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fromdifferent batches of growth solutions®. d, d-spacing.d, 8-260 XRD
comparisonbetween the bulk single-crystal and the transferred epitaxial
single-crystal thin film (on a PDMS substrate), showing that this growth-
and-transfer method does not degrade the material crystallinity. The FWHM of
the (400) peakin XRD w-scan suggests high-quality, single-crystal perovskite
thin films canbe grown over awiderange of temperatures, whichis applicable
for different materials in the perovskite family. The error bars show the range
from three measurements. e, PLand PL intensity comparisons between bulk
single crystals and transferred epitaxial single-crystal thin films, showing the
high quality of the transferred single-crystal thin films.

asthethicknessincreases. Current density-voltage (/- V) measurements
under 1-sunillumination of single-crystal MAPbI,-based photovoltaic
devicesinFig.2bshowasimilar trend. When the single-crystal absorber
thickness is below 2 um, increasing the single-crystal absorber thick-
ness canenhancethelightabsorptionand therefore the current density.
When the single-crystal absorber thickness is above 2 um, the light
absorption saturates (Supplementary Fig. 14). Further increasing the
single-crystal absorber thickness will reduce only the fill factor (FF)
and the open-circuit voltage (V) (inset of Fig. 2b), which isdue to the
strong interfacial charge accumulation caused by the weaker build-in
fieldinthe thicker films. Note that in Fig. 2b, the source of the V, data
for the /-V curves is different from that of the V. datain the inset.
The inset data are from in situ-fabricated devices with untransferred
single-crystal films, where any possible confounding factors from
transfer steps besides the thickness canbe minimized (Supplementary
Discussion 6 and Supplementary Fig. 15).
Weplottheslopeofthe/-Vcurve near the high-internal-field region (that
is, theshort-circuit current condition) and the low-internal-field region (that
is, the V. condition) asafunction of the absorber thickness (Fig.2c). Owing
tothesmallcontributionsfromextrinsicresistance (SupplementaryFig.16),
the slopes near these two regions can serve as anindication of charge col-
lectionefficiency’®. Ideally, asteep slope near the low-internal-field region
andaclose-to-zeroslope near the high-internal-field region represent fast
carrier transport and efficient charge collection. We find that devices with
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Fig.2|Thickness-dependent carrier transport and mechanical properties
of the single-crystal hybrid perovskite. a, EQE measurements of the
single-crystal hybrid perovskite with different thicknesses. Efficiency loss is
observed whenthe filmis either too thin or too thick, due toinsufficient
absorptionor carrier collection, respectively. Inset: the integrated current
density from the EQE measurements. Each box contains three datapointswitha
maximum value (top line),amean value (middle line) and a minimum value
(bottomline). The efficiency loss leads to alow short-circuit current density
(Jso)-b,J-Vmeasurements of single-crystal MAPbI, photovoltaics with different
absorber thicknesses fabricated using this growth-and-transfer method. The
insetshowsadecreaseinboth FF and V,,c withincreasing absorber thickness;
specifically, theinset V, results come frominsitu devices. The error bars show
therange from three measurements.c,/-Vslopesatthe low and highinternal
fields with different absorber thicknesses. Increasing the absorber thickness

athickness of 600 nmto 2 um present efficient charge extraction: further
increasingthe filmthickness will reduce the net field across the film. There-
fore, the collection has to rely more on the carrier self-diffusion rather
than field-driven drifting, where any potential barriers from trap states
will substantially decrease the collection efficiency. Consideration of all
the factors discussed leads to the conclusion that the optimal thickness
for the single-crystal MAPbI, thin film usedin this study isabout 2 um (see
Supplementary Table 1for more details).

Controlling the thickness of a single-crystal hybrid perovskite thin
film can also tailor its mechanical properties. For a general material:

Eh

2r

where g, is the maximum stress of the material, E'is the Young’s modu-
lus, histhe thickness and ris the bending radius. Reducing the material
thickness offers clear benefits in flexibility. Further enhancement of
the device integrity can be achieved by placing the film on the neu-
tral mechanical plane (NMP) (Supplementary Discussion 7), and the
minimal bending radius for a roughly 2-um-thick single-crystal film
canreach about 2.5 mm (Extended Data Fig. 5).

