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Hybrid organic—inorganic perovskite materials have

received substantial research attention due to their impressively
high performance in photovoltaic devices. As one of the oldest
functional materials, it is intriguing to explore the optoelectronic
properties in perovskite after reducing it into a few atomic layers in
which two-dimensional (2D) confinement may get involved. In this
work, we report a combined solution process and vapor-phase
conversion method to synthesize 2D hybrid organic—inorganic
perovskite (i.e., CH;NH,PbL;) nanocrystals as thin as a single unit
cell (~1.3 nm). High-quality 2D perovskite crystals have triangle
and hexagonal shapes, exhibiting tunable photoluminescence while
the thickness or composition is changed. Due to the high quantum
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efficiency and excellent photoelectric properties in 2D perovskites, a high-performance photodetector was demonstrated, in
which the current can be enhanced significantly by shining 405 and 532 nm lasers, showing photoresponsivities of 22 and
12 AW with a voltage bias of 1 V, respectively. The excellent optoelectronic properties make 2D perovskites building

blocks to construct 2D heterostructures for wider optoelectronic applications.
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he rapid progress in graphene' and the methodology

developed in preparing ultrathin atomic layer materi-

als® has led to exploration of other two-dimensional
(2D) materials such as hexagonal boron nitride (h-BN),’
transition metal dichalcogenides (TMDs),*™® and black
phosphorus,”® etc. In particular, 2D semiconductor materials
have received significant attention due to strong quantum
confinement and the sizable band gap in these materials, which
are desired for many optoelectronic applications. Recently,
hybrid organic—inorganic perovskites described by the formula
ABX; (A = CH3NH,%; B = Pb* or Sn**; and X = CI7, I", and/
or Br™) have been intensively studied as an emerging material
for solar energy harvesting due to impressive power conversion
efficiency over 20%.”'” These materials have many interesting
properties such as intrinsic ambipolar transport, high optical
absorption coeflicient in visible spectral range, changeable band
gap, high quantum efficiency, and a long carrier diffusion
h,'>'* showing promising potential for optoelectronic and

length,
photonic devices such as solar cells,">'® photodetectors,'” light-
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emitting diodes,'® field-effect transistors," waveguides,20 as
well as nanolasers.”’ It is intriguing to investigate the
optoelectronic properties in 2D perovskite after reducing it
into single- and few-unit-cell-thick crystals in which 2D
quantum wells are exposed and the electronic coupling between
the top and bottom layers may be varied.

A variety of methods have been developed to synthesize the
perovskite from polycrystalline film to bulk single crystal."*
However, the introduction of many defects and grain
boundaries in three-dimensional (3D) bulk perovskite is
unavoidable,”* which could degrade the optoelectronic proper-
ties. Niu et al.** successfully produced ultrathin 2D perovskite
flakes using micromechanical exfoliation as used for graphene
and found distinct exciton properties in thick and thin regions.
Xiong and co-workers” "> reported the synthesis of perovskite

December 11, 2015
February 24, 2016

DOI: 10.1021/acsnano.5b07791
ACS Nano XXXX, XXX, XXX—XXX


www.acsnano.org
http://dx.doi.org/10.1021/acsnano.5b07791

ACS Nano

Hot casting CVD method

Saturated Pbl,

aqueous solution Pbl, nanosheets on SiO,

(220)

I Perovskite

(001)

Intensity (a.u.)

Pbl,

(002) (003) (004)
A A

20 40 60
20 (deg)

CH;NH;Pbl; nanosheets

w
X
=
o
4

| .
$unod aoo

o

3x104

-
SjUN0d 09

o

Figure 1. (a) Schematic illustration of solution process to fabricate 2D Pbl, nanosheets and vapor-phase conversion process to transfer Pbl,
into 2D CH;NH,PbI, perovskite nanosheets. (b) Crystal structure of single-unit-cell-thick 2D CH;NH;Pbl; perovskite. (c) Optical image of
2D CH,;NH,PbI; nanosheets synthesized by hot casting (>90 °C) and vapor-phase conversion. Scale bar: 10 ym. (d) High-magnification
optical image of 2D CH,NH,Pbl, nanosheets. Scale bar: 4 um. (e) PL mapping image of 2D CH,;NH,PbI, nanosheets shown in (d). Scale bar:
4 pm. (f) Optical image of 2D CH;NH;PbI; nanosheets synthesized by hot casting (<90 °C) and vapor-phase conversion. Scale bar: 10 gm.
(g) High-magnification optical image of 2D CH;NH,PbI; nanosheets. Scale bar: 4 um. (h) PL mapping image of 2D CH;NH,PbI, nanosheets
shown in (g). Scale bar: 4 gm. (i) XRD patterns of Pbl, nanosheets and converted CH,;NH;PbI, nanosheets. (j) Low-magnification TEM
image of a 2D CH;NH;Pbl; nanosheet. Scale bar: 0.5 gm. The inset shows an electron diffraction pattern of the nanosheet. (k) High-
resolution TEM image of a 2D CH;NH;PbI; nanosheet. Scale bar: 2 nm.

