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a b s t r a c t

Solid-state perovskite nanocrystals are promising coherent light sources, as there is optical feedback
within the crystal structure. In order to utilize the high performance of perovskites for on-chip applica-
tions, or observe new physical phenomena, these crystals must be integrated with pre-fabricated elec-
tronic or photonic structures. However, the material’s fragility has made the deterministic transfer a
great challenge thus far. Here, we report the first deterministic transfer of perovskite nanocrystals with
sub-micron accuracy. Cesium lead halide (CsPbI3) nanocrystals were directly synthesized on flexible
polydimethylsiloxane (PDMS) stamps via chemical vapor deposition (CVD) and subsequently transferred
onto arbitrary substrates/structures. We demonstrated the transfer of a CsPbI3 crystalline nanoplate (NP)
onto an 8 mm fiber core and achieved single-mode whispering gallery mode lasing. Our method can be
extended to a variety of other arbitrary substrates (e.g., electrodes, photonic structures, micromechanical
systems), laying the foundations for previously unattainable opportunities in perovskites-based devices.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Solid-state lead halide perovskites exhibit excellent optical
properties, due to its low defect density [1,2], high absorption effi-
ciency [3,4], long charge carrier diffusion length [5–7], tunable
band gap [8–10], etc. As a light source, the low threshold lasing
of a CH3NH3PbI3 nanowire (NW) was demonstrated at a carrier
density as low as 1016 cm�3, which is two orders of magnitude
lower than those of conventional semiconductor NWs [11].
Recently, optically pumped continuous-wave lasing was realized
in CH3NH3PbI3 distributed feedback lasers, a key step towards an
electrically pumped laser diode [12]. However, the aforementioned
organic-inorganic based perovskites lacked chemical stability,
leading to the synthesis of all-inorganic cesium lead halide per-
ovskites (CsPbX3, X = Cl, Br, or I). The chemical stability has enabled
practical device applications as well as the study of fundamental
physical properties [13–16]. Among the synthesis methods of lead
Elsevier B.V. and Science China Pr
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halide perovskites, chemical vapor deposition (CVD) has become
preferred over solution-based growth [13,17–19] in the production
of high quality CsPbX3 nanocrystals with a low surface recombina-
tion rate, low defect density, and well-defined morphology [20].
The advantages of CVD grown CsPbX3 nanoplates (NPs) are appar-
ent, when optical pumping of NPs resulted in built-in whispering
gallery mode (WGM) lasers with low thresholds and high quality
factors [21]. However, more complex fabrication or devices built
on CsPbX3 have been challenging, as it typically requires the per-
ovskite on a goal substrate. The most common CVD growth of
CsPbX3 is on mica (as the perovskite can grow epitaxially on mica)
[22], but the layered nature of mica makes assembling the CsPbX3

into electronic/photonic devices unfeasible.
Inspired by other nanomaterials that can be successfully dry-

transferred via a viscoelastic polydimethylsiloxane (PDMS) stamp
[23,24], we report the first direct synthesis of CsPbI3 nanocrystals
on PDMS. In the CVD of CsPbI3 on PDMS, we discovered how mol-
ten Pb nanoparticles on the PDMS surface served as catalysts for
the growth of the CsPbI3 nanocrystals. By changing the PDMS’s
temperature during deposition (i.e., changing the distance from
the perovskite precursors), we were able to tune the CsPbI3
ess. All rights reserved.
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nanocrystal morphology from NP to NW. Furthermore, the flexible
PDMS substrate directly served as the stamp for transferring speci-
fic CsPbI3 nanocrystals onto the goal substrates. Using this deter-
ministic dry transfer method, we transferred a CsPbI3 NP with
sub-micron spatial resolution onto the core of an optical fiber
and observed single-mode lasing from the NP via optical pumping
from the fiber’s other end. The advances of the described synthesis
and transfer methods facilitate the integration of perovskite
nanocrystals with complex designer photonic structures, opening
new routes for unexplored applications in communication, high-
sensitivity sensors, high-resolution imaging, and others.
2. Experimental