Oy
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will cause afield-dependent charge collection atboth the V,c and Js. regions.

d, Finite element analysis of the single-crystal perovskite thin filmwith an

NMP design atabending radius of 2.5mm. The top image shows the strain
distributionin the entire sandwich structure, where the bending strain mostly
occursinthe PET and SU-8/PDMS layers. The bottom image shows the strain
distributioninthe sandwiched single-crystal perovskite layer with all other
layers hidden, where the maximum straininthe single-crystal perovskite layer is
around 0.36%. e, Flexibility test results of the NMP design with different
single-crystal perovskite film thicknesses. A smaller thickness leads to asmaller
bendingradius, which shows the remarkable flexibility of these brittle crystals.
Inset: PLimages show morphologies and cracks of the film at different bending
radii. f, SEMimages at abending radius of about 2.5 mm, showing the relative
thickness of different layersinthe NMP design. The inset shows a magnified
cross-section of the single-crystal MAPbL,, illustrating the onset of fracture.

Figure 2d shows the simulated strain distribution (maximum principal
logarithmic strain) inapolyethylene terephthalate (PET)-MAPbI,-SU-8/
polydimethylsiloxane (PDMS)sandwich (top) aswellasonlythe perovskite
layer extracted from the NMP (bottom) when they are bent at a radius of
2.5 mm (see Supplementary Fig. 17 for other bending radii). The maxi-
mum principal strainin the majority of the single-crystal MAPbl, is less
than 0.25%; the largest value occurs near the edge due to Poisson effects
with a value of about 0.36%, whichis close to the fracture strain of this
material®®. Mechanical tests clearly show the outstanding flexibility
of single-crystal MAPbI, thin films under the NMP design (Fig. 2e; see
Supplementary Fig. 18 for details). PL mapping of aroughly 2-um-thick
single-crystal MAPbI, with the NMP design under different bending radii
shows that cracks begin to appear when the bending radius reaches
about2.5mm (Fig. 2e, inset). Corresponding cross-sectional SEM images
also show the onset of fractures at a bending radius of about 2.5 mm
(Fig.2f). The onset of the fracturesis further confirmed by the /-Vmeas-
urements under different bending radii (Supplementary Fig.19), dem-
onstrating the excellent flexibility and agreement with the simulations.

By feeding a continuous flow of precursors of different compositions
(Extended Data Fig. 6; see Methods and Supplementary Discussion 1
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Fig.3|Bandgap-graded single-crystal perovskite thinfilms.a, APLimage
(left) of the graded single-crystal MAPb s,,Sng s .I; grown ona MAPbBr,
substrate. MAPbBr;is chosen here as arepresentative example to show the
compatibility of this growth-and-transfer method in the perovskite family. The
darktin-rich areaisbecause of theinfrared emission of the tin-alloyed MAPbI,
beinginvisible onthe camera. The contrast hasbeen enhanced to better show
the colour difference. A corresponding opticalimage (right) shows the graded
MAPb, 5,,Sn, s I; without noticeable structural interfaces. b, UPS measurements
of samples at different growth times during the alloyed growth process: the
bottom being MAPb, ;Sn, sl and the top being MAPbI,. Inset: the VBM position
is calculated from the low-binding-energy cut-off and the high-binding-energy
cut-off, marked by the black vertical lines. ¢, UV-vis spectroscopy absorption
of single-crystal thin films with the same composition as the surface
compositionofthegraded structure at different growth times. Replacing tin
withleadinthe perovskite increases the bandgap. Inset: schematic showing
theenergy diagrambased on calculations using the UPS and UV-vis data. £,

for more details), bandgap-graded single-crystal hybrid perovskite
thin films can be achieved. MAPb, ;Sn I, is chosen as the upper limit
of the tin alloying concentration in this study. The resulting graded
bandgap, gradually transitioning from MAPb, ;Sn, sI; to MAPDbI,, is
evidenced by the clear red-infrared interface in the PL image (Fig. 3a,
left, and Supplementary Fig. 20). The bandgap-graded single crystal
is stable without noticeable lead ion or tin ion migration or change in
concentration gradient driven under an electrical field (Supplementary
Fig. 21). Note that unlike conventional heterojunctions, no structural
interface exists in the graded layer (Fig. 3a, right). The trap density in
thegradedsingle crystalis comparable to that of apure MAPbI, single
crystal (Supplementary Fig.13c) and almost two orders of magnitude
lower than that of a heterojunction with an abrupt interface (Supple-
mentary Fig. 22).