nanoplatelets with a thickness from dozens to several hundred
nanometers by using the chemical vapor deposition (CVD)
method, bringing us a step closer to produce ultrathin
perovskite. Liao et al’® reported a one-step solution self-
assembly method to prepare a single-crystalline square
microdisk of CH;NH;PbI; with a thickness of about 500 nm.
However, how to synthesize ultrathin 2D perovskite with a
thickness down to a single unit cell is still challenging because
of the poor chemical stability, fast crystallization rate, and the
intrinsically non-van der Waals-type 3D characteristics of
perovskite. The uncontrolled growth of perovskite will produce
grains with random crystal size and large morphological
variations, leading to very different photovoltaic performance
in the resulting devices, which represents one of the major
barriers for practical applications.”” In this regard, the
realization of 2D perovskite with several unit cells (less than
10 nm), even with single-unit-cell thickness, will contribute to a
comprehensive understanding of the intrinsic physical proper-
ties, especially charge carrier behaviors, which are the basis of
perovskite-based functional optoelectronic devices. Very
recently, Dou and co-workers™ reported the solution-phase

growth of single- and few-unit-cell-thick 2D hybrid perovskites
of (C4HoNHj;),PbBr, with well-defined square shape and large
size. They also found that the color tuning of the photo-
luminescence (PL) spectrum could be achieved by changing
the sheet thickness as well as composition. However, the one-
step solution process limits the composition modification of
(C4HoNH;),PbBr, perovskite somewhat, making it difficult to
obtain 2D CH;NH,;PbX; (X = CI7, Br-, or I") perovskites,
which have better photovoltaic performance and a broader
range of applications.” Synthesis and device application of 2D
CH;NH;PbX; perovskite are thus of strategic interest.

In this work, we demonstrate the preparation of 2D
CH,;NH;PbX; perovskites as thin as a single unit cell, using a
combined solution process and vapor-phase conversion
method. In particular, the 2D Pbl, was used as the template,
resulting in the growth of a non-van der Waals-type 2D
perovskite (i.e, CH;NH;PbL,). This two-step process is highly
versatile to produce many different 2D perovskites pertaining
to the same structural framework through the intercalation of
different organic cations or halogen anions. Owing to the
character of single- or few-unit-cell thickness, it is interesting to
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Figure 2. (a—d) AFM topography images of 2D CH;NH,Pbl; nanosheets with different thicknesses. Scale bars: 2 pm. (a) Single-layer
CH;NH;PbL;. The height profile indicates a thickness of 1.3 nm. (b) Two-layer CH;NH,PbI;. The height profile indicates a thickness of 2.5
nm. (c) Four-layer CH;NH,;PbI,. The height profile indicates a thickness of 5.0 nm. (d) Ten-layer CH;NH,PbI,. The height profile indicates a
thickness of 13.0 nm. (e) Normalized PL spectra of 2D perovskite nanosheets with different thicknesses. (f) PL peak position and energy gap

as a function of the number of unit cells in perovskite.

find that the 2D perovskite exhibits high PL quantum yield,
unique band structure compared to the bulk crystal, and
excellent photodetection performance.

