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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-umlayer 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
DataFig. 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. c, 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 that ratio 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 carriers in
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
fromthree 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
inset showsadecreaseinboth FFand V,,c withincreasing absorber thickness;
specifically, theinset V. results come frominsitu devices. The error bars show
therange from three measurements.c,/-Vslopes at the 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
forthe single-crystal MAPbI, thin film usedin this studyisabout 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 layersin the 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 agreementwith 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 .l; 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 MAPDI,. 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
compositionofthe graded structure at different growth times. Replacing tin
withleadinthe perovskite increases the bandgap. Inset: schematic showing
the energy 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_,1; single-crystal photovoltaic device
shows the best performance among the three, due to the enhanced /sc and
relatively high V. f, Transient photovoltage measurements show that the
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 MAPb, 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,
Snys-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, ;Sn, 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,,,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.,Sny s_ 1, ison par
with thatin MAPb, ;Sn I, (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??, We ascribe the measured high carrier lifetime in the
MAPb,;5,,Sn, s s 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). The focus 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 ofanislandisillustrated intheinset 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 /-Vhysteresis at different scan
ratesand directions (Fig. 4b). The entire array of graded single-crystal
MAPb,;.,Sny s_I; photovoltaics shows an overall PCE of about 10.3%
with aworking 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 MAPDbI,
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 Data Fig.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 adifference
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
isopropylalcoholinanultrasonication 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 ahotplate (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/Sn0O,) 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; Ly, 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 crystals is the
same, whichis controlled by the substrate. Then the individual crystals

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 SEMimages 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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Extended DataFig. 3 |Scalingup the fabrication method. a, Freestanding
transferred single-crystal MAPbI; thin films fabricated by soft polymer masks
and corresponding bulk substrates. b, Alarge bulk substrate (left) thatis used
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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 successfully benttor=2.5mm. All opticalimages

strainin the single-crystal perovskite layer. b, Optical (left) and SEM (right) share the samescale bar. AllISEM images share the same scale bar.
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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 than the 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 a better stability
than polycrystalline devices.
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Supplementary Discussion 1: The lithography-assisted-epitaxial-growth-and-transfer
method.

With a set of unique optoelectronic properties' ™, organic-inorganic hybrid perovskites have
become an important material family for photovoltaics. Compared to their well-studied
polycrystalline counterpart’, single-crystal perovskites have shown higher carrier transport
efficiency and stability due to lower defect concentrations®®. Besides, their uniform orientations
provide possible approaches to understand the orientation-dependent carrier behaviors’'', where
the variations are ascribed to anisotropically distribute trap densities. Highly oriented near-
single-crystal polycrystalline perovskite photovoltaics with the enhanced performance have been
reported' ", indicating an exquisite control of crystal orientation can be an effective strategy to
boost the photovoltaic efficiency”'!, which is impossible to achieve in polycrystalline
photovoltaics due to the random grain.

However, challenges for single-crystal perovskite photovoltaics remain in terms of material
growth: no growth method has demonstrated simultaneous control over material thickness and
area, or growth of a single crystal with a composition gradient®'®, yet these are closely tied to
photovoltaic performance. For optimal charge carrier collection efficiency in hybrid perovskite
devices, a film needs to be sufficiently thin'’; for practical device integration, the thin film needs
to be grown over a reasonably large area.

So far, several attempts have been reported to control the crystal dimensions, such as
mechanical cutting, roll-imprinting, and space confinement. However, those methods either lack
precisely control in both the thickness and area or have strict substrate condition requirements.
Single-crystal MAPbIs-based photovoltaics was reported with 21% efficiency by the space

confinement method'. However, clamping growth solutions between two holders for the crystal
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growth into the nano/micro scale in a controllable way is challenging. Crystallization will always
happen at the interface with the air by solvent evaporation, which disturbs the following thin
crystal growth. Any solvent residues can result in serious interface hydration formation and
dissolve the charge transport layers assembled during the thin film growth process'®. The roll-
imprinting method for fabricating single-crystal MAPbI; photovoltaics was reported with 4%
efficiency®. Even though the thickness of as-fabricated single-crystal MAPbI; can reach 500 nm,
the requirements on the printing substrate restrict the device structure to be lateral, which limits
the performance of subsequent devices. Thin single-crystal MAPbI; films could also be
fabricated by mechanical cutting and etching'’. However, the thickness is still not considered to
be sufficiently thin, and the wet chemical etching may damage the perovskites as well. More
importantly, none of the existing crystal growth methods has achieved the material composition
gradient, and thus the graded bandgap in hybrid perovskite crystals'®, despite its potential ability
to maximize light absorption and enhance carrier collection efficiency.

To overcome those challenges, we report a solution-based lithograph-assisted-epitaxial-
growth-and-transfer method. The general process of the growth/transfer method is presented in
Fig. la and Supplementary Fig. la. Here, parylene (or polyimide, PI) is used as the transfer
layer'”, and no metal or other electron transport layer/hole transport layer (ETL/HTL) layers are
needed during the growth/transfer process. We fix the pattern geometry to be 1 um by 1 um, the
thickness of parylene (or PI) can vary from 2 um to 10 pm. One of the single-crystal perovskite
substrates is placed into a polydimethylsiloxane (PDMS) growth mold and covered by a
patterned parylene (or PI) layer. Before the growth, a freshly prepared MAPbI; gamma-
butyrolactone (GBL) (1M) solution is evaporated under 80 °C for 6 hours to achieve a near-

saturated condition, which is used as the growth solution. Otherwise, because of the high
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solubility of MAPbI; in GBL solvent, the growth solution will immediately dissolve parts of the
single-crystal substrates and destroy the pattern.

For epitaxial single-crystal perovskite thin films growth, the as-prepared growth solution is
heated up to a preset temperature. The growth mold is then placed into the pre-heated growth
solution for a particular amount of growth time. Precise thickness, area, and shape control of the
epitaxial single-crystal thin films can be achieved by adjusting the growth temperature, time, and
the lithography layout. The design of the growth mask serves as the mechanism for controlling
the thickness of the epitaxial layer.

During the growth process, the epitaxial single-crystal perovskites (e.g., MAPbI;z or
MAPDBr3;) grow three-dimensionally under the natural behaviors of this kind of material. No
additional capping agents or physical covers are used to control its growth behavior. Initially,
small crystals nucleate on patterned growth sites, each having an epitaxial relationship with the
substrate. As growth continues, the small crystals gradually expand and merge, forming
a monolithic single-crystal film. The overall growth process can be divided into four steps
(Extended Data Fig. 1a). In step 1, photolithography has been applied to generate masks on the
single-crystal perovskite substrate. The schematic cross-section shows that the width of the
pattern (L,) and the distance between the patterns (L,) are about the same (L,=Ly). If L, is too
large, it is impossible to peel off the epitaxial film because the connection between the epitaxial
layer and the substrate is too strong. In step 2, the growth starts. The epitaxial crystals fill the
pattern openings, until the horizontal level of epitaxial crystals and the top surface of the mask
are about the same. In step 3, the epitaxial crystals are growing out of the pattern openings,
where the growth rate in x-y directions (ry.,), in principle, equals the rate in the z direction (7, 7,

,=r:). Therefore, the grown lengths in all directions (Ly.,, L.) are considered to be the same (L,
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y=L.). As the growth continues, adjacent crystals will start to merge. The thickness of such a
merged thin film L. is only half of the L,. The smaller the designed L, the thinner the epitaxial
film. In step 4, the epitaxial crystals fully merge into a continuous thin film and grow only in
thickness.

Because the epitaxial nature of the growth process, all crystals grown from the individual
exposed area have the same lattice structure, morphology, and orientation, which are all
determined by the substrate®. When two adjacent epitaxial crystals are growing large enough to
contact with each other, there will be no tilting or twisting of the lattice at the interface.
Therefore, no grain boundaries will be formed when adjacent crystals are merging with each
other.

The different stages during the growth/transfer growth process can be revealed by scanning
electron microscope (SEM) images, which may better illustrate the merging of the epitaxial
crystals (Extended Data Fig. 1b). Also, the high-resolution transmission electron microscope
(TEM) image in Figure lc can clearly reveal the chemical epitaxial relationship between the
substrate and the as-grown thin film. X-ray diffraction (XRD) measurements in Figure 1d also
serve as additional evidence that the epitaxial crystals have the same orientation as the substrate.

Additionally, it has also been found that the growth rate in different directions can be
effectively tuned by using different growth temperatures and precursor concentrations (Extended
Data Fig. 1c). At a low growth temperature, the growth rates in all directions are low because of
the temperature-reversal growth behavior. The growth rate would be surface reaction controlled.
Then the precursor molecules have sufficient time to diffuse and adsorb at the most energetically
favorable locations. The tri-phase interface between the single-crystal perovskite, substrate

surface, and the growth solution is more favorable for nucleation and growth than the bi-phase
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interface between the single-crystal perovskite and the growth solution. Therefore, the precursor
molecules would prefer to adsorb at the tri-phase boundary, which contributes to the growth in
the x-y directions. This is also why in the literature, almost none of the freestanding bulk single
crystals has perfect cubic shapes. The footprint of these bulk single crystals on the substrate is

always larger than their hejghtsl4,21,22

. The same analysis applies to the scenario when the growth
rate is low at a low precursor concentration. With the same pattern design, high growth
temperature and precursor concentration lead to vertically standing rods. Because of the high
growth rate under the high temperature and concentration, the crystals would quickly consume
the precursor molecules in their vicinity. The growth rate is diffusion controlled. Precursor
molecules would be depleted in between the crystals, and therefore the growth along the x-y
directions is slowed down due to the internal competition for precursor molecules. The growth
rate would be dependent on the precursor diffusion from the bulk solution, which is from the z
direction of the crystals. Fresh precursor molecules would first arrive at the top surface of the
crystals and thus contribute to the fast growth along the z-direction of the crystals.

After epitaxial growth, an in-plane rotation of the parylene (or PI) together with the top
epitaxial thin film is necessary to break the connected single-crystal micro-rods between the
epitaxial single-crystal layer and the single-crystal substrate; otherwise, directly lifting up the
epitaxial layer will break the epitaxial single-crystal layer.

The whole process can be divided in six steps (see Supplementary Fig. la for detailed
schematics). In step 1, a single-crystal perovskite substrate is placed into a PDMS growth mold
for epitaxial growth. The height of the substrate does not need to be the same as the depth of the

pattern in the mold. If the surface of the substrate is lower than the surface of the PDMS mold,

the epitaxial crystals will fill the gap first and then grow out. If the surface of the substrate is
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higher than the surface of the PDMS mold, the attached soft mask can tightly cover the substrate.
In step 2, a soft pre-patterned parylene (or PI) film is fixed with two glass holders on the two
ends as a mechanical handle. Then, the mask is attached to the PDMS mold. In step 3, the growth
solution is introduced to the growth mold for the epitaxial growth, with controlled temperature,
time, and precursors. In step 4, the epitaxial single-crystal films can grow out of the mask with
different thicknesses, morphologies, and compositions, depending on the growth conditions. In
step 5, the top parts (i.e., the epitaxial film and the parylene or PI mask) need to be partially
lifted up to separate the glass holder and the PDMS substrate. The rotational movement of the
substrate is still restricted by the PDMS holder. In step 6, the parylene or PI-glass holder will be
rotated to break the connection. The substrate will be detached from the growth mask.

Optical images in Supplementary Fig. 1b show the top (left) and the bottom (right) sides of
the single-crystal MAPbI; after the in-plane rotation. The broken single-crystal micro-rods can
be clearly seen in the soft transfer mask. XRD @ scan and photoluminescence (PL)
measurements (Supplementary Fig. 1c and 1d) have also been used to further study the crystal
quality before and after the in-plane rotation. From the XRD results, no obvious change can be
found, indicating the crystal quality before and after the in-plane rotation is similar. PL
measurements exhibit a comparable result, where the full-width-at-half-maximum (FWHM)
values do not have a noticeable change before and after the in-plane rotation. Note that the PL
measurements give narrower peaks from the bottom side compared with the top side, because the
bottom surfaces are freshly broken from the bulky parts, whose defect levels are found to be
much lower than the existing surfaces that have been treated by solvents®*>’.