We combine ultraviolet photoelectron spectroscopy (UPS) and ultra-
violet-visible spectroscopy (UV-vis) to characterize the energy band
structure of the graded single crystalinthe growth process (Supplemen-
tary Discussion 8 and Supplementary Fig. 23). The UPS data show that

bandgap energy; Spiro, the hole transport layer 2,2/,7,7-tetrakis-
9,9~-spirobifluorene (spiro-MeOTAD).d, SEM images and corresponding EBIC
mapping of cross-sections of three different single-crystal perovskites: MAPbI,
(top), graded MAPb 5,,Sn, s I; (middle) and MAPb,, sSn 5I; (bottom). The EBIC
results show uniform currentintensities for MAPbl;and MAPb, ;Sn, sI;and a
gradient currentintensity for graded MAPb,.,Sn, 5s_,l;. €, Representative -V
curves of MAPbI;, MAPb,, sSny sl;and graded MAPb,, 5., Sn, 5,15 single-crystal
photovoltaic devices. The MAPb, s,,Sn, s_,13 single-crystal photovoltaic device
shows the best performanceamong the three, due to the enhanced/sc and
relatively high V. f, Transient photovoltage measurements show thatthe
gradedsingle-crystal MAPb, 5,,Sn, s I; shows arelatively long carrier lifetime
duetothe easier exciton separation and charged carrier collection facilitated
by the graded bandgap. Inset: ToF measurements show that the carrier
mobilityingraded single-crystal MAPb, 5., Sng 5,15 is close to thatinthe
compositionally uniformsingle-crystal MAPb, ;Sn, sl;. The inflection points of
the photocurrent curves are marked by the dotted lines.

the valence band maximum (VBM) position becomes lower (Fig. 3b) and
the UV-visresultsreveal that the bandgap becomes larger (Fig.3c) asthe
growth continues. Thesummarized band structure of the MAPby 5,,Sn, s 15
graded single-crystal is presented by the inset schematics in Fig. 3¢c. As
thegrowth progressesand moreleadisincorporatedintothe crystal, the
position of the VBM becomes lower, and the position of the conduction
band minimum (CBM) also becomes lower, but not as dramatically as
the VBM. The changes in VBM and CBM result in a gradually increasing
bandgap from the bottom (MAPb, sSn, ;) to the surface (MAPbL,), and
thebandstructure of MAPb, s,,Sn, s_J; is also supported by first-principles
calculations (Extended Data Fig. 7 and Supplementary Discussion 9).
Figure 3d shows electron-beam-induced current (EBIC) mapping results
along the cross-sections of three different single crystals. The composi-
tionally uniform MAPb,, ;Sn, I, (Fig. 3d, bottom) generates a higher cur-
rent than the compositionally uniform MAPbI, (Fig. 3d, top), indicating
easier exciton formation, charge dissociation and charge collection in
MAPb, sSn, s, owing to its lower bandgap and weaker exciton binding®.
ThegradedMAPb,;,.Sn, s 1; (Fig. 3d, middle) shows agradually decreasing
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Fig. 4 |Flexible bandgap-graded single-crystal perovskite photovoltaics.
a, Anopticalimage showing an array of flexible single-crystal photovoltaic
islands witha total working area of 6.25cm?(0.5cm x 0.5cm x 25). Inset: a
cross-sectional SEM image of the single-crystal perovskite photovoltaic
device.b, Negligible/-Vhysteresisin the graded single-crystal MAPb s,
Sn,s-l; photovoltaic devices. ¢, Cycling test results of the graded photovoltaic
deviceatr=5mm.Inset:/-Vcurves at different bendingradii.d, /sc asafunction
ofilluminationintensity for graded single-crystal MAPb 5,,Sng s_,15,
polycrystalline MAPb, sSny sl;, and polycrystalline MAPbI; photovoltaic
devices. The polycrystalline devices tend to deviate fromalinear relationship
athigherintensities due to degradationin the absorber. The degree of
dispersionisreflected by the shaded regions. e, Thermal and humidity stability

current when the tin content is reduced from 50% at the bottom to 0% at
the surface. Any possible contribution from the top gold electrode that
may have introduced a higher recombination rate has been excluded
(Supplementary Fig. 24). EQE measurements show the median aver-
age current density in the graded absorber compared with MAPbI, and
MAPb, ;Sn, l;, indicating the existence of an engineered bandgap (Sup-
plementary Fig. 25)./-V measurements reveal the overall performance
of these three different absorbers (Fig. 3e). Both the MAPb, sSn, sl; and
the graded MAPb,5,,Sn, s, l; absorbers give a higher short-circuit cur-
rent density (/sc) than MAPDbI,, as alloying tin with the lead decreases the
bandgap and the exciton binding energy. However, MAPb, ;Sn, I, shows
amuch lower V,c compared with MAPbI,, because of its higher defect
concentrations, shorter carrier lifetimes and lower bandgap. Surprisingly,
the graded MAPb,;,,Sn, 5_1; gives a relatively high /. and has the best
overall performance amongthe three absorbers (Supplementary Fig. 26).