2.1. Synthesis of CsPbI3 NP on PDMS

The CsPbI3 NPs were synthesized via a CVD method. A quartz
boat loaded with the precursor (mixed powder of PbI2 and CsI with
molar ratio of 1:1) and PDMS (GEL PAK, PF-17-X4) substrates were
inserted into a quartz tube placed inside a tube furnace, with the
precursor upstream. The quartz tube was pumped down to
40 mTorr (1 mTorr � 0.133 Pa) and then aerated with high-purity
Ar gas to atmospheric pressure. During the growth, the tempera-
ture at the precursor was 500 �C. The growth process was 15 min
under 25 sccm (standard cubic centimeters per minute) flow of
high-purity Ar. After the synthesis, the quartz tube was cooled
down naturally.
2.2. Atomic force microscopy

Atomic force microscopy (AFM) measurements were carried out
with Cypher S (Asylum Research) in ambient condition using tap-
ping mode.
2.3. First-principles calculations

The first-principles calculations were based on density func-
tional theory (DFT) and the generalized gradient approximation
(GGA), using the Cambridge Sequential Total Energy Package
(CASTEP). The slab models, containing eight atomic layers with
10 Å vacuum spaces separating the slabs, were built. The top two
layers at both sides of the slab were allowed to relax by minimizing
the quantum-mechanical force on each ion site to be less than
0.001 eV/Å. Other layers were fixed in the optimized bulk
configuration.
2.4. Optical characterizations of the CsPbI3 NPs

Emission spectra of the CsPbI3 NPs were measured under the
excitation of a 532 nm nanosecond pulsed laser (repetition rate
of 1 kHz, pulse duration of �4.5 ns). A 10� objective lens (N.A.
= 0.25) was used to couple the pumping light into one end of a fiber
and a 100� objective lens (N.A. = 0.75) was used to collect the
emission light from the other end (covered by a CsPbI3 NP) of the
fiber. The diameter of the fiber core was 8 lm. An Andor spectrom-
eter (Shamrock 500i) equipped with an air cooled CCD (DU920P)
was used for spectrum measurement.
2.5. Numerical calculations

Optical mode simulation for the rectangular CsPbI3 NP depicted
in Fig. 1e was performed using COMSOL multiphysics with param-
eters of refractive indices of CsPbI3 (ng = 3.25) and air (nair = 1).
3. Results and discussion

3.1. Synthesis and characterization of CsPbI3 nanocrystals on PDMS

To synthesize high-quality and transferrable CsPbI3 nanocrys-
tals via CVD, we used PbI2 and CsI (molar ratio of 1:1) as precursors
[21], and flexible PDMS as the substrate (see Experimental section).
We find that PDMS does not (qualitatively) decompose in the con-
ditions of our CVD growth (precursor temperature of 500 �C, sub-
strate temperature of 221 �C), as the PDMS with CsPbI3 deposited
retains high flexibility and transparency after CVD (Fig. 1a). Regu-
larly shaped CsPbI3 nanocrystals, including NPs, NWs, and nano-
belts, were found on both faces of the PDMS substrate (Fig. 1b).
In addition, we found that changing the PDMS temperature (via
PDMS distance from precursor) changed the morphology distribu-
tion of the CsPbI3 from predominantly NPs to NWs (Fig. S1 online),
indicating that the deposition temperature can significantly affect
the nanocrystal shapes. The synthesized NPs were regular rectan-
gles with edge lengths of several to tens of micrometers, due to
the cubic crystalline structure of CsPbI3. Our dark-field optical
images showed a nanoparticle attached on the edges of the NPs
(Fig. 1c), indicated by the circle in the inset. In addition, based on
the AFM measurements (see Experimental section) in Fig. 1d, the
diameter of this nanoparticle roughly matched the thickness of
the NPs (150–450 nm, Fig. S2 online). The perovskite surface was
identified as nearly atomically smooth, with a surface roughness
of 0.38 nm (Fig. S3 online). Using EDX, we found that this particle
on the edge was predominately Pb (Fig. 1e) with trace Cs and I,
whereas the perovskite itself had uniform levels of all three ele-
ments. Coupled with absence of these particles when CsPbI3 NPs
were epitaxially grown on mica, and the fact that SiO2/Si substrates
were not able to facilitate the surface growth of CsPbI3 (Fig. S4
online), we concluded that the Pb particle played a crucial role in
the nucleation and growth of CsPbI3 on PDMS. The room-
temperature PL spectrum of an individual NP (Fig. 1f), via
532 nm laser excitation, revealed a strong near-band-edge emis-
sion centered at �705 nm (�1.76 eV). The absence of defect related
peaks in the spectrum and uniformity of the PL fluorescence map-
ping across the synthesized CsPbI3 crystals (inset of Fig. 1f) proved
that the as-synthesized CsPbI3 NPs were of high quality. The
energy gap extracted from the absorption spectrum of the NP
was 1.75 eV (Fig. 1f), in good agreement with the PL data and pre-
vious reports [25,26]. As the exciton binding energy of CsPbI3 is
�25 meV [27,28], smaller than the room-temperature thermal
kinetic energy, the exciton oscillation peak was not observed in
our absorption spectrum.
3.2. The growth mechanism of CsPbI3 nanocrystals