After the in-plane rotation step, the following re-adhesion process can be divided into two
types. For the simple transferring purpose, diethyl ether can be used as an assistant antisolvent

7



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

for transferring onto arbitrary substrates. It is worth to point out that the antisolvent for single-
crystal perovskite transfer in this work is fundamentally different from that in depositing the
polycrystalline perovskite, where the antisolvent is used to quickly wash the precursor solvent
(e.g., dimethylformamide, DMF, and dimethyl sulfoxide, DMSO) to uniformly and rapidly
crystallize the polycrystalline perovskite. In this work, the anti-solvent is to facilitate the transfer
process in a more convenient way when no strong interfacial adhesion force is needed. The weak
adhesion provided by the antisolvent is sufficient for experiments such as taking SEM images,
measuring thickness-dependent properties, and characterizing the crystal quality of the
transferred single-crystal film. As a commonly used anti-solvent in polycrystalline perovskite
thin film deposition, diethyl ether has strong volatility and does not dissolve the perovskite.
Therefore, diethyl ether can be used as a re-adhesion solvent.

The adhesion force between the perovskite single crystals and the substrates has been
measured (Supplementary Fig. 2). It is clear to see that the simply attached single-crystal
perovskite shows no adhesion at all (Supplementary Fig. 2b), indicating the Van der Waals
contact and possible micro-gaps between two solids. Also, different antisolvents have similar
adhesion forces (Supplementary Fig. 2c¢).

However, for device fabrication, a strong interfacial contact is critical. Therefore, it is
necessary to spin coat a very thin layer of supersaturated growth solution onto the target
substrate first, followed by transferring the single-crystal thin film onto the substrate and baking
it under 80 °C for 1 hour. The thin solution layer between the single-crystal thin film and the
substrate will introduce a secondary re-growth process: the supersaturated solution will be
gradually dried under heating, while new perovskites will be crystallized from the solution. The

transferred single crystal film will serve as an epitaxial substrate for growing the new single
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crystals. As the growth is going on, the new single-crystal perovskite can not only fill any micro-
gaps between the two solids but also achieve strong adhesion with the substrate, in a similar way
to the spin-coating process. The bonding introduced by the crystal growth has been proved to be
able to exhibit a good adhesion with the substrate*, and the measured strong adhesion force
confirmed our analysis (Supplementary Fig. 2d).

Finally, the parylene (or PI) can be removed by dry etching or direct peeling off, depending
on the thickness of the parylene (or PI) mask. For the dry etching of the parylene (or PI), O, (or
Cl, and Argon) plasma serves as the etchant, which has been reported to damage perovskite by
introducing a series of decomposition reactions™. Even though accurate etching power and time
are needed to remove the polymer mask and minimize the plasma damage, surface
decomposition after dry etching is inevitable. The surface after dry etching has to be cleaned to
remove any decomposition residues. Here, a supersaturated MAPbl; GBL solution will be used
to clean the surface by dynamic spin coating followed by 80 °C baking for 1 min. Detailed
changes in this step are presented in Supplementary Fig. 3. After the dry etching, periodic
features can be seen from the SEM image (Supplementary Fig. 3a). The zoomed-in SEM image
shows very rough morphology, which should be resulted from the plasma damage.

After washing the perovskite surface with the saturated GBL solution, the rough surface
becomes very smooth without any noticeable particles or residues. By using the saturated
solution, the perovskite will be minimally dissolved, but the non-perovskite materials can be
quickly washed away by the GBL. atomic force microscopy (AFM) measurements confirm the
observations by the SEM (Supplementary Fig. 3b). XRD @ scan and PL measurements also
confirm the dramatic changes before and after washing the perovskite film with the saturated
GBL solution (Supplementary Fig. 3c and 3d). Before the washing, the FWHM of the XRD
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peaks is around 0.065, and the PL signals are very weak, indicating that the crystal quality has
been degraded a lot by forming non-crystalline residues. However, the FWHM of the same
sample after washing can be effectively reduced to be around 0.03, and the PL signals are much
enhanced, showing that surface defects induced recombination has been largely reduced after
washing.

A continuous growth system plays a critical role in realizing the graded single crystals.
Otherwise, there will be clear structural interfaces of heterojunctions, which will serve as carrier
recombination centers, decreasing the device performance®. The continuous growth system is
realized by setting two pumping systems to the growth solution: one injects new precursors while
the other extracts supernatant precursors (Extended Data Fig. 6a). A 20 mL container with an
open hole is used to hold the growth solution. The open hole can drain unneeded precursors for
realizing the continuously changed compositions in the growth solution. A single-crystal
perovskite substrate in a PDMS holder is placed into the glass container. Then, perovskite
precursor 1 is added into the container, where the top of the solution is at the same level as the
bottom of the hole to make sure that the solution can be timely and effectively washed out. After
that, a glass tube is inserted to the bottom of the container to serve as the feeding source of a
different perovskite precursor 2 for changing the growth solution composition. The feeding
speed is dependent on the growth speed (e.g., growth temperature, precursor concentration) and
the container volume, and can change with different setups.

Here we are sharing our recipes as a reference: if a ~5 mm thick graded crystal needs 2
hours to grow at certain conditions, the whole solution (precursor 1) needs to be fully exchanged
in 2 hours. With a container volume of 5 mL, the pumping speed should be 41.67 ul min™. If a

high temperature/concentration and a smaller container are used, the growth time for 5 mm
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thickness may be reduced to 1 hour. Using a volume of 3 mL, the pumping speed should be 50 pl
min™'. For very small thickness growth, the growth time is much shorter. If 0.5 mL 1 M solution
is used under 80 °C, then the pumping speed is 1 ml min™ for growing a 2 pm thick film.

It is important to note that the injected new precursor (precursor 2) needs to be pre-heated to
the same temperature as the growth condition. Otherwise, the freshly mixed solution during the
precursor exchanging will not be able to reach the preset temperature, which makes it difficult to
identify the real growth temperature. The lukewarm solution may also dissolve the already
grown epitaxial single-crystal thin crystals/films. We can design different pumping speed to
grow different gradient profiles. This method is applicable to general hybrid perovskites. Graded
single-crystal perovskites can be grown with different ion combinations and ratios of cations and

anions (Extended Data Fig. 6b).

Supplementary Discussion 2: Interfacial quality studies in the growth/transfer process.

The interfacial adhesion between different layers of materials in single-crystal perovskite
electronic devices is one of the major challenges. In particular, the interface between single-
crystal perovskite and other functional layers (e.g., ETL, HTL) can substantially determine the
charge transfer and the device performance. Therefore, it is important to understand the
interfacial quality in the growth/transfer process. In the growth/transfer process, there are two
steps that involve the usage of solvents to treat the interface of the single-crystal perovskite thin
films. The first is to do the re-adhesion/re-growth in the transfer process. The second is to wash
the single-crystal perovskite surface after dry etching.

1. Re-adhesion/re-growth process.

11
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In the re-adhesion/re-growth step, the supersaturated growth solution is firstly spin-coated
onto the target substrate. Then, the peeled-off single-crystal MAPDI; thin film is attached to the
supersaturated growth solution on the substrate. Finally, the entire system is placed onto a
hotplate until full growth of new single crystals from the spin-coated supersaturated growth
solution. In this whole process, the substrates are only playing as inert “holders” to mechanically
support the spin-coated growth solution and are not chemically involved in the growth process.
The substrates do not react with the solution or the perovskite materials. Therefore, the growth
behaviors, crystal structures, and interface properties of single-crystal perovskite should not be
influenced by the substrates. To clearly reveal the quality at the interface, systematic studies
include TEM, XRD, optical topography, PL, temperature-dependent Hall mobility, time-resolved
PL, trap density, transient photovoltage (TPV), transient photocurrent (TPC), adhesion force, and
contact angle have been performed. Besides, different kinds of substrates have also been studied
to qualify substrate independence. The detailed discussions can be seen below.

Different from the case of preparing polycrystalline perovskite films, the perovskite solution
is spin-coated onto a substrate, followed by annealing, where the crystal quality has been proven
to be substrate-dependent. The major reason is that those interfacial properties of the substrate
can largely influence nucleation, growth, and formation of the perovskite and may cause an
incomplete conversion from the precursor to crystals during the rapid deposition process '
However, the mechanism of preparing single crystals in this study is totally different. Unlike the
rapid crystallization process in the spin-coating method, the process in this study is epitaxial
growth, where the transferred single crystal thin film is serving as the real epitaxial substrate for

interfacial crystal growth. The nominal substrate at the bottom is only providing the mechanical
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support for the growth process. Therefore, the substrate properties should have minimal
influences on the quality of interfacial crystals.

The overall crystal quality of the transferred single-crystal MAPDI; after the re-adhesion/re-
growth process on different substrates has been studied by XRD and PL. XRD @ scan has been
performed for the transferred single-crystal MAPbI; on different substrates (Supplementary Fig.

3133 1t can be seen that the

8a), whose FWHM is commonly used to evaluate the crystal quality
FWHM of the XRD peaks does not show noticeable changes with different kinds of substrates.
PL measurements (Supplementary Fig. 8b) also exhibit similar results, where both the intensities
and the FWHM of the peaks do not change with different substrates, indicating that the
possibility of radiative recombination and the crystal quality are similar to each other™*.
However, substrates with different wetting behavior of the precursor solution will influence
the adhesion force between the crystals and the substrate. If wetting is poor, even though the re-
growth can still happen, the bonding between the single crystal and the substrate will be weak.
Adhesion forces have been measured under good and poor wetting conditions on different
substrates. Usually, the wetting is considered to be poor if the contact angle is between 90° and
180°, and good if the contact angle is less than 90° (Supplementary Fig. 9). The contact angle
can be roughly controlled by adjusting the time for treating the substrate surface using ultraviolet
light ozone (UV-o0zone) or oxygen plasma. As long as the time of substrate treatment is enough,
all substrates used in this study produce similarly high adhesion force of the single-crystal
perovskite. For example, even though the PDMS surface is one of the most difficult substrates

for achieving good wetting with the precursor solution, we found 10-min UV-ozone treatment to

be enough to achieve good wetting. A good wetting condition can always result in a strong
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adhesion force, regardless of the substrates. Good adhesion between the single-crystal perovskite
and the substrate is necessary for achieving high-performance photovoltaic devices.

To reveal the interfacial crystallinity at the interface, interfacial cross-section of the crystals
on different substrates has been studied by high-resolution TEM. Specifically, Au, glass, and
PDMS substrates are chosen to represent metals, oxides, and polymers. The results can be seen
in Extended Data Fig. 2. All of those high-resolution TEM results show distinct boundaries
between the single-crystal thin film and the substrate, where no noticeable polycrystalline or
amorphous structures can be found in the single-crystal MAPbIs, indicating that the re-
adhesion/re-growth process maintains the high-quality lattice structure of MAPbI;. The reason is
that the re-adhesion process is also an epitaxial growth process: during the re-adhesion process,
the transferred single-crystal MAPbI; thin film actually serves as the real “substrate” to guide the
epitaxial growth. The transferred single-crystal MAPDI; thin film, which will not be dissolved in
the supersaturated solution, can be considered as a huge “seed crystal” to guide the epitaxial
growth. At a relatively slow growth rate of the chemical growth compared with the rapid
dynamic spin coating, it is favorable to form epitaxial single crystal from the supersaturated
solution. Therefore, the re-growth process will always follow the epitaxy and maintain a high-
quality lattice structure.

Additionally, hybrid perovskite includes organic and inorganic components. The results
from the high-resolution TEM show only the inorganic framework. It is worthwhile to
quantitatively investigate the influence of the sensitive organic component’ on the trap and
defect states.