We combine calculations and experiments to understand the high V.
ofthegraded MAPb,5,,Sn, s_,l;. The calculation results show adecrease
in carrier effective mass (for both electrons and holes) when more tinis
incorporatedinto lead perovskites (Extended Data Fig. 7). ToF results
show that the carrier mobility inthe graded MAPb s.,Sn, s_ 15 ison par
with thatin MAPb, ;Snl; (Fig. 3f, inset). However, transient photovolt-
age measurements show that the carrier lifetime inthe graded structure
ismuch higher than thatin MAPb,, ;Sn 51, (Fig. 3f), contradictory to our
understanding that adding tin into lead perovskites normally results
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testresults of the graded single-crystal MAPb, 5,,Sn, s l5, polycrystalline
MAPDb, sSn, sl;and polycrystalline MAPbI,. Unencapsulated devices are used in
only the humidity stability test. The ageing times for the thermal and humidity
stability tests are2hand 30 min, respectively. RH, relative humidity. f, Long-
termshelf-stability test results (over 11 months) of the graded single-crystal
MAPDb, 5., Sng 55, polycrystalline MAPb, sSn, sI; and polycrystalline MAPbI,
photovoltaic devicesinadark dry box. A top SU-8/PDMS layer also covered the
polycrystalline photovoltaic devices to maintain the same encapsulation. The
single-crystal photovoltaic devices show much better stability in terms of PCE
thantheir polycrystalline counterparts. Error bars show the range from three
measurements with differentaperture positions.

inalower carrier lifetime because of the high recombination rateintin
perovskites??2, We ascribe the measured high carrier lifetime in the
MAPb,;5,,Sn, s J;toitsgraded bandgap, whichis similar to the built-in
field of a p—n junction. The graded bandgap of the MAPb,5,.Sn, s 15
facilitates the carrier separation, transport and collection with an
extended carrier lifetime (Supplementary Discussion 10 and Supple-
mentary Fig. 27)*%, resulting in arelatively high V.

We integrate the single-crystal thin films in various devices.
Single-crystal perovskite light-emitting diodes have been demonstrated
using this growth-and-transfer method (Extended DataFig. 8). The pixel
size canrange from1pumto 100 pm, with potential applications for flex-
ibledisplays with tunable colour, high resolution, high stability and high
quantum efficiency. Furthermore, this growth-and-transfer method
allows the engineering of the material morphology and orientation®. A
textured anti-reflective single-crystal perovskite photodetector shows
improved performances over one with a flat surface (Extended Data
Fig.8). Thefocus of this study is photovoltaic devices. Shownin Fig.4a
is a flexible array of photovoltaic devices in an island-bridge layout®,
with eachisland asingle-crystal perovskite photovoltaic device inter-
connected by the metallic bridges. The corresponding cross-sectional
structure ofanislandisillustratedintheinset of Fig. 4a. The mode value
of power conversion efficiency (PCE) ofa0.5cm x 0.5 cmisland under
a3 mm x 3 mm mask is 15-17% for single-crystal MAPbl,, and 17-19%
for graded single-crystal MAPb, ;,,Sn, s_,I; (Supplementary Fig. 26).



The highest PCE that has been measured is 20.04% under the initial
reverse scanning. To further improve the single-crystal device per-
formance, surface/interface passivation and strategic layer design are
needed. Most devices show negligible /-V hysteresis at different scan
ratesand directions (Fig. 4b). The entire array of graded single-crystal
MAPb, ., Sny s_1; photovoltaics shows an overall PCE of about 10.3%
with a working area of about 9 cm? (Supplementary Fig. 28).