To understand the possible growth mechanism of CsPbI3
nanocrystals on PDMS via a nanoparticle nucleation site, we con-
ducted transmission electron microscope (TEM) characterization
and first-principles calculations. In the literature, PDMS was
widely used as the substrate for the synthesis of silver nanopar-
ticles, due to its high adhesion [29], which results from its low
surface tension (20.4 mN/m) (lower surface tension as tempera-
ture increases) [30,31]. At temperatures greater than 180 �C, the
PbI2 can decompose to Pb and I2 [32], while CsI does not undergo
thermal dissociation at growth temperatures of 500 �C [33]. The
high adhesion of PDMS enabled the Pb nanoparticles to distribute
on its surface prior to the growth of CsPbI3, which was confirmed
by the dark-field optical imaging and EDX mapping (Fig. S5
online). At the substrate temperature of 221 �C, the PDMS did
not decompose (Fig. S6 online). Subsequently, the precursor (CsI
and PbI2) vapor dissolved into the liquid Pb nanoparticles until



Fig. 1. (Color online) Characterizations of the synthesized CsPbI3 nanocrystals. (a) Photograph of the PDMS substrate after the CVD process, showing its high flexibility and
transparency after growth. (b) Bright-field optical image of the as-synthesized CsPbI3 nanocrystals on the PDMS substrate. NPs, nanobelts and NWs distributed on the PDMS
surface. (c) Dark-field optical image of the CsPbI3 nanocrystals shown in Fig. 1b. The nanocrystals with different thicknesses or diameters exhibit different scattering colors.
Significantly, almost every nanocrystal has a nanoparticle attached on the edge, which is difficult to discern from the bright-field image alone. Inset: the zoomed-in dark-field
optical image, where the nanoparticles were marked with white circles. (d) AFM characterization of the CsPbI3 NPs transferred onto a quartz substrate, which shows the NPs’
smooth surface. (e) Energy dispersive X-ray spectroscopy (EDX) elemental mapping of Cs, Pb and I, at the NP edge. (f) Room-temperature photoluminescence (PL) and
absorption spectra of a CsPbI3 NP. Inset: mapping of the CsPbI3 NPs PL.
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saturation occurs. Thus, the Pb nanoparticles served as catalysts
in the growth, which promoted the formation of plate-like CsPbI3
seeds, due to the perovskite’s cubic structure (Fig. 2a). The disso-
lution and crystal growth from the seed surface occurred simulta-
neously. The formation of the CsPbI3 NPs and NWs could be
explained by Gibbs-Curie-Wuff theorem, i.e., the normal growth
Fig. 2. (Color online) Growth mechanism and TEM characterizations of CsPbI3 nanocryst
The Pb nanoparticles served as catalysts for the growth of the nanocrystals. (b) Crystal s
CsPbI3 NP. The corresponding surfaces are labeled. According to the Gibbs-Curie-Wulf
different surfaces. (d) A representative NP with a truncated corner. By prolonging the g
CsPbI3 NP. Inset: SAED pattern of the CsPbI3 NP. (f) Low-magnification TEM image of an a
the energy of the precursor vapor was insufficient to overcome the growth barrier of the
NW.
rates of crystal faces are proportional to the corresponding sur-
face free energies. The surface free energies of cubic CsPbI3
(Fig. 2b) can be obtained via first-principles calculations based
on DFT and the generalized gradient approximation (GGA), using
the CASTEP (see Experimental section). The surface energy is
defined by the follow function:
als. (a) Schematic diagram of the nucleation and growth of the CsPbI3 nanocrystals.
tructure of the cubic CsPbI3. (c) Top-view ball-and-stick schematic illustration of a
f theorem, the corner is eventually filled due to the different growth rates of the
rowth time, the truncated corners are filled. (e) Low-magnification TEM image of a
s-grown CsPbI3 NW. Inset: SAED pattern of the NW. At low substrate temperatures,
(0 1 0) surface. (g) EDX mapping data that showed the elemental composition of the
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e ¼ E nCsPbI3