(1) Thickness-dependent PL studies.
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Thickness-dependent PL has been studied to investigate the interfacial crystal quality.
Supplementary Fig. 4a shows the schematic setup: a transparent substrate (glass) has been used
to perform the re-adhesion/re-growth process so that the confocal laser beam is able to access the
interfacial area. A control device with a simple physical contact to the glass substrate has also
been measured. With different focal levels, as shown in Supplementary Fig. 4b, the PL intensity
decreases because of the self-absorption from deeper focal levels in the single-crystal perovskite.
The corresponding FWHM of the PL peaks at different focal levels show that the interfacial
regions in both devices have the largest FWHM (Supplementary Fig. 4c), indicating relatively
lower crystal quality at the interface compared with those in the bulk. Such a relatively lower
crystal quality at the interface can also be revealed from the thickness-dependent carrier lifetime,
carrier mobility, crystallinity, and trap density (Extended Data Fig. 4b and 4c, and
Supplementary Fig. 13).

The re-adhesion/re-growth device exhibits a slightly larger FWHM value than the control
device near the interface, which means the re-adhesion/re-growth step reasonably degrades the
interfacial crystal quality in comparison with naturally grown single crystals. The mechanisms
are discussed in the following paragraphs.

(2) Hall mobility studies.

Hall mobility has been used to provide additional evidence for evaluating the interfacial
crystal quality. In general, interfaces formed under different conditions can significantly
influence the charge dynamics. Supplementary Fig. 5a shows the schematics of the measurement
setup. A control device is fabricated by depositing four Au electrodes using E-beam evaporation

on top of one surface of a single-crystal perovskite. The results in Supplementary Fig. 5b show
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that the interfacial Hall mobility in the growth/transfer device exhibits a moderate loss and a
slightly larger variation compared with the control device.

To understand the mechanism of the interfacial mobility loss, temperature-dependent Hall
measurements have been used to study the interfacial scattering. In theory, the main factor for
determining the carrier mobility is the scattering: impurity scattering and phonon scattering,
36,37

which can be described by the Matthiessen's Rule

1 1 1
N +
u Mimpurities Uiattice

where p is the actual mobility, Uympyrities 15 the mobility of the material if impurity is the only

source of scattering, and f;,¢tice 1S the mobility of the material if phonon is the only source of
scattering. Normally, with an increasing temperature, phonon concentration increases and starts
to dominate the scattering. Theoretical calculations have already revealed that the mobility

in perovskite is dominated by phonon interaction at room temperature”®*'

, where the relationship
between the mobility and the temperature is expected to be described by an inverse power-law
with g o« T73/2 | The effect of impurity scattering, however, decreases with increasing
temperature because the average thermal speeds of the carriers are increased. These two effects
operate simultaneously on the carriers through Matthiessen's rule: at lower temperatures,
impurity scattering dominates; while at higher temperatures, phonon scattering dominates.

From the measurements, all devices exhibit an inverse power-law temperature dependence
(Supplementary Fig. 5¢). In the high temperature tetragonal phase, the power exponents are fitted
to be -1.46 and -1.44 for the control device and the growth/transfer device, respectively. The

power exponents being very close to -3/2 suggests that phonon scattering (in the form of a

deformation potential scattering) is dominating the charge transport in both tetragonal phases,
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and the difference between the two devices is negligible. However, as the temperature decreases
to around 150 K, the crystal undergoes a transition from the tetragonal phase to the orthorhombic
phase with a relatively abrupt changing of mobility. After that, even though the mobility
continues to increase with cooling, power exponents become smaller, around -0.47 and -0.33 for
the control device and the growth/transfer device, respectively. The change of the power
exponents associated with the phase transition suggests that the carrier scattering in the
tetragonal and orthorhombic phases are governed by different mechanisms. The smaller power
exponent obtained suggests an enhanced weight of impurity scattering, where such a
phenomenon is more noticeable in the growth/transfer device, indicating an increased impurity
scattering.

3) Interfacial trap density studies.

Interfacial trap densities of a similar device setup have been measured to confirm the Hall
mobility studies. The results are seen in Supplementary Fig. 6. Here, the SiO, layer is deposited
by sputtering to control the measurement heights in the thickness direction of the single-crystal
perovskite. The thicker the SiO; layer, the further the measured region is away from the interface.
The results also show a similar trend to the Hall mobility studies, confirming that the re-growth
step can slightly degrade the interfacial crystal quality, which is reflected by a higher trap density
of the growth/transfer device.

Additionally, we measured the overall carrier lifetime and carrier mobility using TPV and
TPC to estimate how the interfacial quality can influence the overall crystal properties.
Supplementary Fig. 15b and 15¢ show the measurement results. The growth/transfer process can

decrease the carrier mobility and lifetime by ~4-5%, which is considered to be insignificant. The
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interfacial quality can be improved by surface/interface passivation to enhance the device
performance.

Based on all studies above, we conclude that in the growth/transfer process, the substrates
do not play a role more than a mechanical support. The as-transferred single-crystal MAPDI; thin
film serves as the real “substrate” to guide the epitaxial growth. As long as the transferred single-
crystal MAPDI; is not dissolved in the supersaturated solution, the subsequent re-growth/re-
adhesion process will always result in the single-crystal structure rather than the polycrystalline
structure at the interface. Although the interfacial crystal quality shows slight degradation
because of a higher level of impurity scattering as evidenced by the temperature-dependent Hall
mobility measurements, the physical lattice structure and the crystallinity near the interface of
the growth/transfer device do not change. The measured electronic dynamics of the
growth/transfer device are on par with those of the bulk single crystals.

2. The GBL solution washing process

In the GBL solution washing process after dry etching, the non-crystalline residues on the
surface of the single-crystal film can be effectively removed (Supplementary Fig. 3). SEM and
AFM studies confirm the dramatic change of morphologies. XRD @ scan and PL measurements
confirm the dramatic change of crystal quality before and after washing the perovskite film with

the saturated GBL solution. Detailed discussions can be seen in the Supplementary Discussion 1.

Supplementary Discussion 3: The scaled growth/transfer process.

The size of the single-crystal perovskite thin films can be scaled up by multiple
transfer/fabrication. Additionally, refining the growth/transfer process can be effective in scaling
up the thin film size. Basically, the growth/transfer process can be divided into three stages: 1.

18



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

Epitaxial growth; 2. Peeling off; 3. Transferring. The scale can be further increased by
addressing the following aspects.

For the first stage of epitaxial growth, the larger size of the growth substrate and the
patterned mask, the larger area of the epitaxial single-crystal perovskite film. The large size of
the substrate can be achieved by enlarging the crystal growth time*’. The single-crystal
perovskite wafer of size 120 mm X 70 mm X 52 mm has been demonstrated®. The size of the
parylene (or PI) patterned mask can be as large as what the stranded lithography process allows.

For the second stage of peeling off, the most critical thing is to avoid breaking the epitaxial
single-crystal perovskite film. The larger the single-crystal thin film, the higher the possibility of
forming cracks. When the single-crystal thin film is larger, the size of the connected micro-rods
and the mask are also larger. Therefore, it will be more difficult to avoid bending during the in-
plane rotation. In this study, the transfer yield is found to be lower with larger single-crystal thin
films, because the larger single-crystal thin films are easier to be broken during the in-plane
rotation process. Even though increasing the thickness of the mask layer can help, the size with
acceptable yield is still within ~2 cm X 2 cm. To solve this problem, replacing the soft mask with
a more rigid mask (e.g., Cu foil) is found to be effective. A patterned Cu foil (20 pm thickness,
by laser drilling, Extended Data Fig. 3b) is used, which can realize ~5.5 cm X 5.5 cm single-
crystal perovskite film. The rigid Cu mask can largely avoid bending during the in-plane rotation,
which significantly reduces the possibility of breaking the epitaxial single-crystal perovskite.

Finally, for the stage of transferring, the only concern is that the mask should be able to be
etched without damaging the perovskite. Soft masks such as parylene (or PI) can be easily dry-

etched, which has minimal influence on the device performance, as discussed in the manuscript.
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For rigid masks, e.g., the 20 um Cu foil, the mask can be liftoff from the perovskite thin film
after the transfer.

Besides, the scaled fabrication of single-crystal perovskite microstructure arrays is also
feasible. Single-crystal perovskite-based light emitting diode (LED) devices have been fabricated
(Extended Data Fig. 8a). The pixel size can be anywhere from 1 um to 100 um, with potential
applications for flexible single-crystal perovskite LED displays with tunable color, high

resolution, high stability, and high quantum efficiency.

Supplementary Discussion 4: Crystal quality after the growth/transfer method.

XRD, optical topography, and PL have been used to study the epitaxial single-crystal thin
film fabricated by the growth/transfer method. During the growth/transfer process, there are two
major factors that will influence the quality of the as-prepared single-crystal thin films: epitaxial
growth and transfer/re-adhesion.

1. Epitaxial growth:

Because of the high solubility of perovskite in their growth solutions, the
concentration/growth temperature of the solution used in the growth/transfer method is important.
Too high concentrations/growth temperature will cause an inhomogeneous merging and result in
an inhomogeneous monolithic surface, which is reflected as a wide FWHM in the XRD
(Supplementary Fig. 11a-11c). In homo-epitaxial growth where there is no interfacial strain, such
XRD peak broadening can be due to the small crystalline size, as explained by the Scherrer
equation™:

K2
' ~ Bcos B

where 7 is the mean domain size, K is the shape factor, A is the wavelength of the X-ray, f is the
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broadening at the FWHM, and 6 is the Bragg angle. In a particular material, the domain size 7 is
inversely proportional to the f. Even though the sub-micrometer particles or crystallites in the
inhomogeneous monolithic thin films show the same orientation, they represent small domains
and result in the XRD peak broadening.

After optimizing the growth concentration/growth temperature, FWHM values in the XRD
o scan are studied to evaluate the mosaicity of the as-grown single-crystal perovskite thin films*.
Comparable FWHM values from the as-grown single-crystal thin films with the corresponding
bulk single crystals demonstrate their similar crystal qualities (Fig. 1d), which mean the
growth/transfer process will not sacrifice the quality of the as-grown epitaxial single-crystal thin
films. The growth/transfer method can potentially be applied to a general perovskite in the
perovskite family with very different growth temperatures and crystallization conditions.

2. Transfer/re-adhesion:

Even though the growth process can be well-controlled, the single-crystal thin film quality
can still largely degrade if a suitable transfer/re-adhesion process is not followed (Supplementary
Fig. 11d-11f1).

During the in-plane rotation, directly peeling off the epitaxial single-crystal films from one
side will break it into many pieces (Supplementary Fig. 11e top). This is because of the unique
growth process of the growth/transfer method: the epitaxial single crystals need to fill the pattern
first before growing out of the parylene (or PI) mask layer to merge into a thin film. Therefore,
the pattern in the mask layer is filled with single-crystal micro-rods that serve as the connection
between the epitaxial thin film and the substrate. Such a connection is strong and needs to be
broken before the transfer. Otherwise, the brittle single-crystal thin film can get easily broken.
Therefore, the in-plane rotation is critical to break those micro-rods and avoid breaking the
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epitaxial single-crystal during the transfer.

During the re-adhesion process, the concentration of the growth solution must be
supersaturated. Otherwise, the growth solution will etch the single-crystal thin films quickly and
may dissolve them partially, which lowers their crystallinity (Supplementary Fig. 11f).

The overall crystal quality fabricated by the growth/transfer is studied using PL with an
excitation wavelength of 533 nm. A well-controlled single-crystal thin film can not only exhibit
a similar PL spectrum, but also show an /p;/Ir (PL intensity/laser emission intensity) that is close
to the bulk crystals (Fig. 1e). However, a degraded single-crystal thin film shows a PL peak
broadening and an unstable /p;/Ix, similar to the polycrystalline thin film (Supplementary Fig.

12).

Supplementary Discussion 5: Diffusion length calculations.