RESULTS AND DISCUSSION

The 2D hybrid organic—inorganic perovskite nanosheets were
prepared by a two-step method, as schematically shown in
Figure la. This method involves casting saturated Pbl, aqueous
solution onto a substrate and subsequently heating the
substrate at an elevated temperature, during which 2D Pbl,
nanosheets will nucleate. Subsequently, the 2D CH3;NH;PbI;
perovskite nanosheets were formed by intercalating the
CH,;NH;I molecules into the interval sites of Pbl octahedron
layers. The resulting CH;NH;PbI; perovskite still maintains the
2D lamellar structure, indicating good morphology retention
after vapor-phase conversion. It is found that the heating
temperature in the solution process is crucial to affect the
nucleation and growth of 2D Pbl, nanosheets because the
number of nucleation sites is controlled by temperature. When
the temperature is greater than 90 °C, the crystal growth rate is
much higher than the nucleation rate, and a large amount of
thick Pbl, crystals will precipitate on the substrate. Never-
theless, some triangular or hexagonal 2D Pbl, nanosheets with
single-crystalline nature can still be observed at a particular
region on the substrate (Figure 1c,d) upon the concentration
change of Pbl, solution during drying in about 100 s. The 2D
structure indicates that the out-of-plane growth rate along the c-
axis is much lower than that of the in-plane one. This is because
of different surface energies along different directions; that is,
generally lower surface energy is expected alon% the in-plane
direction and thus leads to a faster growth rate.”” Due to the
high-temperature growth process, the crystal quality is high,
resulting in high PL quantum yield after converting Pbl, into
CH;NH;PbI;. The high and uniform PL intensity over the
whole CH;NH;Pbl, crystal (Figure le) suggests that the

sample maintains good uniformity and continuity after the
conversion process. By contrast, low temperature (<90 °C) in
the hot casting process could increase the quantity of the crystal
nucleus and inhibit the crystal growth rate to achieve large-scale
production of 2D Pbl, nanosheets (Figure 1fg). However, the
low-temperature growth process always lasts for 30 min to 1 h.
It should be noted that the Pbl, is also unstable in H,O. During
the slow growth process at low temperature, there is a
competitive relationship between the Pbl, crystal growth and
redissolution, which will affect the crystal quality inevitably,
leading to relatively low PL intensity (Figure 1h) in resulting
CH;NH;PbI; nanosheets. The corresponding AFM image
(Supporting Information, Figure S1) of a perovskite nanosheet
reveals jagged edges, which is evidence of redissolution.
Compared with CVD methods, the solution process can
produce Pbl, crystals with well-controlled morphologies. The
Pbl, and subsequent CH;NH;Pbl; nanowires, nanobelts, and
nanosheets with different diameters and thicknesses can be
obtained by controlling the evaporation rate of solvent, which is
associated with solvent type and the temperature of solvent and
substrate (see Figure S2 in Supporting Information).

X-ray diffraction (XRD) and transmission electron micros-
copy (TEM) were used to investigate the microstructure of
Pbl, and CH;NH;Pbl; nanosheets. Figure 1i shows the XRD
results of Pbl, and CH;NH;Pbl; nanosheets grown on glass
substrates. The XRD pattern of Pbl, shows four dominant
diffraction peaks at 12.8, 25.6, 38.5, and 52.3° which can be
assigned to the (001), (002), (003), and (004) facets,
respectively, of the 2H hexagonal crystalline structure. After
the CVD conversion process, two new peaks at 14.1 and 28.5°
are observed, which can be indexed to (110) and (220) facets,
respectively, of the tetragonal structure of perovskite. It should
be noted that the diffraction peaks of Pbl, disappeared,
suggesting a complete conversion of Pbl, into perovskite
crystals. More interestingly, a few XRD peaks such as (112),
(211), (310), and (224), which normally appear in solution-
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Figure 3. (a—c) Optical, AFM, and PL mapping images of the as-grown CH;NH,PbI, nanosheet with different thicknesses (thin CH;NH;Pbl,
sheet with a thicker region at the center). Scale bar: 10 gm. (d) PL mapping image of the 2D heterostructure integrated by a PL peak at 660
nm. Scale bar: 10 gm. (e) PL mapping image of the 2D heterostructure integrated by a PL peak at 730 nm. Scale bar: 10 ym. (d) Normalized
PL spectra measured from central (red trace) and peripheral (orange trace) regions of the 2D heterostructure.