In mechanical testing, the flexible photovoltaic device undergoes
bending-straightening cycles. The islands in the middle of the array
experience the most bending (Supplementary Fig.29) and are therefore
selected to demonstrate the mechanical stability of the entire array
(Fig.4c; seeSupplementary Fig. 30 for the otherislands). Atr=5mm,a
smalldecreasein V,c (from100%t0 96.5%) and /. (from100% to 94.9%),
and a decay in FF (from 100% to 93.7%) are observed after a 300-time
cycle. The decrease may be due to the increase in series resistance
caused by the interfacial delamination. Further decreasing r causes
asubstantial drop in V., Jsc and FF, which possibly results from the
material failure (for example, cracks in the absorber) (Fig. 4c, inset).
Polycrystalline photovoltaics of the same device configuration show
substantial performance degradation under the same cyclic bending
tests (Supplementary Fig. 31), which may be caused by the fast material
and device degradation at the grainboundaries during bending (Sup-
plementary Discussion 11 and Supplementary Fig. 32)*%.

Stress-stability test results, in which the /s is measured as a func-
tion of light intensity, are presented in Fig. 4d. Owing to the lack of a
way to realize lead-tin composition gradients in the polycrystalline
structure without junction formation, only MAPb,, ;Sn, sI;and MAPbI,
havebeen fabricated in polycrystalline photovoltaics for comparison
(Supplementary Discussion 12). Therelationship between J;c and light
intensity for the graded single-crystal MAPb, 5,,Sn, s_,l; photovoltaics
is close to linear, indicating good charge collection®®. Single-crystal
photovoltaics of graded MAPb s,,Sn, s_, 15, MAPb, ;Sn, sI, and MAPbI,
show similar stress stability (Supplementary Fig. 33). However, the

Jsc—lightintensity curves for polycrystalline MAPb, sSn, 51, and MAPbI,

photovoltaics tend to deviate from the linear relationship at higher
light intensities, probably due to degradation facilitated by the pres-
ence of grain boundaries.

Figure 4e shows single-crystal photovoltaic devices have better sta-
bility than polycrystalline devices under different thermal and humidity
conditions (see Supplementary Discussion 12 for the humidity con-
trol, and Supplementary Fig. 34 for additional humidity and thermal
stability comparisons). Thermogravimetric analysis confirms that
the single-crystal film decomposes at a higher temperature than the
polycrystalline film (Supplementary Fig. 35). Insitu X-ray photoelectron
spectroscopy (XPS) results reveal that degradation factors (for exam-
ple, pinholes and grain boundaries) in the polycrystalline structure
facilitate oxygen and moisture diffusion, leading to arapid oxidization
of Sn*" and overall degradation rate?*?**° (Extended DataFig.9). Besides,
single-crystal devices show a slower decay than polycrystalline devices
with the same measurement conditions and encapsulationin1,000-h
continuousillumination stability tests under 1-sunintensity by tracking
the maximum power point®*? (Extended Data Fig.10). Such a difference
is attributed to the suppressed ion migration and the intrinsic slow
self-doping effect in the single crystals (Supplementary Discussions 13
and 14).In addition, to manifest the difference in the single-crystal and
polycrystalline perovskites, we replace the thermal/light sensitive
2,2',7,7-tetrakis-9,9-spirobifluorene (spiro-MeOTAD) with the more
stable poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine)*. The stability
differences among those devices become even more pronounced (Sup-
plementary Fig. 36). Finally, long-term shelf-stability studies (Fig. 4f
and Supplementary Fig. 37) further prove that single-crystal devices
have much better stability than their polycrystalline counterparts
regardless of the composition (Supplementary Discussion14 and Sup-
plementary Figs. 38-41).
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Methods

Materials

The materials usedin this study were purchased for direct use without
further purification, which include lead iodide (Pbl,, 99.99%, Tokyo
Chemical Industry), methylammonium iodide (MAI, 99.9%, Greatcell
Solar), tiniodide (Snl,, anhydrous 99.99%, Sigma Aldrich), tin(ll) chloride
dihydrate (SnCl,-2H,0, 98%, Sigma Aldrich), spiro-MeOTAD (LT-S922,
Luminescence Technology), 4-tert-butylpyridine (Sigma Aldrich),
bis(trifluoromethylsulfonyl)amine lithium salt (Sigma Aldrich),
chlorobenzene (TCI America), anhydrous acetonitrile (99.8%, Sigma
Aldrich), anhydrous ethanol (Sigma Aldrich), anhydrous dimethylfor-
mamide (DMF, 99.8%, Sigma Aldrich), anhydrous gamma-butyrolactone
(Sigma Aldrich), indium tin oxide-coated polyethylene terephthalate
(PET/ITO, Zhuhai Kaivo Optoelectronic Technology, Visiontek Sys-
tems), poly(pyromellitic dianhydride-co-4,4"-oxydianiline) (polyim-
ide precursor, Sigma Aldrich), 1I-methoxy-2-propanol acetate (SU-8,
MicroChem) and polydimethylsiloxane (PDMS, monoglycidyl ether
terminated, average molecular weight M, = 5,000, Sigma Aldrich).