The optimal thickness for the photovoltaic material needs to strike a balance between the
photogenerated carrier diffusion length and optical light absorption length. To ensure efficient
charge collection, polycrystalline perovskite films are usually made sufficiently thin. The
existence of crystallographic structural defects within the grain and at grain boundaries, where
defects serve as trap states causing serious charge recombination, can heavily limit the charge
carrier diffusion length to be typically less than 1 um*®*’. Prior studies have demonstrated that
this balance in spin-coated polycrystalline perovskite is attained for a material thickness of ~500
nm*®. Recently, with an advanced non-solvent method to produce low-defect polycrystalline
perovskite films, high-efficiency solar cells with thickness ~1.1 pm have been reported, where
the thick films are found to be more efficient on light conversion®. On the other hand, it has

been concluded that the incoming light should be mostly absorbed by the polycrystalline
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perovskite with a thickness around 2 pm™, indicating polycrystalline perovskite solar cells with a

thickness 0.6~1 pum can efficiently collect the free carriers but do not make the best use of light.
As the single-crystal carrier dynamics and light absorption behavior are different from the

polycrystalline®, it is necessary to re-investigate the best thickness for an single-crystal absorber.

According to the literature, the carrier diffusion length L, can be calculated by*’:

Kg'T-u-t
Lp = ’f

where K is the Boltzmann's constant, T is the temperature, p is the carrier mobility, T is the
carrier lifetime, and e is the electron charge.

To calculate L, for estimating a rough single-crystal perovskite thickness, the carrier
mobility and lifetime are measured by time of flight (ToF) and time-resolved PL under 1-Sun
intensity, respectively (Extended Data Fig. 4b and 4c). For the ToF measurement, all devices
share the same Au/single-crystal perovskite/indium tin oxide (ITO) structure fabricated by e-
beam evaporation and sputtering. By controlling the same deposition conditions for the ITO
layer (power, time, and gas flow), possible plasma damage to the sample is controlled to be
similar to each other.

The carrier mobility u can be calculated from the carrier transit time by**:

d2

#:W

where d is the thickness of the target region, V is the applied voltage, and t is the measured

carrier transit time. The average carrier lifetime of the single crystals is measured by time-

resolved PL!.
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Measured results show that both the carrier mobility and carrier lifetime are thickness-
related and exhibit saturating tendencies, which indicate a “maximum” Lj if the film thickness
increases to a certain level (Extended Data Fig. 4a). Usually, mobility will not change with
different thickness. However, unlike well-established solvent engineering in polycrystalline
perovskite thin film preparation, current perovskite single crystals grown by wet chemical

methods are found to have high surface defect centers>!

, which are orders of higher than
those in polycrystalline films>*. Additionally, thinner single-crystal films have a relatively higher
surface-to-volume ratio, indicating that the surface can play an important role, especially when
the surface properties are dominating. The reduced surface-to-volume ratio in thicker single-
crystal films will result in a better overall crystal quality with higher carrier mobility and lifetime
(Extended Data Fig. 4b and 4c).

To clearly exhibit such a property, thickness-dependent XRD, PL, and trap density”' have
been studied to quantitatively evaluate the crystalline quality of the epitaxial thin films
(Supplementary Fig. 13). The FWHM values from both XRD and PL decrease with increasing
the film thickness, indicating thicker films exhibit better crystal qualities. However, such
changes seem to plateau from ~20 pm, where there is almost no change with further increasing
the crystal thickness. To study the trap density, P-type devices have been fabricated with two Au
electrodes by e-beam evaporation. Devices with different single-crystal thicknesses are measured.
All samples are scanned under forward bias only with the same scan condition to avoid any
influence of hysteresis, and all samples are disconnected for 6 hours to avoid the polarization
influence from the previous scan to the next one™. The results also exhibit lower trap densities in
thicker devices, which correspond to an overall better crystal quality. Therefore, the calculated

carrier diffusion length shows a thickness-dependent phenomenon, which results from the
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saturated carrier mobility and carrier lifetime because of the better crystal quality in thicker

single-crystal thin films.

Supplementary Discussion 6: The in situ fabricated devices.

Different from the spin coating technique for preparing polycrystalline perovskite thin films,
lithography steps have been carried in the growth/transfer process, so the nano/micro fabrication
process needs to be considered as an influencing factor on the device performance. Generally
speaking, the shape of the current density-voltage (J-V) curve can roughly tell the cell
performance. Large series resistance can influence the short circuit current density (Js¢), but in
that case, the shape of the curve is normally s-shaped. If the fill factor (FF) is moderate, the
series resistance should be acceptable. However, the FF and open circuit voltage (Voc) do not
have a strong correlation. Relatively speaking, an FF greater than 75% can still have a low Voc.
The Voc is highly related to the bandgap and interfacial recombination. While the bandgap is the
same for all samples in this case, the interfacial recombination is sensitive to the surface defect
states.

Perovskite single crystals grown by wet chemical methods are found to have high surface

22,23

defect centers™?, which are orders of magnitude higher than those in polycrystalline films’>.

54-61

These surface defect states will mainly influence the Voc™ ™ . Even though many approaches

have been established to passivate the surface/interface defects in polycrystalline perovskite®®,
there is still a lack of strategy to passive single-crystal perovskites. Also, thinner devices have a
higher surface-to-volume ratio than thicker devices, and are thus more prone to operational errors
and easier to be influenced by the re-adhesion/re-growth and solution treatment (e.g., washed by

the GBL saturated solution). Evidence can be seen in Supplementary Fig. 15b and 15¢, where
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TPC and TPV measurements are used to qualify the carrier lifetime and mobility changes after
washing the single-crystal perovskite with different thicknesses by the GBL saturated solution. It
is clear that the crystal quality in a thinner film is more easily influenced by surface treatments.
Therefore, to isolate the influence of fabrication steps on the quality of the crystal
surface/interface and thus the Voc, particularly of the thinner films, devices based on the single-
crystal perovskite film without transferring (i.e., delamination, re-adhesion, or GBL washing)
have been fabricated. These in situ fabricated devices are used to characterize the Voc, which are
shown in the inset of Figure 2b. The configurations of these in situ fabricated devices are kept
the same as Au/poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA)/single-crystal
perovskite/TiO,/ITO, where PTAA is the hole transport layer patterned by photolithography and
etching, TiO; is the electron transport layer deposited by atomic layer deposition, and Au and
ITO are both electrodes deposited by sputtering (Extended Data Fig. 3). In such a structure
where no solvent treatment is applied, the influence of the fabrication steps on the Voc is
minimized. Also, because there is only one surface (top surface) that experiences the solution
treatment, the Voc values resulted from the in situ fabricated devices are more accurate and
revealing. So, we can study the dependence of V¢ on the single-crystal perovskite thickness in a
more accurate way and exclude the influence of other confounding factors from fabrication steps.
In the J-V curves of Figure 2b, the increase of V¢ from ~0.6 to ~2 pm is considered to be
because thicker films have better crystal qualities and are more immune to the fabrication steps
induced degradation in crystal quality. The decrease of Voc beyond 2 um can be explained by the
inset of Figure 2b. Without extra re-growth and solvent treatments, the single-crystal thin film
can keep its original best surface quality. A thicker film leads to a lower Voc, which is due to the
interfacial charge accumulation caused by the weaker build-in field in the thicker films. Note that
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even though in situ devices use a different structure from the growth/transfer devices, as long as
the structure of all in situ devices is the same, the conclusion of studying the thickness-dependent

Voc 1s valid.

Supplementary Discussion 7: The neutral mechanical plane (NMP) design and mechanical
simulations.

The NMP is defined as a conceptual plane within a beam or cantilever. When loaded by a
bending force, the beam bends so that the inner surface is in compression and the outer surface is
in tension. The NMP is the surface within the beam between these zones, where the material of
the beam is not under stress, either compression or tension. Therefore, if a critical material (layer)
of interest is sufficiently thin and can be located in/near the NMP, the generated strain in the
material will be diminishingly small. As such, this approach provides a means of rendering the
nominally brittle single-crystal perovskite as flexible (Extended Data Fig. 5a left).

To design such a structure, a result from a simple one-dimension (1D) bending is first

implemented to provide insights into this system (Extended Data Fig. 5a right)®:

h
E A, + E,A, + E5A,

where h is the distance from the bottom of the system to the neutral plane, d is the distance from
the bottom of the system to the middle plane of each individual layer, E is the Young’s modulus
of the given layer, and A is the cross-sectional area.

In this study, the thickness of the middle single-crystal MAPDI; is 2 um, and the modulus is
14 GPa; the thickness of the bottom polyethylene terephthalate (PET)/ITO is 70 um, and the
modulus is 2 GPa. Other device component materials, including ITO, SnO,, and Spiro-MeOTAD

are not discussed here to simplify the model. In addition to these layers, we first design a top
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layer with a suitable modulus and thickness to locate the NMP at the middle of the single-crystal
MAPDI; layer. For flexible or wearable devices, an overall small thickness is preferred for better
conformability with nonplanar surfaces and a smaller form factor. Therefore, a thin top layer in
the NMP structure is highly desired, which suggests that the top layer should have a modulus
similar to or larger than that of the PET/ITO. Here, we use a mixture of PDMS and 1-methoxy-2-
propanol acetate (SUS8) to form such a top layer. The purpose of mixing SU8 into the PDMS is to
increase modulus of the top layer. The resultant modulus of the SU§/PDMS is measured to be
around 2.5 GPa.

Based on these values and using the above equation, to locate the NMP at the center of the
perovskite layer (4 = d>) requires a thickness of 62 um for the top SU8/PDMS layer. Also, for the
entire structure (PET/ITO/SnOa/single-crystal perovskite/Spiro-MeoTAD/Au/SUS-PMDS),
because of the small thicknesses and generally symmetric positions of other additional layers, the
calculated NMP is still near the center of the perovskite layer, which indicates the simplified
structure is reasonable. This model provides a quick and simple approach to the initial design of
the multilayer stacks, as to place the critical components (i.e., the single-crystal MAPbI; layer)
near the neutral axis, thereby reducing the levels of strain it experiences during bending.

Still, discrepancies may arise between experimental observations and predictions from the
1D model, due to Poisson effects and large deformations of the system not accounted for in this
simple 1D bending equation. As such, to better design the system, we analyzed the full three-
dimension (3D) mechanical response of this system.

The commercial software package ABAQUS enables simulating the full 3D mechanical
response of the single-crystal perovskite devices. The composite layer (SUS/PDMS, single-

crystal perovskite, and PET) consists of 8-node linear brick elements (C3D8H). The simulation

28



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

implements values of the elastic modulus of SUS/PDMS, single-crystal perovskite, and PET of
2.5 GPa, 14 GPa, and 2 GPa, respectively. The simulation also implements linear elastic
constitutive models for each material but includes non-linear geometric effects (finite
deformation) to enable large out of plane deformation. In the simulations, the largest value of the
maximum principal strain is found to be near the edge of the single-crystal perovskite layer due
to 3D and Poisson effects. Computing this maximum value of strain at the critical radius of
curvature from the experiments (the one that induces fracture) allows for an estimation of the
failure strain of perovskite materials®’ (Supplementary Fig. 17). For our tested/simulated system,
this corresponds to a critical failure strain of ~0.36% for single-crystal perovskite layer, which
suggests this layer itself is quite brittle. Again, however, the overall system exhibits good
flexibility (maintaining mechanical integrity down to a bending radius of 2.5 mm) due to the
NMP design.

Finally, we should note, that in using these simulations, a few assumptions are made that
may not always be correct, depending largely on details of the fabrication process and the
experimental testing procedure:

1. Boundary conditions: In the 3D simulations, all layers are ideally attached, i.e., no slip or
de-bonding occurs. However, slip or de-bonding may occur during the experiments, e.g., if the
fabrication procedure does not lead to strong bonding between layers.

2. Input force (moment): Unlike in the experiments, a moment is applied to the device in the
simulation. As such, the resulting deformation in the simulation does not have a constant bending
radius of curvature along the length of the specimen.

3. Material parameters: The fabricated device may exhibit different material properties than

are used in the simulation (e.g., modulus of the perovskite). Likewise, the critical strain to cause
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fracture may be different from what is reported (e.g., in the literature) and the actual material
used in the experiments.