based approaches (Supporting Information, Figure S3), were
not observed in as-produced 2D CH;NH;Pbl; sheets,
indicating a well-preferred crystal orientation in our samples.
The electron diffraction pattern in Figure 1j further verifies
those two facets, which are distinct from those of Pbl,
(Supporting Information, Figure S4). The high-resolution
TEM image reveals clear lattice fringes of (200) and (022)
facets (Figure 1k), indicating a complete conversion into the
perovskite structure. It should be noted that the perovskite was
sensitive to electron beam or laser irradiation, as Pbl,
reflections are observed in the diffraction patterns under long
irradiation times (Supporting Information, Figure SS). This is
due to localized loss of CH;NH;I under electron beam or laser
irradiation, recovering a small region into Pbl,. The rewritable
characteristic under electron beam or laser will make this type
of perovskite a promising candidate for fabricating novel
functional devices, which needs further investigation. Density
functional theory calculations were performed (Supporting
Information, Figure S6) to investigate the structure trans-
formation from a hexagonal to a monoclinic system when the
CH;NHj;I molecules were intercalated into the interval sites of
Pblg octahedrons layers. Due to the complete conversion of
Pbl, into CH3;NH;PbI; perovskite, the length of the c-axis
could be increased, and the shear stress in the a—b plane will be
introduced, which changes the y angle. As a result, the lattice
changes from monoclinic to tetragonal structure.

The topography and thickness of 2D CH;NH;PbI; perov-
skite nanosheets with different numbers of layers were
investigated by AFM, as shown in Figure 2a—d. It is found
that the surface of 2D CH;NH;Pbl; nanosheets becomes
relatively rough compared to that of the Pbl, nanosheets, due
to the adsorption of CH;NH;I molecules on the surfaces. AFM
topography indicates a surface roughness of 0.2—1.0 nm. The
height profiles depict perovskite thicknesses of 1.3, 2.5, 5.0, and
13 nm, corresponding to 1, 2, 4, and 10 unit cells, respectively.
The thickness of single-unit-cell CH;NH;PbI; is smaller than

that of single-unit-cell (C,HyNH,),PbBr, because of the
smaller radius of the CH3;NH,;" ion. To the best of our
knowledge, this is the first report on the synthesis of
CH;NH;PbX; perovskite with 2D structure, which may show
unique optical and electrical properties.

In order to investigate the optical properties of 2D perovskite
nanosheets with different thicknesses, PL spectroscopy
measurements were implemented under 532 nm laser
excitation, as shown in Figure 2ef. Both bulk crystals and 2D
sheets with different thicknesses exhibit high quantum
efficiency in terms of PL yield. However, the PL peaks shift
to shorter wavelength gradually when decreasing the perovskite
thickness. For the perovskite with single-unit-cell thickness, the
PL peak is located around 720 nm. As reported by Dou et al,
the shift of PL emission for the ultrathin 2D perovskite sheets is
probably induced by the lattice expansion; that is, the structural
relaxation of the in-plane crystal lattice could increase the
optical band gap.”® It is interesting to find that the change of
band gap in 2D CH;NH;PbI; is more pronounced than that of
2D (C,HoNH;),PbBr, reported in ref 28. Generally, the
electronic structure of hybrid organic—inorganic perovskite
compounds (ABX;) is governed by the B—X bond of the
inorganic framework.”"** Although A cation does not directly
affect the electrical structure, a large A cation can cause
distortion of the B—X bonds, thus adversely affecting
symmetry. While smaller A cations are intercalated into the
interval sites of Pbl; octahedrons layers, the B—X bonds
undergo compression and the A—X bonds undergo tension to
compensate for the excess space. Conversely, in the case of
larger A cations, a higher degree of symmetry will be induced,
resulting in a more stable electrical structure.” As a result, a
broader tuning wavelength could be achieved for 2D
CH,;NH,PbX; because the radius of the CH;NH;" ion is
much smaller than that of (C,HgNH;),*. Furthermore, there is
no PL peak position shift between these crystals with different
shapes (Supporting Information, Figure S7).
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Figure 4. (a) Schematic image of a transistor device based on 2D perovskite. (b) Optical (left) and corresponding PL mapping (right) images
of the 2D perovskite device. Scale bars: 10 gm. (c) I-V curves of the 2D perovskite-based device under the irradiation of natural light with
different power. Inset: Time-dependent photocurrent measurement over five on—off periods of operation under different power of natural
light with a voltage bias of 1 V. (d) Time-dependent photocurrent measurement on the 2D perovskite phototransistor under the different
power of a 405 nm laser with a voltage bias of 1 V. (e) Photocurrent and photoresponsivity versus optical illumination power at a wavelength
of 405 nm with a voltage bias of 1 V. (f) Temporal photocurrent response excited at 405 nm. The rise time (<20 ms) is defined as the time for
the photocurrent to increase to 70% of the ON-state current. The fall time (<40 ms) is defined as the time for the photocurrent to decrease by

70% of the ON-state current.