� �� nECsPbI3

2A
; ð1Þ

where E(nCsPbI3 ) is the total energy of the surface slab of CsPbI3, n is
the number of units of CsPbI3 in the surface slab, ECsPbI3 is the bulk
energy per CsPbI3 unit, and A is the surface area. According to the
theorem, the (0 0 1) surface with the lowest surface energy is the
preferable lateral face of CsPbI3 crystal because of its low growth
rate (Fig. 2c). The (1 1 0) surface has higher surface energy than
those of the (1 0 0) and (0 1 0) surface. At high substrate tempera-
tures, the high energy of the precursor vapor can overcome the
growth barriers of (1 0 0) and (0 1 0) surfaces, leading to the growth
rate of (1 1 0) to be higher than those of (1 0 0) and (0 1 0), leading
to the formation of a rectangular NP. The results of the calculations
were verified experimentally, as we occasionally observed CsPbI3
NPs with truncated corners (Fig. 2d), whose corners were filled with
prolonged growth time. At low substrate temperatures, the energy
of the precursor vapor was insufficient to overcome the growth bar-
rier of (0 1 0) surface. The growth guided by the vapor-liquid-solid
(VLS) mechanism resulted in a one-dimensional (1D) NW along the
preferential [1 0 0] direction, which was also experimentally veri-
fied when the PDMS is placed at a lower temperature (Fig. S1
online). These results can be further confirmed using TEM, as the
selected area electron diffraction (SAED) pattern of a typical rectan-
gle CsPbI3 NP showed that the top surfaces of the NPs belong to the
(0 0 1) crystal lattice face, while the surfaces of the rectangular NPs
were the (1 0 0) and (0 1 0) crystal faces (Fig. 2e). In the low tem-
perature case, TEM showed that the CsPbI3 NW grows along
[1 0 0] direction (Fig. 2f), and the EDX mapping (Fig. 2g) confirmed
the growth catalyst that terminates the NW is predominately Pb.
Thus, the growth process is summarized as Pb particle adhesion
on the PDMS surface and subsequent catalyzed growth into NPs
Fig. 3. (Color online) Deterministic transfer of CsPbI3 nanocrystals. (a) Schematic diagra
detailed procedure for transferring a CsPbI3 NP onto the core of a fiber end. (b) An approp
with one end faced-up was fixed at one XYZ linear stage using a fiber holder. (c) The tran
XYZ linear stage. The CsPbI3 NP was aligned with sub-micron spatial resolution the cross s
been done, the CsPbI3 NP was brought into contact with the fiber. (e) A pressing process
(g) The CsPbI3 NP remained on the fiber end. (h) The photograph of a fiber end with a CsP
NP on top. Dashed-line circle represents the fiber core. (i) Optical image of a CsPbI3 N
including a CsPbI3 NW and nanobelt.
or NWs based on the surface free energies (i.e., deposition temper-
ature of the substrate).
3.3. Deterministic transfer of the CsPbI3 NPs