The results in Figure 4c do exhibit a discrepancy between the NMP structure and the
completed device structure. Different from a bending radius of » ~ 2.5 mm in the NMP structure,
the entire photovoltaic device exhibits a noticeable efficiency decrease at » ~ 3 mm. This
difference in bending radius should be due to the influences introduced by the additional layers
in the photovoltaic device, including ITO, SnO,, Spiro-MeOTAD, and Au, even though those

layers do not change much the overall NMP position of the single-crystal hybrid perovskite.

Supplementary Discussion 8: Bandgap measurements and calculations.

Ultraviolet photoelectron spectroscopy (UPS) measurements are carried out on graded
single crystals with different growth time. Because the graded single crystal growth is under
continuous solution exchanging, different growth time can result in different thicknesses and
surface compositions. Thus, the surface bandgap at different growth time can represent the
bandgap at different distances from the substrate interface of the graded bandgap single-crystal
thin film.

In the UPS measurements, He I (21.22 eV) is used as the radiation source. The position of
the electron affinity (Fermi level) versus vacuum is the difference between the high binding
energy cutoff (Fig. 3b inset) and the He I radiation energy (21.22 eV). The position of VBM is
the difference between the Fermi level and the low binding energy cutoff (Fig. 3b). Therefore,
the location of the valence band maximum (VBM) can be calculated from the UPS

68,69

measurements. Semi-log scale has also been plotted to double-check the cutting off positions™ ",

which can be seen in Supplementary Fig. 23. In the semi-log scale, there are no noticeable small
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intensities either, suggesting that the determination of the onset should be accurate. Additionally,
we carefully measure the onset again to get accurate calculations of the VBM in the semi-log
scale. We also compare the difference between the linear-scale and semi-log scale, and the
difference between them in this case is negligible.

To obtain the full band structure, the bandgap value also needs to be measured for
calculating the conduction band minimum (CBM). The bandgap values are measured via
ultraviolet—visible spectroscopy (UV-vis) in the reflection mode (Fig. 3c) and PL
(Supplementary Fig. 20a). Since the UV-vis light will penetrate deeper into the crystal than the
He-I, the UV-vis measurement represents an averaged bandgap of the different compositions
within the penetration depth. To precisely measure the bandgap of a single composition in the
graded structure, we use the growth solution, with the same composition as the surface of the
crystal at a particular growth time, to grow a single composition epitaxial single-crystal thin film.

The calculated entire band structure is presented in Fig. 3c.

Supplementary Discussion 9: First-principles density functional theory (DFT) calculations.

Structural and electronic properties of MAPbgsxSngsxI3 are calculated using first-
principles density functional theory (DFT). A 2 x 2 x 2 supercell of tetragonal MAPbI; are built
to model Sn-doped MAPbDI;, which contains a total number of 384 atoms with 32 Pb atoms. The
Pb atoms are substituted by Sn to build the MAPb s5:xSn 5s.xI3 supercells with x decreasing from
x = 0.5 to x = 0 in 0.125 decrements. This yields a total number of five structures. These
structures are fully optimized and used to calculate the density of states (DOS) and electronic
band structures.

DFT calculations are carried out using the Vienna Ab Initio Simulation Package (VASP)™.
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The core-valence interaction is described by the Projector-Augmented Wave (PAW)
pseudopotential. The electron-electron exchange-correlation function is treated using the
Generalized Gradient Approximation (GGA) parametrized by Perdew, Burke, and Ernzerhof
(PBE)"". The wave functions are expanded in a plane-wave basis set with a cutoff energy of 400
eV. All structures are fully optimized until all components of the residual forces are smaller than
0.03 eV/A. The convergence threshold for self-consistent-field iteration is set at 10” eV. The
Brillouin zone of the 384-atom supercells is sampled by the I" point for optimization. A denser .-
point mesh of 2 x 2 x 1 is used for the static run. Electronic band structures are calculated along
with the high-symmetrical points of body-centered tetragonal lattice’”.

With the Sn substitution, the Sn-I bonds are obviously shorter than the original Pb-I bonds.
Therefore, the cell volume shrinks as Sn concentration increases. Extended Data Fig. 7a shows
the calculated electronic band structures for MAPbgs«SngsxI3 with increasing the Sn
composition. The VBM for each structure is normalized to zero point. All structures show direct
bandgaps at the I' point. The bandgap energies calculated with GGA decreases as the Sn
composition increases. Although GGA is well-known to underestimate the bandgap energy, it
correctly shows a trend (relative energy) among models with similar crystal structures and

chemical compositions. Electron and hole effective masses are fitted near the band edges by:

1 1%,
m;  h? ok?
1 10%,
m; K% ok?

where m; is the electron effective mass, my, is the hole effective mass, # is the reduced Planck
constant, E- is the conduction band energy, Ey is the valence band energy, and k is the

wavevector. As shown in Extended Data Fig. 7b, m;, barely changes, while m;, decreases as the
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Sn concentration increases. This trend is obvious where the valence band becomes more
dispersive from x = 0.5 to x = 0. The results indicate a smaller hole mobility as the Sn
concentration increases in MAPD 5:xSng s«I3.

Further, to analyze the changes of band edges as a function of the Sn composition, we align
DOS for the five MAPby s5xSng s«I3 structures to Hydrogen 1s state in MA molecules. Because
the discrete energy level of the hydrogen atom in MA molecules is highly independent on the
band edge-derived states, the Hydrogen 1s state in MA molecules can be used as an energy
reference to determine relative positions of band edges. In this case, the VBM continuously
increases while the CBM barely changes as the Sn concentration increases (Extended Data Fig.
7¢). This trend is in good agreement with our experimental results and indicates that the decrease

of the bandgap as the Sn concentration increases is mainly induced by the increase of VBM.

Supplementary Discussion 10: Improved performance by the graded band structure.

To explain possible reasons for the enhanced performance in bandgap-graded single-crystal
MAPDb, 5+xSng sxI3 photovoltaics, several experiments have been designed. The main reasons are
found to be the enhanced Js¢ and relatively high Voc.

For the Jsc, it is due to the Sn doping, which results in reduced bandgap and exciton binding

energy in comparison with the MAPbI;">"

. Both the light absorption range and the excited
carrier concentration in the MAPby 5+xSng s.<I3 get enhanced, which leads to an enhanced output
current. This phenomenon is reflected by the electron-beam-induced current (EBIC) and external
quantum efficiency spectra (EQE) measurements. From the EBIC results, uniform current
intensities exist in the MAPbI; and MAPb, sSng sI; while a gradient current intensity is measured

in the MAPbg 5:xSng s«I3. The reduced current in the Pb area is due to a broader bandgap and a
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higher exciton binding energy. The uniform current intensity distribution in the single-crystal
MAPDI; and compositionally uniform MAPbgsSngsls also serves as additional evidence for the
absence of twins or small angle grain boundaries during the expanding/merging growth process.
From the EQE measurements, the larger absorption range and higher current density of the
MAPDbD 5:xSngs<I3 than the MAPbI; indicate that the Sn doping decreases the bandgap and
therefore enhances the EQE.

For the Vo, it is related to the bandgap and the recombination in a particular photovoltaic
structure”"’. Sn doping normally largely decreases the Voc of the photovoltaics because of the

decreased absorber bandgalp73’78

. However, the Voc in the MAPbD 5:xSngs«xI3 photovoltaics is
only slightly decreased from that of the MAPbI;. To investigate the possible reason of the high
Voc of MAPby s5:xSng 5«13, the carrier mobility and lifetime have been studied by ToF and TPV,
respectively. For the carrier mobility, it’s clear to see that the mobility of the MAPb 5:xSng 5«13
has been improved to as high as that of the MAPb sSny 515 (Fig. 3f inset), which is because of the
high intrinsic mobility in Sn-based hybrid perovskite’. For the carrier lifetime, even though
doping the Sn to Pb perovskite in a uniform composition single crystal normally largely
decreases the lifetime, the graded Pb-Sn single crystal exhibits a relatively long lifetime among
the three single crystals (Fig. 3f). Given the same (Au/single-crystal perovskite/ITO) device
structure in the measurements, such a large carrier lifetime in the MAPby 5:xSng 5«13 is because of
the graded bandgap of the MAPby s5:xSngs.«I3. In the EBIC mapping in Fig. 3d, the interfacial
region of graded MAPby 5:xSng s.xI3 (within ~20 nm from the interface with the substrate, whose
composition is very close to MAPby sSng sI3, see Supplementary Figure 27) always gives a higher
current signal than the compositionally uniform MAPb, sSng 513, which also suggest a lower local

recombination rate.
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Compared with the typical absorber band structure, the graded band structure can have a
positive influence on the carrier transport: we can divide the graded bandgap into innumerable
individual bandgaps of an innumerable series of heterojunctions connected back to back. Each
individual junction serves two functions: a light absorber and an ETL/HTL for its neighboring
junctions. The latter function is absent in a typical single composition absorber. The
recombination possibility of as-generated charge carriers in the absorber is largely

79,80
d

suppresse , which leads to a relatively high Voc in the MAPby 5:xSng s<I3 photovoltaics.

Supplementary Discussion 11: Improved bending stability of the single-crystal
photovoltaics.
Researches have already studied the mechanical properties of perovskite in both

67,81-85

polycrystalline and single-crystal structures . Even though both are considered to be brittle,

the modulus in the polycrystalline perovskite is founded to be slightly higher than that in the
single-crystal perovskite®, which may be because of the anisotropic mechanical properties in

single crystals®”

. Therefore, single-crystals perovskite with smaller modulus promises better
integration with the human body for wearable applications.
So far, the stability issue has been considered to be the most critical factor in hindering

applications of perovskite devices® !

. Different from the polycrystalline structure in most of the
current perovskite devices, the single-crystal structure has proved to have much better stabilities.
In polycrystalline perovskite, O, and moisture can easily go through the entire thickness of the
layer from the innumerable grain boundaries to react with the perovskite and degrade the device

performance’>”

. Polycrystalline perovskite devices have been widely studied for years, but their
intrinsic stability problems are still not solved. Grain boundaries also contribute to a higher
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defect density, a stronger carrier recombination, and an easier ion migration”*'%. In flexible
devices, multiple-time bending can inevitably deteriorate the grain boundaries, potentially
increasing the charge transfer barrier and carrier recombination rates, and accelerating material

- 97,99,101-103
degradation””*”

. However, grain boundaries are absent in single-crystal perovskites,
suggesting that flexible devices made of single-crystal perovskites may exhibit enhanced device
lifetime and stability.

This hypothesis is tested and confirmed by experimental data. Polycrystalline photovoltaics
show significant performance degradation under the same cyclic bending tests (Supplementary
Fig. 31), which may be caused by fast material and device degradation at the grain boundaries
during bending. Single-crystal devices of the same device configuration exhibit much better
stabilities under cyclic bending tests, indicating noticeable advantages of flexible devices based
on single-crystal perovskites.

To further prove this conclusion, cycling-dependent material properties have been studied
by using XRD @ scan and lateral current -voltage (/-V) characterizations (Supplementary Fig.
32). The size of polycrystalline and single-crystal films, and the two Au electrodes deposited by
e-beam evaporation, are fixed to be the same for all devices. Lateral conductivity of the
polycrystalline film after 300-time bending at a radius of 5 mm decreases to be only 31.1% of the
intact one. In contrast, lateral conductivity of the single-crystal film still maintains 83.7% of the
intact one, indicating a lower charge transfer barrier in the single-crystal film generated by the
cyclic bending. XRD @ scan results support this conclusion. The FWHM of the polycrystalline
film after bending becomes larger while the peaks from the single-crystal film does not change
noticeably, which evidently indicates that single-crystal thin films are more resistant to fatigue.

Consider the same operational conditions, such a difference is attributed to the deteriorated grain
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boundaries (increased series resistance) and the degraded materials (e.g., impurities, ion
migration, and decomposition) in the polycrystalline thin film in comparison to the single-crystal
film.