One of the most interesting characteristics of hybrid
organic—inorganic perovskite is that the halogen elemental
composition could be substituted by reacting with different
organic molecules, which could induce a changeable band
structure and consequently tunable optical properties. In
principle, it is easier for an anion to exchange in atomically
thin perovskite crystal with exposed 2D quantum wells at the
top and bottom surfaces. Figure S8 in the Supporting
Information depicts the PL spectra of the as-synthesized 2D
CH;NH,Pbl; (red trace), CH;NH,PbBr,],_, (orange trace),
and CH;NH,PbBr; (green trace) nanosheets at room temper-
ature. The peaks of PL emission from CH;NH;PbBr;,
CH;NH;PbBr,I; ., and CH3;NH;Pbl; nanosheets appear at
approximately 535, 660, and 730 nm, respectively, consistent
with the previous report.18 However, the 2D nanosheets have
obvious blue-shifted peaks due to the 2D quantum confinement
effect. In comparison to CH;NH;Pbl; and CH;NH;PbBr;,
CH;NH;PbBr,I;_, has broadened and blue-shifted PL
emission, possibly due to the existence of alloying composition.

An in-plane heterostructure consisting of CH;NH;PbI; and
CH;NH;PbBr,I;_, was produced by controllably annealing the
as-grown CH;NH,PbI; nanosheet with different thickness (thin
CH;NH,Pbl; sheet with a thicker region at the center) in
excess CH;NH;Br vapor environment. The optical, AFM, and
PL mapping images for the as-grown CH;NH;Pbl; nanosheet
are shown in Figure 3a—c, revealing the thickness difference
between the center and edge regions. While the thin
CH;NH;PbI; sheet with a thicker region at the center reacted
with CH3;NH;Br, anion exchange first occurred at the thin
edges of the CH;NH;PbI; perovskite nanosheet then toward
the thicker region at the center. This is because the iodide ions
in the peripheral region can be easily replaced with a bromide
ion, whereas the chemical composition in the central region
does not change. Figure 3d—f reveals distinct PL emission from
the central region and the peripheral region, which are centered

at 730 and 660 nm, and in good agreement with the near band-
edge emission from CH;NH,Pbl; and CH;NH,;PbBrlI;
respectively. Interestingly, the PL mapping measurements
indicate that there is no apparent overlap or gap between the
CH;NH;Pbl; and CH;NH;PbBr,I; , regions, suggesting that
CH;NH,Pbl; (inner triangle) and CH;NH,PbBrI,_, (sur-
rounding region) are laterally connected with well-defined
interface.

We further fabricate a field-effect transistor to evaluate the
electronic and photoelectric properties of a 2D CH;NH;PbI,
sheet. The perovskite-based transistor device with a back gate is
schematically shown in Figure 4a. In order to prevent doping
by contamination, a lithography-free technique with electrode
materials with a patterned Si;N, shadow mask was used to
fabricate clean devices. Figure 4b shows the optical and PL
mapping images of the transistor device based on single-unit-
cell perovskite. It is notable that the source—drain current
(Ip_g) is very small (about 107'* A, close to nonconductive) in
dark conditions, and the I, g could not be tuned by gate
voltage, which is very different from the bulk materials.
However, even under the illumination of a dim light, the
current of the 2D perovskite-based device could be significantly
enhanced, promising great potential as an effective photo-
detector. Typical I-V curves of the 2D perovskite-based device
under the irradiation of natural light with different power are
shown in Figure 4c. Clearly, I-V curves present linear
dependence on the applied bias, indicating ohmic contact
between perovskite and gold electrodes. The ratio of
photocurrent to dark current can reach up to 2 orders of
magnitude (Figure 4c, inset), which is attributed to strong
light—matter interaction as well as broad-band light-harvesting
capability in a single-unit-cell perovskite nanosheet. However,
when the 2D perovskite-based device was illuminated by a weak
laser (40S or 532 nm, unfocused, the effective power <10 pw),
the hysteresis can be observed in I-V curves; that is, the
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current depends on the direction of the voltage sweeping
between the source and drain electrodes (Supporting
Information, Figure S9). It is supposed to be related to the
poling effect in CH;NH,Pbl,.>> Nevertheless, the 2D perov-
skite-based photodetector is sensitive to a broad-band light
from the ultraviolet to the entire visible spectral range. Time-
dependent photocurrent was measured under the illumination
of natural light (inset of Figure 4c), a 405 nm laser (Figure 4d),
and a 532 nm laser (Supporting Information, Figure S10),
indicating effective optical switching. The photoresponsivities
of the phototransistor with a voltage bias of 1 V were calculated
to be 22 AW ™! under a 405 nm laser and 12 AW™" under a 532
nm laser. These are much higher than that of photodetectors
based on bulk perovskite film (3 AW™!)** but slightly lower
than perovskite microplate crystals (40 AW™').** As one of the
key figures of merit, the relatively faster response time can also
naturally broaden the scope of the device application. It is
found that the rise and decay times of the photodetector based
on 2D CH;NH;PbI; nanosheets are shorter than 20 and 40 ms,
respectively (Figure 4f), suggesting a much faster response time
than photodetectors based on bulk films.** The results above
show that the 2D perovskite device has excellent photo-
responsivity and relatively fast response time for light detection,
which affords the potential for application in optoelectronic
switches and photodetectors.