Device fabrication

Patterned ITO/PET substrates were first cleaned with water, acetone and
isopropylalcoholinan ultrasonication bath for 15min, respectively. The
substrates were then treated by oxygen plasmafor 3 min before coating.
The SnCl, solution (0.045 g SnCl,-2H,0 in 2 ml of anhydrous ethanol)
was spin-coated at 5,000 r.p.m. for 40 s followed by 2 h 0of 150 °C bak-
ing to serve as the electron transporting layer. The coated substrates
were then used for single-crystal hybrid perovskite thin-film transfer
inthelithography-assisted epitaxial-growth-and-transfer method (see
Supplementary Discussion 1for details). After all the transferring and
etchingsteps, spiro-MeOTAD solution was spin-coated asthe hole trans-
porting layer at 3,500 r.p.m. for 30 s onto the ITO/SnO,/single-crystal
perovskite substrate. The obtained samples were loaded intoavacuum
chamber for gold deposition. A mixture of SU-8 and PDMS was coated
onto the gold layer for overnight curing. For the polycrystalline MAPbI,
devicefabrication, 0.2026 g of MAl and 0.5877 g of Pbl, were dissolved
into 1mlof DMF/dimethyl sulfoxide (DMSO) solvent (DMF:DMSO =19:1)
toformaclear precursor solution. It has been found that the traditional
4:10r 9:1 (refs.>**) solvent ratio sometimes results in milky coloured
films. Then 75 pl of the precursor was dropped ontop of aprepared sub-
strate (ITO/Sn0,) and the spin speed was setat 6,000 r.p.m. for 30 s. At
the seventhsecond, 500 pl of diethyl ether was quickly dropped at the
centre of the substrate. After spin coating, the substrate was transferred
onto a hotplate (110 °C) for 5min. Ablack MAPbI; polycrystal thin film
was achieved. For MAPb,Sn,_1;, MAl was fixed at 0.2026 g for all of the
different compositions. The calculated amounts of Snl, and Pbl, were
dissolved into 1 ml of DMF/DMSO solvent (DMF:DMSO =19:1) to form
clear precursor solutions. Then 75 pl of precursor solution was dropped
on top of a prepared substrate (ITO/Sn0,) and the spin speed was set
at 6,000 r.p.m. for 30 s. At the tenth second, 500 pl of diethyl ether
was quickly dropped at the centre of the substrate. After spin coating,
the substrate was transferred on a hotplate (110 °C) for 5 min. A black
MAPb,Sn,_I; polycrystal thin film was achieved. It is worth pointing
out that if any cloudy or milky colour appears, the dropping of the
antisolvent should be moved to a slightly earlier time.

Characterization

All SEM images were taken using a Zeiss Sigma 500 SEM. All optical
images were taken using a Zeiss Axio Imager Optical Microscope. The
XRD data were measured by a Rigaku 393 Smart lab diffractometer
equipped with a CuKal radiation source (1=0.15406 nm) and a Ge
394 (220 x 2) monochromator. The TEM images were taken using an
FEI200 kV Sphera microscope. Samples for the TEM were prepared
using a frozen focused ion beam (FEI Scios Dual Beam FIB/SEM). /-V
measurements were carried out using a Keithley 2400 source meter