Considering the high intrinsic structural defects and the instability issue of polycrystalline
perovskite, replacing polycrystalline films with single-crystal films for flexible devices may

provide a way for better device performance and longer device lifetime.

Supplementary Discussion 12: Photovoltaic device performance tests.

Each single-crystal photovoltaic device (0.5 cm X 0.5 cm) in the array is individually
measured with a shadow mask. If not specified, all tests are using one MAPb 5:xSng 5«3 single-
crystal photovoltaic device in the array without bending. The device in the center of 5 by 5 array
is selected to do all of the measurements. The polycrystalline photovoltaic devices are also
coated with SU8/PDMS top layers for fair comparisons. All tests (except the stress stability tests)
are under constant 1-Sun from a standard solar simulator source with air mass 1.5 global filters.
A 10 min light soaking is applied to all of the measurements. A small desktop fan is used to
dissipate the heat generated by illumination.

In the stability comparison tests between the single-crystal and polycrystalline photovoltaics
(Fig. 4d-4f), two compositionally uniform polycrystalline films (i.e., MAPbI; and
MAPDb sSng sI3), and a graded Pb-Sn single-crystal film are used, because there is currently no
method to deposit graded polycrystalline films. We adopt the same HTL/ETL contact interfaces
for the polycrystalline photovoltaics as the graded single-crystal photovoltaics, because the

30104 Eor the thermal

interfaces are paramount in photovoltaic device performance and stability
stability, the devices are all completed with PET and PDMS encapsulation. Then, the devices are

37



844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

placed into an oven for aging. Because all devices are encapsulated, the humidity condition
should not be an influential factor. The aging time for the thermal tests is two hours. For the
humidity tests, the devices are not encapsulated, and the aging time is 30 mins because otherwise
the oxidation of Sn*" can rapidly dominate the degradation mechanism.

The humidity control can be realized by calculation from the water vapor pressure
according to the thermodynamic equilibrium with condensed states, which can be controlled by
adjusting the amount of water in the air in a sealed space. The saturated water vapor pressure
look-up table is used to calculate the needed amount of water for different humidity at a certain
temperature, which can be applied to control the relative humidity. A glass box is used as the
confined space, where different amounts of water are added. Then, the box is placed into an oven
to keep the temperature to be 30°C until the water is fully evaporated. In this way, the relative
humidity in the glass box can be designed accurately at different levels. For example, from the
look-up table, the saturated vapor pressure of water under 30 °C can be found to be 0.0042 MPa,
which means that at 30 °C, 100% relative humidity refers to a partial pressure of water vapor of
0.0042 MPa. Therefore, the volume ratio of water vapor is 4.2%. If the relative humidity is 70%,
the total volume of water vapor in a container of 1 m’ size will be 4.2% x 70% x 1000 =29.4 L,
which is 21.0 g (according to the condition at 30 °C). In our study, we need to add 0.00265 g
water (2.62 pl) into a 125 cm® glass box to achieve a 70% humidity. Similarly, if the relative
humidity is 30%, the total volume of water in 1 m® container will be 4.2% X 30% X 1000 = 12.6
L, which is 9.0 g (according to the condition at 30 °C), and the amount of the water we need to
add to a 125 cm’ glass box will be 0.00114 g (1.12 pl). In the experiments, to avoid additional

background humidity from the natural environment before the experiment, the glass box will be
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placed into an oven at 100 °C for overnight to create a dry environment. A portable commercial
humidity sensor is attached to the internal wall of the glass box for calibration purposes.
For the long-time stability tests, all of the devices are stored in a dark dry box for monthly

measurements.

Supplementary Discussion 13: Stability of the single-crystal photovoltaics in continuous JV
measurements.

Maximum power point tracking under continuous 1-sun illumination has been performed to
study the device stability. A small desktop fan is used to dissipate the heat generated by
illumination. The results are summarized in Extended Data Fig. 10.

From the measurement results, all devices show a relatively rapid degradation during the
first 100 hours, followed by steady degradation rates. In contrast to the shelf-stability in the
Figure 4f, where the single-crystal devices are much more stable than the polycrystalline devices,
continuous illumination tests show similar degradation rates among these devices, even though
the single-crystal structure has better material stability against moisture, heat, O,, and strong
light intensity (Figure 4d, 4e, Extended Data Fig. 9, and Supplementary Figs. 34, 35, 41).
Additionally, continuous illumination tests can easily degrade the device performance even
within a short time by comparing it with the shelf-stability test (Figure 4f). Therefore, the major
degradation mechanism under continuous illumination may not be from the perovskite material,
but from the Spiro HTL layer. Even though a small fan is used, the continuous illumination tests
can still generate a lot of heat, which accelerates the degradation of the Spiro molecules with
thermal and light instability'®'%”. The Spiro material becomes the bottleneck for the device

stability, rather than the perovskites.

39



889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

Therefore, the Spiro has been replaced with PTAA for the continuous illumination tests
again. Device performance using PTAA is not comparable with that using Spiro. Although the
Voc 1s moderate (average ~1.01 V), the FF (average ~0.68) and the current density (average ~19-
20 mA cm™) of PTAA based devices are always lower than those of Spiro based devices.
Normalized power conversion efficiency (PCE) shows a fair comparison among these PTAA
based devices (Supplementary Fig. 36). After replacing the Spiro with PTAA, the differences
among those curves are more pronounced, because the HTL becomes less of a bottleneck for the
device stability. The single-crystal devices exhibit a much slower degradation rate than those of
the polycrystalline devices, indicating that the single-crystal structure has a better stability than
the polycrystalline structure. Given the same device structure and the same ETL/HTL, such
differences in the stability between single-crystal and polycrystalline devices are considered to

1% Unlike conventional photovoltaic

be from the reduced ion migration in single crystals
materials, perovskites are appreciable ionic solids, which can be directly reflected by continuous
I-V or J-V measurements. The ion migration has been shown to contribute to the degradation of

10 For

perovskite photovoltaics'”, even though the exact mechanisms are still debatable
example, reactions between HTL/ETL layers and migrating I can cause barriers for carrier
injection that quickly decreases the device performance'''. The ion migration can also lead to the
formation of a local electric field in the perovskite material to deprotonate the organic cations''*.
Theoretical calculations predict activation energies of between 0.08 and 0.58 eV for the
migration of I", between 0.46 and 1.12 eV for MA", and between 0.8 and 2.31 eV for Pb>",

respectively' > '">. Both anions (I") and cations (MA", Pb>") can migrate due to the presence of

. . .. .. . . 116
vacancies, interstitials, and anti-site substitutions . However, because levers of those defects
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are lower in the single-crystal perovskite than the polycrystalline perovskite, such ion migration

and thus device degradation are largely suppressed””.

Supplementary Discussion 14: Stability differences between single-crystal Pb-Sn
photovoltaics and polycrystalline Pb-Sn photovoltaics.

Usually, excessive Sn in Pb-Sn perovskite can significantly lower the Voc'', switch the
Sn*" oxidation routes''®, and decrease the decomposition enthalpies to accelerate the material
degradation. The oxidative tendency of Sn** to Sn*" in Sn-based perovskite can rapidly degrade
the device as typically seen in the polycrystalline MAPb,sSngsl; devices. In this work, the
single-crystal MAPbys:xSngs«I3 devices show much better stability than the polycrystalline
devices. Several possible reasons for the slower oxidation rate from Sn** to Sn*" in the single
crystal are discussed below.

1. Encapsulation

The device is fully encapsulated in the glove box by both top and bottom polymer layers
(PET and PDMS/SUS). Those polymers serve as not only strain releasing layers for enhancing
the flexibility, but also as encapsulation layers for keeping the material away from O, and
moisture. The encapsulation may be the most important reason for inhibiting the Sn** oxidation.
2. Mixed Pb-Sn system

In contrast to the pure Sn-based perovskite photovoltaics, replacing Sn with 50—85% of Pb

118-123

produces PCEs ranging from 12 to 17% and moderate stability . Even though the exact

mechanism is still not very clear, one possible explanation has recently been proposed: the
oxidation mechanism in the Pb-Sn system is different from that in the pure Sn system''™'*"* In

pure Sn-based perovskites, the main oxidation product is SnO, and Snl;. However, by
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incorporating Pb into Sn-based perovskites, the oxidation proceeds in a different route, and the
main [-containing product becomes I, rather than Snly in the case of the pure Sn system.

The formation of Snl4 and SnO; involves the cooperative action of several Sn-I octahedra,
where the I ions bonded to one Sn cation can be transferred onto adjacent Sn cations with which
the I was shared. Pb, however, cannot be easily oxidized to Pb*" and is unlikely to form Pbl,.
Hence, if many of the Sn sites are occupied by Pb, the cooperative mechanism is far less
favorable. Instead, I, is formed, and this requires three times as many Sn—I bonds to be broken,
which can be expected to be slow. Therefore, the surrounding Pb atoms can stabilize Sn*" and
slow down its oxidation. Such an effect will be more pronounced when the percentage of Pb
atoms is higher.

Both experimental and theoretical studies have been carried out to further understand the
improved stability in Pb-Sn single-crystal perovskites. Absorption measurements on Pb-Sn based
single-crystals and purely Sn-based single-crystals after one-day stress aging under 100 °C are
used to understand the oxidation product as well as the chemical degradation route. The samples
are dissolved into the GBL solution. The results are in Supplementary Fig. 38. The degradation
products for MASnl; and MAPb, sSng 55 are very different: the compound for purely Sn-based
perovskite is Snls4, while that of the lead-containing compound is I,. The measured different
oxidation products in those two perovskite systems can be explained by different oxidation
reaction routes' :

MA(Pb:Sn)I; + (n;)O0; = (n)MAI[g] + (n3)SnO; + (n4)Pbl, + (ns)l1[g] (1)

MA(Pb:Sn)l; + (n;)O, = (no)MAI[g] + (n3)Snl4[g] + (n4)SnO; + (ns)Pbl, (2)

42



955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

In the purely Sn-based perovskite, because of the strong Snls signal in the absorption
spectrum, the oxidation mechanism is more likely to be the reaction (2). The reaction (1) is
considered to be the mechanism for the Pb-Sn perovskite.

To double confirm this conclusion, we also calculate the decomposition enthalpies in both
reactions with different Pb to Sn ratios. From the calculation results (Supplementary Fig. 39),
reaction (1) is energetically more favorable than reaction (2) for the Pb-Sn perovskite at any Pb
to Sn ratios, indicating that the Sn®" oxidation naturally prefers to happen through reaction (1),
where all of the Sn-I bonds need to be broken. Therefore, compared with the purely Sn
perovskite, the breaking of Sn-I bonds in the Pb-Sn perovskite is much slower, suggesting that
the Pb inclusion can make Sn** oxidation slower in the perovskite.

To triple confirm the conclusion, x-ray photoelectron spectroscopy (XPS) measurements
have been used to study the Sn** to Sn*" ratio in perovskites to qualify the oxidation speed of
Sn*" (Supplementary Fig. 40). Increasing Pb can dramatically inhibit the oxidation speed of Sn*"
in the single-crystal perovskites, which serves as additional evidence for supporting the different
oxidation mechanisms between purely Sn and Pb-Sn based perovskites. What’s more, we
dissolve MAPbgs:xSngs«I3 single crystals in GBL and use the solution to prepare the
polycrystalline thin film to reveal its composition. By studying the Sn** to Sn*" ratio using XPS,
the Sn ratio should be between 0.2 to 0.3, where the oxidation speed is considered to be much
slower than the purely Sn-based perovskite.

3. Single crystal.
The single-crystal structure is also a major reason for the improved stability, which has been

16,23,126-128 1o
- . First,

widely proved to have much better stability in solar cells and photodetectors
single-crystal perovskites have much lower defect densities than their polycrystalline structures.
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129 The formation

I, is believed to be the most critical by-product and will cause self-degradation
of I, requires ion migration facilitated by structural defects. The well-align lattice structure of
single crystals provide much lower possibilities for the formation of L.