CONCLUSION

In summary, we have successfully demonstrated a facile method
to produce atomically thin 2D CH;NH,PbX; (X = Cl, Br, or I)
perovskite nanosheets and heterostructure. The high-quality 2D
perovskite crystals exhibit high PL quantum efficiency with
broad wavelength tunability. The excellent optical and
photoelectric properties make 2D perovskite a promising
candidate for high-performance photodetectors. The realization
of 2D perovskite with several-unit-cell (less than 10 nm) and
even single-unit-cell thickness can open up exciting oppor-
tunities for the fundamental understanding of this type of
materials and creation of a wide range of functional devices,
ranging from photovoltaics and photodetectors to light-
emitting diodes and laser diodes.

METHODS

The 2D CH;NH;Pbl; perovskite nanosheets were prepared by two
steps. First, saturated Pbl, aqueous solution was prepared by dissolving
1 mg of Pbl, powder (Sigma-Aldrich) in 1 mL of DI water and heated
at 90 °C for 1 h. Then the solution was drop-casted on the SiO,/Si
substrate and heated at a temperature from 30 to 180 °C. The 2D Pbl,
nanosheets nucleate on the substrate during drying. In the second step,
the CH;NH,I powder, which was synthesized according to previous
work,*® was placed at the center of a CVD furnace while the as-grown
2D Pbl, nanosheets on the silicon oxide substrate were mounted
downstream of the apparatus. The central heating zone was increased
to 120 °C under low-pressure conditions (40—S0 Torr) and
maintained for 40 min to 4 h. Ar and H, were introduced into the
quartz tube as carrier gases with flow rates of 35 and 15 sccm,
respectively, during the whole vapor conversion process. The furnace
was then naturally cooled to room temperature with the cover closed
at a cooling rate of S °C/min. The 2D CH;NH;PbBrI; , and
CH;NH;PbBr; nanosheets were synthesized by controllably annealing
as-grown CH;NH;Pbl; nanosheets in an excess CH;NH;Br vapor
environment at 120 °C under low pressure (40—50 Torr) with
different holding times (from 15 min to 2 h). Different annealing times
result in complete or partial halogen element substitution.

The morphologies and topography of the 2D CH;NH;Pbl;
perovskite nanosheets were characterized using optical microscopy

and atomic force microscopy (Bruker, Dimension Icon SPM). XRD
experiments were conducted by a Philips X-ray diffractometer with Cu
Ka radiation. The samples were scanned from 10 to 60° with a step
size of 0.02°. The microstructure of the samples and electron
diffraction pattern were characterized using a TEM microscope (FE,
Tecnai G2 F20). PL measurements were performed using a confocal
microscope system (WITec, alpha 300R) with a 100X objective lens
(NA = 0.9) in ambient conditions. We used 450 and 532 nm lasers to
excite samples, which were placed on a piezo-crystal-controlled
scanning stage. The spectra are collected using 600 lines/mm gratings
with a spectral resolution of <0.09 nm. To avoid sample damage, low
laser power (S yW) was applied during the measurements. The
exposure time was 0.01 s, and the accumulation number was 10. Many
different locations of the sample were tested, and an average was made
to conclude the PL peak position of each sample.