under a simulated air mass of 1.5 irradiation (100 mW cm™) and a
xenon-lamp-based solar simulator (Oriel LCS-100). The same shadow
mask was used during the device measurement to avoid edge effects for
small-area photovoltaic devices. A monocrystalline silicon photovol-
taic device (Newport 532,1S01599, calibrated by the National Institute
of Standards and Technology) was used for light intensity calibration
before allmeasurements. EQE data were collected by illuminating the
device under monochromatic light using a tungsten source (chopped
at 150 Hz) while collecting the photocurrent by a lock-in amplifier in
thea.c.mode. Thelightsource spectrumresponse was corrected by a
calibrated silicon diode (FDS1010, Thorlab). Energy dispersive X-ray
spectroscopy linear scanning was performed through a field emis-
sion environmental SEM (FEI/Phillips XL30 ESEM) system. The EBIC
was collected using a FEI Scios Dual Beam microscope with a Mighty
EBIC 2.0 controller (Ephemeron Labs) and a Femto DLPCA-200 pre-
amplifier. For the cross-section configuration measurements, the thin
single-crystal perovskite sample was pre-deposited with electrodes
ontwo flatsides by electron-beam evaporation. Then, the sample was
loaded onto the EBIC holder fixed by fast-dry silver epoxy. The accelera-
tion voltage and current were 15kV and 15 pA, respectively. The EBIC
and SEMimages of the same region of interest were collected simultane-
ously. UPS and XPS measurements were carried out on the surface of
the epitaxial single-crystal perovskites films using Kratos AXIS Supra
with aHel(21.22 eV) source under 108 torr chamber pressure. UV-vis
and absorption spectra were collected using a Perkin Elmer Lambda
1050 UV-vis system under the reflection mode. Adhesion force tests
and cycling bending tests were performed using an Instron Machine
(5965 Dual Column Testing Systems) system. For cycling bending tests,
aspeed mode was used to fix the bending curvature of the device
with an extrusion speed of 1 mm min™. Bending curvature mapping
measurements were finished by an HDI Advance three-dimensional
scanner (GOMEASURE3D). The devices were fixed onto a series of
three-dimensional-printed plastic rods with designed radii to carry
out the curvature mapping experiments. ToF was measured by the
extraction time in the transient photocurrent to calculate the carrier
mobility. Anexternal bias of 0.5V was used to power the devices witha
resistor connected in series. Transient photovoltages were measured
with an oscilloscope (Agilent MSO6104A Channel Mixed Signal). A
pulsed laser with a pulse width of less than 107° s was used as the light
source. PL and time-resolved PL measurements were performed with
aconfocal microscopy system focusing amonochromatic 6-ps-pulsed
laser with a x4 objective lens (numerical aperture 0.13) under 1-sun
intensity. Samples were measured ina dark environment at room tem-
perature. The trap density was measured using the space-charge limited
current method by a Keithley 2400 source meter and a customized
probestationinadark environment. Devices were deposited withgold
electrodes by electron-beam evaporation. Thermogravimetric analysis
was conducted with a Netzsch STA 449 F1Jupiter system. All samples
were prepared ongeneral glass slides without any other materialsintro-
duced. The temperature increase rate was kept at about 1°C min™ to
avoid possible fluctuations.
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Extended DataFig.1| The mechanism of the lithography-assisted
epitaxial-growth-and-transfer method. a, Detailed schematic growth steps.
L, patternwidth; L, distance between two patterns; L., growthlengthinthe
x-yplane; L, growthlengthinthe vertical zdirection. b, Detailed epitaxial
merging steps shown by SEMimages (top view). First, individual single-crystals
grow out of the mask. The lattice orientation of the epitaxial crystalsis the
same, whichis controlled by the substrate. Then the individual crystals

Lxu

Step 3 Step 4

The minimal controlled thickness
equals to the half value of the

The crystals can only grow
vertically after merging.

pattern distance.
Thickness=L,=L,.=L 2 Growth direction
Crystal 1 Crystal 2

gradually expand and contact with each other. Nolattice tilting or twisting can
be found. Finally, completely merged single-crystal thin films are formed,
wherenograinboundaries canbeseen.c, Titled SEM images of different
growth behaviour under different growth temperatures and precursor
concentrations. Low temperature and concentration canresultin thin films
(left), whereas high temperature and concentration lead to rods (right).