Second, there is no grain boundary in single crystals, which indicates that the reaction
routes are heavily inhibited. For the Sn-based polycrystalline perovskite, O, can relatively easily
go through the entire layer via the innumerable grain boundaries. The degradation routes can not
only come from the self-doping of Sn**, but also from the grain boundaries facilitated Sn**
oxidation in the entire layer. However, in the single-crystal structure, the O, can only react with
the single crystal surface, and only the formed Sn*" and other impurities can further drive the
degradation by self-doping from the surface to the bulk parts. Comparing these two oxidation
approaches, we think the self-doping oxidation will be much slower than the direct reaction with
O,. Due to the cutoff of the O, oxidation route, the degradation rate in single-crystals is highly
inhibited.

To test this hypothesis, both single-crystal MAPbysSngsl; and polycrystalline
MAPDb, sSng sI3 have been measured by XPS. The samples are all prepared in a glove box and are
aged under the same environment outside the glove box. The measured results show that the
fresh polycrystalline MAPbgsSnosl; exhibits strong Sn*" peaks (Supplementary Fig. 41).
Oxidation may have happened during sample transfer and loading. On the other side, the single-
crystal MAPbg sSno sI3 sample shows negligible Sn*" peaks, indicating that the oxidation speed in
the single-crystal sample is much slower than that in the polycrystalline. Therefore, the
innumerable grain boundaries in the polycrystalline provide direct pathways for the O, to react

with the Sn**. However, in the single-crystal, only the surface part can be oxidized by the O,
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and further oxidation of the bulk parts more depends on self-doping, which is much slower than
the direct O, oxidation.

What’s more, in-situ XPS depth profile studies by ion milling have also been carried out to
further understand the difference between single-crystal MAPb,sSngsl; and polycrystalline
MAPb 5SngsI; (Extended Data Fig. 9). In the single-crystal sample, the Sn*" is mainly formed at
the surface of the single crystal, and the deeper bulk parts still keep Sn*". However, in the
polycrystalline, even though the Sn** ratio in deeper bulk parts is reducing, the oxidation speed is
much higher than that in the single-crystal.

To summarize, the rapid oxidation of Sn*" in polycrystalline perovskites is because of the
existence of grain boundaries, which provide a direct pathway for the O, to diffuse through the
entire material. Because of the high-quality crystal structure, single-crystal perovskites do not
have those direct oxidation pathways, and the self-doping mechanism is determining the

oxidation rate, which is much slower than reacting with the O,.
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Supplementary Fig. 1 | The growth/transfer process and quality studies of detached single-
crystal MAPbDI; thin films. a, detailed schematics of the growth/transfer process. Critical
components in each step are labelled. b, Optical images show the single-crystal MAPDI; after in-
plane rotation. The inset image shows the bottom surface with the PI mask, where the broken
micro-rods can be clearly seen. FWHM results from ¢, XRD o scan and d, PL measurements of
the single-crystal MAPbI; before and after in-plane rotation.
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Supplementary Fig. 2 | The adhesion force measurement. a, The schematic testing setup for
the adhesion force measurement. A Cu wire is fixed onto a single-crystal thin film for applying
an external force. b, No adhesion force can be measured without a solvent-assisted re-adhesion
process. ¢, Commonly used antisolvents for preparing hybrid perovskites are tested in the
transferring process. No obvious difference in the adhesion force to the substrate can be observed,
which are all relatively weak. d, For the growth solution assisted re-adhesion, delamination
happens when the external load reaches ~0.105 N, which indicates good interfacial contact.
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Supplementary Fig. 3 | Surface characterization of the crystals after etching and GBL
washing. a, SEM images showing the crystal surface after dry etching and after GBL washing.
The rough surface caused by dry etching can be fully removed by GBL washing. b, AFM
measurement results of a transferred single-crystal MAPbI; surface before and after GBL
washing. The rough surface caused by dry etching can be effectively smoothed by GBL washing.
¢, XRD @ scan measurements showing the huge difference before and after the washing,
indicating that dry etching can cause serious damage to the crystal quality. d, PL measurements
also reveal the same phenomenon, where the unwashed crystal shows a much weaker PL
intensity and a broader peak.
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Supplementary Fig. 4 | Thickness-dependent PL. measurements. a, Schematic setups of
characterizing the growth/transfer and the control devices. b, The PL measurement results of the
growth/transfer and control devices. ¢, The fitted FWHM results of both devices indicating that
there is slight degradation of the crystallinity in the growth/transfer device because of the
impurities and defects introduced during the re-growth process, which can potentially be
improved by interfacial passivation.
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Supplementary Fig. 5 | Interfacial Hall mobility measurements. a, Schematic setups of the
growth/transfer and control devices. b, Interfacial Hall mobility results showing that the
growth/transfer devices have slightly lower mobilities and larger measurement variations
compared with the control devices. ¢, Temperature-dependent interfacial Hall mobility
measurement showing a noticeable difference in power exponents (~-0.33) for the
growth/transfer devices compared with the control devices (~-0.47) under low temperatures,
which can be attributed to the increased interfacial impurity scattering of the growth/transfer
devices.
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Supplementary Fig. 7 | TPC and TPV measurements. a, Schematic setups. b, TPC
measurements showing that the growth/transfer devices have slightly lower mobilities compared
with the control devices. ¢, TPV measurements showing that the growth/transfer devices have
slightly shorter lifetimes compared with the control devices. Those results illustrate that the re-
growth process can slightly decrease the electronic properties of the crystals (~4-5%).
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Supplementary Fig. 8 | Substrate-dependent interfacial crystal quality characterized by
XRD and PL measurements. a, XRD @ scan with transferred single-crystal MAPDbI; on
different substrates. b, PL measurements with transferred single-crystal MAPbI; on different
substrates. Both kinds of measurements do not show obvious difference among different
substrates, indicating the crystal quality is substrate-independent.
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Supplementary Fig. 9 | Adhesion force and contact angle measurements. a, Measured
adhesion force between the transferred single-crystal MAPbI; and different substrates with good
and poor wetting conditions. Good wetting can always give a strong adhesion force regardless of
the substrate. Contact angle measurements on an Au surface after being treated by UV-Ozone for
b, 2 min and ¢, 10 min. By controlling the surface treatment, the wetting conditions and contact
angles can be well controlled.
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Supplementary Fig. 10 | Close-up views of the single-crystal and polycrystalline MAPDbI;. a,
SEM images of the single-crystal MAPDI; thin film (top) from the top and (bottom) from the
cross-section views, where no grain boundary can be seen, which is qualitatively different from
the polycrystalline structure in b.
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Supplementary Fig. 11 | Structural and morphological studies on the single-crystal thin
film quality fabricated by the growth/transfer method. a, The (400) peaks in the XRD 6-26
scan showing perfectly and imperfectly merged single-crystal thin films. The imperfect thin film
shows a broad XRD peak due to the existence of small grains. SEM images show the top view of
b, a perfect single-crystal thin film and ¢, an imperfect single-crystal thin film with multiple
grains. d, XRD o scans of a degraded and a non-degraded single-crystal MAPDbI; thin films after
the transfer and re-adhesion processes. The degraded single-crystal thin film exhibits a broad
peak, which indicates a poor crystallinity. The degradations can come from either e, the improper
lifting transfer process or f, improper use of the re-adhesion solvent.

56



1096
1097

1098
1099
1100
1101
1102
1103
1104

200

—— Polycrystalline MAPbI, —— Polycrystalline MAPbI,
—— Epitaxial single-crystal MAPbI, — Epitaxial single-crystal MAPbI,
160 | —— Degraded single-crystal MAPblI, —— Degraded single-crystal MAPDI,
3
2 //\_\
W 120 o e "
c S
2 &
£
z 80
40 |
650 700 750 800 850 0.1 1 10 100
Wavelength (nm) Light Intensity (mW cm”)

Supplementary Fig. 12 | PL studies on the quality of MAPDI; thin films. a, Three different
types of MAPDI; thin films showing different PL measurement results. The polycrystalline thin
film shows a little redshift compared with the single-crystal cases. The degraded single-crystal
thin film shows a broad PL peak, which can be ascribed to a low crystal quality. b, Ip;/Ig
comparisons showing that the polycrystalline and degraded single-crystal thin films exhibit a
decreasing tendency with increasing light intensity, which provides additional evidence for their
lower crystal qualities.
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Supplementary Fig. 13 | Thickness dependent crystal qualities. a, XRD @ scan, b, PL
measurements with different thicknesses of the crystals, and ¢, Trap density measurements. All
measurements give the same trend that thicker crystals give better crystal qualities. Error bars
come from three different measurements under the same scan condition.
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Supplementary Fig. 14 | Thickness dependent optical characterizations. a, UV-vis
absorption measurements with different thicknesses for both single-crystal and polycrystalline
MAPDI; thin films. b, Optical images showing a ~2 um single-crystal film (left) and a ~600 nm
single-crystal film (right) before transferring. The no growth area is achieved by applying a piece

of tape to block growth on the patterned sites. The thickness comparison shows that a 600 nm
thin film is insufficient to absorb all of the visible light.
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Supplementary Fig. 15 | The in situ fabricated devices and thickness-dependent carrier
dynamics. a, The in-situ fabricated devices do not require additional peeling off the epitaxial
single-crystal thin film. b, Mobility reductions in the MAPDI; single-crystal thin films with
different thicknesses. Larger discrepancy exists in thinner films. ¢, Lifetime reductions in
MAPDI; single-crystal thin films with different thicknesses. A similar tendency to the mobility
reduction can be observed, indicating that the electrical measurements in thinner films are more
easily to be influenced by solution treatments.
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Supplementary Fig. 16 | Dark and light J-V curve measurements. a, Linear scale (left) and
logarithm scale (right) dark J-V curves measured with different single-crystal perovskite
thicknesses. The dark current is several orders of magnitude lower than the photocurrent in
Figure 2b. b, Light J-V curves measured on a 600 nm thick single-crystal thin film with different
light intensities. Even under the lowest 12.5 mW cm™ intensity, the dark injection near the open
circuit voltage condition is still insignificant, which means the shunt resistance is negligible even
in the thinnest film. ¢, Light J-V curves measured on a 5 um thick single-crystal thin film with
different light intensities. The FF does not change significantly with an increasing light intensity,
which means the series resistance does not contribute much to the J-» measurement results.
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Supplementary Fig. 17 | Simulation of strain distribution in a flexible single-crystal
perovskite device. Finite element analysis simulations are shown under different bending radii.
The results in the top panels correspond to the entire sandwich structure, i.e., PET/single-crystal
MAPDI;/SU8-PDMS. The results in the bottom panels correspond to the extracted perovskite
layer only (with the other layers hidden). At a bending radius of 2.5 mm, most parts of the
perovskite layer have a principal strain of less than 0.25%. The edge areas show a principal strain
of around 0.36%, which is close to the failure strain of this material.