Integration of CsPbI3 nanocrystals through a site-controllable
placement is necessary for the fabrication of more complex
devices, potentially enabling both discovery of fundamental phys-
ical phenomena as well as new device exploration. However, the
isolated transfer of CVD CsPbI3 NPs was typically difficult, as the
conventional mica substrate and the NPs transferred together
due to the epitaxial growth mechanism and mica’s layered struc-
ture (allowing it to be ‘‘peeled off”) [22]. The direct CVD synthesis
of CsPbI3 nanocrystals on flexible PDMS can facilitate the dry trans-
fer of specifically selected CsPbI3 nanocrystals onto pre-designed
structures. For example, placement of a CsPbI3 NP nanolaser on
the end of the fiber can enable a perfect fiber optic solution for
high-sensitivity sensors and high-resolution imaging [34–36]. To
demonstrate the feasibility and ease of this, we transferred a CsPbI3
NP onto the core of a fiber and showed lasing from the NP. The
transfer process was conducted under an optical microscope (Zeiss
Axio Imager, A2m) with a long-working-distance optical objective
and two three-axis manipulators (Newport 462 XYZ) (Figs. 3a and
S7 online). First, as-grown CsPbI3 on PDMS (also serving as the dry
transfer stamp) with a specific CsPbI3 NP was attached to a glass
slide fixed to one three-axis manipulator with the NP facing down.
A fiber core facing up was fixed on the other three-axis manipula-
tor (Fig. 3b). As the PDMS stamp is transparent, the identification
and alignment of the CsPbI3 NP with the fiber’s core were per-
formed with sub-micrometer resolution under the microscope.
Once the NP and the fiber’s core were aligned (Fig. 3c), the stamp
m of the experimental setup employed for the all-dry transfer process. (b)–(g) The
riate CsPbI3 NP grown on PDMS was first selected using optical microscopy. A fiber
sparent PDMS substrate, adhered to window on a glass slide, was fixed on the other
ection of the fiber’s core using the two XYZ linear stages. (d) Once the alignment has
was required in order to achieve contact. (f) The PDMS stamp was slowly peeled off.
bI3 NP on the core of the fiber end. Inset: optical image of the fiber end with a CsPbI3
P on an h-BN flake. (j) Optical image of a TEM grid with transferred nanocrystals,
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was brought into contact with the fiber’s core (Fig. 3d and e).
Finally, the CsPbI3 NP was left on the fiber’s core by peeling off
the stamp slowly (Fig. 3g and h). A detailed transfer process was
provided in Fig. S8 (online). From our experiments, the transfer
had nearly a 100% yield. The versatility of the transfer method
was further demonstrated by transferring a CsPbI3 NP onto an h-
BN flake (Fig. 3i), allowing for future integration of perovskites
with two-dimensional materials. Finally, the transfer method had
been shown to be extremely gentle, as dry transfer of the CsPbI3
nanocrystals on a fragile copper grid, which did not damage the
crystals or grid (Fig. 3j).
3.4. CsPbI3 NP lasing at a fiber end