Extended DataFig.2|Characterizations of interfacial crystal quality. isnoobvious lattice dislocation or polycrystalline structure formed at the
High-resolution TEM studies of transferred single-crystal MAPbI; on different interface, indicating that there-adhesion/re-growth process maintains the
substrates (for example, gold for metals, glass for oxides and PDMS for single-crystal properties of the transferred materials.

polymers) using this growth-and-transfer method. The results show that there
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Transferred single-crystal MAPbl, thin films
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Extended DataFig. 3 |Scalingup the fabrication method. a, Freestanding
transferred single-crystal MAPbI; thin films fabricated by soft polymer masks

to epitaxially grow the single-crystal MAPbI, thin film (left) and a transferred
and corresponding bulk substrates. b, Alarge bulk substrate (left) thatis used

single-crystal MAPbI; thin film using arigid copper foil (20 um thick) as the
mask (right).
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Extended DataFig.5| The NMP design. a, Schematics for calculating the images under different bending conditions. The single-crystal perovskite
position of the NMP. The SU-8/PDMS top layer is critical for minimizing the (about 2 pm thick) can be successfullybenttor=2.5mm. All opticalimages

strainin the single-crystal perovskite layer. b, Optical (left) and SEM (right) sharethe samescale bar. AllISEM images share the same scale bar.
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Extended DataFig. 6| The growthsetup for the bandgap

single-crystal perovskites. a, Schematic growth processes with continuously
exchangingthe precursor solution, which allows the formation of the alloyed
structure along the epitaxial growth direction. The perovskite substrate sitsin
aPDMS growth mouldin precursor solution1. Adifferent precursor solution 2
isfed with designed rates (depending on the solution volume, a calculation

-graded

example canbe seeninSupplementary Discussion1). b, Opticalimages
showing two representative kinds of graded single-crystal perovskites. The
alloyed regionis at theinterface (about1 mminwidth, depending onthe
alloying rate) between the different coloured crystals. Organic cations,
inorganicatoms and halides canall be alloyed.
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Extended DataFig.7 | Density-functional theory simulations of thegraded
single-crystal perovskites. a, Calculation results showing electronic band
structures of the graded single-crystal MAPb, 5., Sny 5_,15. All structures show
directbandgaps attheTl point. The Fermilevelisnormalized tothe VBM, to
show the shrinking tendency of the bandgap. b, Calculated effective masses for
electronsand holesin the graded single-crystal MAPb, 5,,Sn, s I withan
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increasing tin concentration. The decreasing effective massesindicate
increasing mobilities of both electrons and holes. The enhancement for holesis
more pronounced thanforelectrons. ¢, Graded single-crystal MAPb, 5., Sng s ,I;
(left) showingagraded bandgap in comparison with the flat bandgap of
conventional MAPDI, (right).
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Extended DataFig. 8|Single-crystal perovskite thin-film light-emitting
diodes and photodetectors fabricated using this growth-and-transfer
method. a, Transferred single-crystal MAPbBr; arrays with each pixel about
100 pm by 100 um. Inset: the transferred single-crystal MAPbl; micro
light-emitting diode arrays with each pixelabout1pmby1pum.b, SEMimages

showing the textured single-crystal MAPDbI, thin film as a photodetector. Inset:

amagnified SEMimage of the cross-sectional structure of the device. P,
polyimide. ¢, Finite-difference time-domain optical simulation of the overall
absorptionby the textured structure (left) and the flat structure (right). The
absorption by the textured thin filmis much higher than that by the flat one
because of the anti-reflective effect.d, EQE measurements of different device

morphologies. The textured single-crystal film shows the highest quantum
efficiency, which comes from the reduced surface reflections. e, Dark current
measurements onboth textured and flat single-crystal devices show that the
currentlevels are similar, indicating the pinhole-free and high-quality thin
films. The higher light current of the textured device reveals its higher
absorption compared with the flat device. f, Responsivity results show that the
textured devices are more sensitive to theinput power. The inset shows that the
textured devices exhibit a higher detectivity thanthe flat devices. The
decreasing tendencies of the responsivity and detectivity at high input power
may be due to the material degradation under strong light intensities.
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Extended DataFig. 9 |Insitu XPS depth profile studies of different crystal
structures. Inthesingle-crystal sample, only the surface areas are easy to be
oxidized, indicating that the self-doping in deep areas away from the surfaceis
relatively slow. Inthe polycrystalline sample, the oxidationis much fasterin
deep areascompared with the single-crystal samples, indicating that the grain
boundaries facilitate the oxidation process.
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Extended DataFig.10|Long-time continuousillumination stability tests.
a-d, Summarized trackingresults of /s (a), Vo (b), FF (c) and PCE (d). The
differences betweensingle-crystaland polycrystalline devices arenot as large
as for the shelf-stability testsin Fig. 4f, which may be because of the poor

thermalstability of the hole transportlayer (spiro) used in all of these devices.
Inany case, relatively speaking, single-crystal devices show abetter stability
than polycrystalline devices.
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