62



1145
1146

1147
1148
1149
1150
1151

0.20
——20 pm_r ~31.35 mm
1 —10 pm_r ~16.96 mm
015 F 5 pm_r~7.92 mm
- 2 pm_r~2.73 mm
;’,0.10 L ——1 um_r~1.87 mm
o
3
-l
0.05

Cantilever A Cantilever B 0.00

0.1 1 10 100
Distance (mm)

Cantilever A Cantilever B Moving Direction

Supplementary Fig. 18 | Flexibility tests of the NMP design. a, Schematics of the
measurement setup. A 5 cm by 5 cm sample is used to do the test, where the single-crystal
perovskite crystal is at the NMP of the sample. The displacement is used to calculate the bending
radius. b, Testing results showing remarkable flexibility of such brittle single-crystal perovskites.
The thinner the perovskite crystal is, the smaller it can be bent.
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Supplementary Fig. 19 | IV measurements of the flexible single-crystal MAPbI; under
different bending radii. The results show a significant reduction in the current when the device

1s bent at 7 ~ 2 mm.
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Supplementary Fig. 20 | PL. measurements of graded single-crystal MAPbgs:+.Sngs«I3. a, PL
measurements of graded single-crystal MAPbgs5+xSng s[5 at different growth time-stages. All
samples are measured only at the top surface. A blue shift of the PL as time increases
corresponds to an increased bandgap from the MAPb, sSngsI; side to the MAPDI; side. b, An
optical image (left) shows the epitaxially grown graded single-crystal MAPb 5+xSng 5«3 on top
of the single-crystal MAPbBr; substrate. The middle fluorescent image is from MAPbBr; while
the right fluorescent image is from Pb rich part in the graded single-crystal MAPby s:xSng 5.«I3.
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Supplementary Fig. 21 | Cross-sectional linear energy-dispersive x-ray spectroscopy (EDX)
measurements. a, EDX mapping of the graded single-crystal MAPby+5Snx.osI3. The patterned
parylene/Au serves as the bottom electrode while the top Au electrode is evaporated by e-beam
evaporation. The sample is kept in a dark dry box while a 1.2 V DC bias is applied. No
noticeable Sn/Pb ion migration happens after 120 hours of electrical poling. b, EDX linear scans
with gradient intensities of Sn and Pb along the scan direction, which confirms the gradually
alloyed structure. A repeated measurement, after 14 months storage in the vacuum box, reveals
the stability of the single-crystal MAPby+¢ 5sSnx.q s13.
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Supplementary Fig. 22 | A single-crystal perovskite structure with distinct heterojunctions.
a, An optical image showing the multilayered single-crystal perovskite with clear heterojunction
interfaces between adjacent layers. /-V measurements of the trap densities in b, a double-layered
single-crystal MAPbI;-MAPDb,sSngsls and ¢, a graded MAPbgsxSngsxI3 structure. The
heterojunction double-layer shows a higher trap density 1,4, = 1.77X10* cm™3 than ny,q, =

3.34x10'? ¢m™3 of the graded structure. The single-crystal perovskite thickness is ~10 pm for
both cases.
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Supplementary Fig. 23 | UPS measurements of the graded epitaxial single-crystal
MAPb5+Sngs54I3. a, Semi-log plots are used to identify the VBM position from the low
binding energy cutoff (left) and the high binding energy cutoff (right). b, Comparing binding
energies from the linear scale plots and the semi-log scale plots, the difference is considered to
be negligible in this case. ¢, Summarized band diagrams calculated from the UPS data in both
linear scale and semi-log scale. No obvious difference can be found.
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Supplementary Fig. 24 | EBIC mapping with symmetric electrodes. a, The schematic
measurement setup. Same Au electrodes are used on both sides. b, The graded current output can
only be observed in the graded single-crystal perovskite, which excludes the possible influence
from the electrodes to the EBIC measurements.
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Supplementary Fig. 25 | EQE measurements with different absorbers. a, Bandgap-graded
single-crystal MAPby 5:xSng s[5 photovoltaic devices show a median averaged current density
(integrated EQE) compared with single-crystal MAPbI; and compositionally uniform single-
crystal MAPb sSng sI3. More Sn content leads to a lower bandgap and exciton dissociation
energy, and thus a higher EQE. b, Current density from integrated EQE measurements, which
matches the J-V results and confirms the higher current density is due to the Sn doping.
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Supplementary Fig. 26 | The statistical device performance distributions. a, Bandgap-graded
MAPDbD 5:xSng sxI3 showing a higher Jsc than MAPbI; and relatively maintained Voc. b, PCE
distributions for single-crystal MAPbI; (top) and graded single-crystal MAPDbg sxSngsxl3
(bottom) photovoltaic devices. The graded single-crystal photovoltaics show overall better
performance (with the highest PCE ~ 20.04%) than the compositionally uniform single-crystal
photovoltaics. ¢, Measured photocurrent at maximum power points for representative devices as

a function of time.
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Supplementary Fig. 27 | Close-up EBIC mapping results at the interface. In the graded
single-crystal MAPb 5+xSny 5.<I3, the interfacial region with the bottom electrode shows stronger
current signals than regions away from the interface, which is because of the gradually mixed Pb
and increased bandgap. The compositionally uniform single-crystal MAPbsSngsl; shows
uniform current signals. However, the interfacial region in the graded single-crystal
MAPDbD 51xSngsxI3 (where the composition is MAPbsSngsl; at the interfacial region) always
gives even stronger signals than the compositionally uniform single-crystal MAPb sSng sI3. The
stronger signals are likely due to the easier exciton separation and carrier collection facilitated by
the graded bandgap in the MAPb 5Sn ss.
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1223 Supplementary Fig. 28 | Large-scale flexible single-crystal perovskite photovoltaics. a, The

1224 J-V measurement of the best large-scale flexible single-crystal perovskite photovoltaic device,
1225  which results in a PCE ~10.3% with a working area of around 9 cm®. b, An optical image
1226  showing the island-bridge structure before depositing Spiro-MeOTAD and Au. Each black
1227  single-crystal perovskite is around 5 mm by 5 mm.
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1230  Supplementary Fig. 29 | Bending radius distribution mapping. The results show that the
1231  minimum bending radius occurs at the middle line of the device. Most parts of the device will
1232 not experience such extreme bending conditions.
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Supplementary Fig. 30 | Cyclic bending tests. The results for different pixels in line 1, line 2,
and line 3 after cycling for 300 times are shown in a, b, and ¢, respectively. The inset schematics
in a show the non-uniform bending conditions for different pixels. Line 1, line 2, and line 3
undergo different bending radii during the cycling. d, The comparison of V¢, Jsc, and FF among
different lines showing the impact of different bending curvatures on the device performance.
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Supplementary Fig. 31 | Cyclic flexibility tests of polycrystalline structures. The test results
are for a, polycrystalline MAPbI; and b, polycrystalline MAPb sSngsI;. The insets show J-V
curves with different bending radii. All of these results demonstrate obvious degradation of the
device performance, likely due to the grain boundary facilitated ion/molecule migration.

76



1244
1245

1246
1247
1248
1249

1.0

16.3% loss

Normalized Current (a.u.)

Single-crystal device
@r~5mm

- 300 times bending
— (0 time bending

-0.2 L L L
-2 0 2
Voltage (V)
b
— (0 time bending Single-crystal device
T S 300 times bending @ r~5mm
:ﬁ 10" |
2
2
o 10° 3
=
105
104 L 1 L L 1
-0.2 -01 0.1 0.2

0.0
@ (%)

Current (nA)

o o
(=] (S

o
X

- - -
o o (=]
C) ~ )

Intensity (a.u.)

-
o
Cd

10*

bl
-]

o
»

68.9% loss

Polycrystalline device
@r~5 mm

——— 300 times bending
—0 time bending

0
Voltage (V)

— 0 times bending Polycrystalline device
L 300 times bending @ r~5mm

T

-0.2 -0.1 0.0 0.1 02
o(%)

Supplementary Fig. 32 | Bending stability characterizations between single-crystal and
polycrystalline structures. a, /- measurement results of the single-crystal device (left) and the
polycrystalline device (right). b, XRD @ scan measurement results of the single-crystal (left) and
the polycrystalline (right). The single-crystal is more resistant to fatigue than the polycrystalline.
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Supplementary Fig. 33 | Single-crystal photovoltaics stability measurements. a, Stress
stability and b, long-term stability tests of three single-crystal photovoltaics with different
compositions. The single-crystal devices show no obvious difference in stabilities. Error bars
come from three different measurements with different aperture positions.
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Supplementary Fig. 34 | Accelerated thermal and humidity tests. a, Experimental setups for
thermal and humidity tests. The hot plate temperature is set to be 100 °C. Inset schematics show
the entire setup, which gives a qualitative comparison between the polycrystalline
MAPbD sSng sI3 film and the single-crystal MAPb, sSng sI; film under hot and humid conditions.
b, Polycrystalline MAPb, sSng sI; film exhibits rapid color change and phase transition while the
single-crystal MAPb( sSng sI3 film remains intact. ¢, Extended monitoring of the single-crystal
MAPDbD, sSng sl film under the same condition. The degradation rate of the single crystal is much
slower than that of the procrystalline.
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Supplementary Fig. 35 | Thermogravimetric analysis characterizations for the

polycrystalline MAPb(sSngsI; and the graded single-crystal MAPbg5:xSngs4I3 films. The
results show a faster degradation of the polycrystalline film at a lower decomposition
temperature than the single-crystal film.
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Supplementary Fig. 36 | Long-time continuous illumination stability tests with the PTAA as
the HTL layer. The PTAA-based devices exhibit better thermal and light stability under the
continuous illumination condition than the Spiro-based devices. Therefore, the difference
between the perovskite structures can be more easily revealed. The single-crystal devices exhibit
better device stability than the polycrystalline counterparts.
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Supplementary Fig. 37 | Long-time stability measurements of photovoltaic devices. Voc, Jsc,
and FF data for PCE measurements in a, single-crystal MAPb s:xSngs«I3, b, polycrystalline
MAPDI;, and c, polycrystalline MAPbg sSng 513 photovoltaic devices. Error bars come from three
different measurements with different aperture positions.
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1285  Supplementary Fig. 38 | Absorption measurements on single-crystal perovskite solutions.
1286  Purely Sn-based single-crystal perovskite and Pb-Sn mixed single-crystal perovskite exhibit
1287  different absorption peaks, indicating that the major by-products resulted from oxidations are
1288  different.
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Supplementary Fig. 39 | Simulation results on decomposition enthalpies of different Pb-Sn
ratios. In the Pb-Sn mixed system, reaction (1) is more favorable at any Pb-Sn ratios than
reaction (2), which is consistent with the optical absorption results that the major by-products
after oxidation are different from the purely Sn based system. Additionally, increasing the Pb
ratio can further slow down the oxidation rate.
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Supplementary Fig. 40 | XPS measurements with different Pb-Sn single-crystal
compositions. a, XPS spectrum measured for single-crystal MAPby 5:xSng s«I3 (left) and zoom-
in spectrum for typical Sn peaks in single-crystal MASnI; (right). Strong Sn*" and Sn*' peaks
can be fitted. b, XPS spectrum measured for a control sample of single-crystal MAPbI; (left) and
zoom-in spectrum for typical Sn peaks in single-crystal MAPbI; (right). No Sn peak can be
found. ¢, Estimated Sn ratios in the single-crystal MAPb sxSng 5.<I3. The y-axis is the XPS peak
ratio of Sn** to Sn*". We prepared and characterized samples with different Pb-Sn ratios using
XPS. Under the same condition (preparation environment, transfer loading time, etc), increasing
the Pb ratio can slow down the oxidation rate of Sn*". The shaded region is the estimated real Sn
ratio in the graded single-crystal MAPDg 5xSng 5I5.
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Supplementary Fig. 41 | Sn** oxidation mechanism studies with different crystal structures.
a, XPS results of freshly prepared polycrystalline MAPby sSng sI5 (left) and aged polycrystalline
MAPDb sSng I3 (right), where strong Sn*" peaks can be fitted. b, XPS results of freshly prepared
single-crystal MAPD, sSny 515 (left) and aged single-crystal MAPb sSng sI5 (right) under the same
conditions, where the intensity of fitted Sn*" peaks are much weaker than those in the
polycrystalline samples, indicating the Sn*" oxidation rate is much slower in the single-crystal
than in the polycrystalline.
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Tsl:illl%l:c_:gy(srnl]) Jsc (mA/cm?) Voc (V) FF (%)
~0.6 16.8 1.08 76
~0.9 17.4 1.07 76
~1.2 18.0 1.06 75
~1.5 18.7 1.06 74
~1.8 19.6 1.05 73
~2.1 20.1 1.03 72
~2.4 19.8 1.00 71

1316
1317  Supplementary Table 1. Absorber-thickness dependent photovoltaic performance. The data

1318  for each thickness is averaged from three separate devices. The thickness control is achieved by
1319  changing the growth time. All devices are in situ fabricated without transferring to isolate any
1320  possible confounding factors. The device structure is shown in Supplementary Fig. 15.

1321
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