Using the aforementioned dry transfer method, we determinis-
tically placed a CsPbI3 NP onto the core of an optical fiber in order
to achieve fiber optic excitation of the NP lasing (Fig. 4a). To inves-
tigate the emission characteristics of the fiber laser, the CsPbI3 NP
on the fiber’s core was optically pumped with a nanosecond-
pulsed laser (4.5 ns pulse duration, 1.15 kHz repetition rate) cou-
pled from the other side of the fiber (Fig. 4a) (see Experimental sec-
tion). With a quasi-square shape and proper thickness, a CsPbI3 NP
simultaneously served as the laser’s gain material and WGM reso-
nant cavity, as given in the top inset of Fig. 4a (see Experimental
section for more details) [21]. The excitation beam size was as
large as fiber’s core size (�8 mm) and covered the entire NP (the
bottom inset of Fig. 4a). The emission spectra from the CsPbI3 NP
under different pump intensities were collected using a 100�
Fig. 4. (Color online) Lasing characteristics of CsPbI3 NP on the core of a fiber end. (a) S
(duration of �4.5 ns, repetition rate of 1.15 kHz), which was coupled in from the othe
transverse magnetic (TM) mode inside the NP (size: 5 lm � 4.5 lm). Clear WGM patte
Dashed line circle represents the fiber’s core. (b) Emission spectra from the CsPbI3 NP on
map. As excitation power increased, the light emission changed from spontaneous emissi
linear scale. Black lines represent linear fits to the experimental data, which yielded a thr
different pump intensities were also provided. (d) Laser experimental data and rate equa
calculated L-L curves with b of 0.0006, 0.06 and 1 were also presented for comparison.
objective lens with an N.A. of 0.75 (Fig. 4b). At low pump intensity
(312.3 lJ/cm2 per pulse), only a broad spontaneous emission
peaked around 705.6 nm with an observed full width at half max-
imum (FWHM) of about 38.6 nm. As the pump intensity increased,
a shoulder around 718.1 nm appeared which was comprised of the
optical modes selectively amplified by the optical feedback in the
NP WGM cavity. When the pump intensity surpassed 730 lJ/cm2,
the peak sharply increased in intensity. This left only one resonant
peak with a much narrower FWHM (�0.77 nm), which was indica-
tive of single-mode lasing behavior. Apparently, both the normal-
ized spectra maps (inset of Fig. 4b) and the light-light (L-L) curve
(Fig. 4c) showed a distinct kink with a super-linear increase in
the emission output, with a lasing threshold extracted at
�730 lJ/cm2. In addition, we clearly observed an abrupt spectrum
narrowing above the lasing threshold (Fig. 4c). Using a rate equa-
tion analysis [37], the experimental data was best fit with a spon-
taneous emission factor (b) of 0.0062. Thus, we showed how a
nanoscale single-mode CsPbI3 NP laser could be integrated with
fiber optics. This kind of single mode fiber laser with gain medium
on top may potentially enable higher performance in fiber
communication, high sensitivity sensors and high resolution
imaging [34–36].
4. Conclusion

In summary, we successfully synthesized CsPbI3 nanocrystals
on PDMS substrates via CVD. We studied in detail the growth
mechanism both theoretically and experimentally, ultimately
chematic diagram of a CsPbI3 NP on a fiber end pumped by a 532 nm pulsed-laser
r end of the fiber. Top inset: absolute simulated electric field distribution of the
rns were seen inside the cavity. Bottom inset: bright-field image of the CsPbI3 NP.
the fiber end under different excitation powers. Inset: the normalized spectral color
on to amplified spontaneous emission, and finally to lasing. (c) L-L curve plotted on a
eshold pump intensity of �730 lJ/cm2. The FWHM data of the emission peaks under
tion analytical fits. The best fit to the experimental data gave with b of 0.0062. The
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proving that the molten Pb nanoparticles which adhered on the
PDMS surface served as catalysts in the growth of the perovskite.
In addition, the CsPbI3 nanocrystal morphology (NP or NW) was
controlled by changing the PDMS temperature. We also developed
a deterministic dry transfer method of CsPbI3 nanocrystals onto
arbitrary substrates by using the flexible PDMS substrate as a
stamp. As a demonstration, we transferred a CsPbI3 crystalline
NP on a fiber’s core and realized single-mode lasing from the NP
by optically pumping from the other end of the fiber. The advan-
tages of the developed synthesis and transfer methods can facili-
tate the integration of perovskite nanocrystals with complex or
custom-designed electronic/photonic structures, opening new
routes for high-performance optoelectronics as well as discovery
of new physical phenomena through integration with other
nanomaterials.
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