The 2D CH;NH;Pbl;-based phototransistor devices were fabricated
on a SiO,/Si substrate. The electrodes were patterned using parallel
Si3N, grids as a shadow mask to define the deposition region, followed
by electron beam deposition of Ti/Au (5/50 nm) in vacuum with a
chamber pressure of <6 X 107 Torr. The channel length between the
source and drain electrodes was around 10 pm. The source—drain
current as a function of bias voltage upon an unfocused 405 nm laser, a
532 nm laser, and natural light illumination was recorded by a source
meter unit (Agilent, B2902A).
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Figure S1. AFM topography image of 2D perovskite nanosheet produced by
acombined low temperature solution process and CVD method. Scale bar: 2 pm.

The low temperature growth process always lasts for 30 mins to 1 hour. An
important issue should to be noted is that the Pbl; is also unstable in H,O. During the
slow growth process with low temperature, there is a competitive relationship
between the Pbl, crystal growth and re-dissolution, which will affect the crystal
quality inevitably. The corresponding AFM image (Figure S1) for perovskite
nanosheets reveals the re-dissolution clearly during the solution process, that is, the

crystal exhibited the jagged edges.
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Figure S2. (a) Schematic illustration of solution process to fabricate thick Pbl, nano or
microsheets (thickness: 100-300 nm) (b) Optical image for perovskite microsheets.
Scale bar: 5 um. (c) PL mapping images for perovskite microsheets. Scale bar: 5 pum.
(d) AFM images for perovskite microsheets. Scale bar: 5 um. (e) Schematic
illustration of solution process to fabricate Pbl, nanowires. (f) Optical image for
perovskite nanowires. Scale bar: 3 um. (g) PL mapping images for perovskite
nanowires. Scale bar: 3 um. (h) AFM images for perovskite nanowires. Scale bar: 3
pm. (i) Schematic illustration of solution process to fabricate PbBr, nanobelts. (j)
Optical image for perovskite nanobelts. Scale bar: 3 pm. (k) PL mapping images for
perovskite nanobelts. Scale bar: 3 um. (I) AFM images for perovskite nanobelts. Scale
bar: 3 pm.

Compared with CVD method to synthesize the Pbl, crystals, the morphology of
Pbl, crystals could be more controlled by our solution process. The Pbl, and
subsequent CH;NH;Pbl; nanowires, nanobelts, and microsheets with different
diameters and thicknesses could be obtained, as shown in Figure S2.

Pbl, microsheets: Owing to the different solubility of Pbl, in water at different

temperatures, we developed a new crystallization method to prepare Pbl, microsheets.



By inversing the growth temperature, the resulting Pbl, microsheets with different
diameters and thicknesses could be produced (Figure S2a-d).

Pbl, nanowires: When dissolving 0.5g Pbl, powder in N,N-dimethylmethanamide
(DMF) solution at 90 °C for 1 hour, followed by the 12 hours standing time with
deionized water added into the Pbl,/DMF solution, the Pbl, nanowires will precipitate
out (Figure S2e-h).

PbBr; nanobelts: Owing to the different solubility of PbBr; in water at different
temperatures, by inversing the growth temperature, the resulting PbBr, nanobelts with
different diameters and thicknesses could be produced (Figure S2i-1).

Similarly, the CH3NH;3Pbls perovskites in different morphology can be formed
through intercalating the CH3;NHs;l molecules into the interval sites of Pblg

octahedrons layers by using CVD method.
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Figure S3 XRD patterns of CH;NH;3Pbl; perovskite produced by different methods.
Red curve, perovskite nanosheets produced by a combined solution process and
vapour phase conversion method. Black curve, CH3NH3Pbl; film produced by a
conventional two step spin-coating method.

XRD patterns are obtained from different samples produced by CVD process (2D
nanosheets) and conventional spin-coating (polycrystalline thin film). The XRD
patterns of perovskite nanosheets does not reveal the presence of other orientations:
(112), (211), (310), and (224), indicating that the 2D CH3;NH;3Pbl; nanosheets
obtained by our method are highly crystallized and have preferred orientation on

substrate.



Figure S4 (a) Low magnification TEM image of a 2D Pbl, nanosheet. Scale bar: 2 um.
(b) Selected-area electron diffraction pattern of Pbl, nanosheet along the [0001] zone
axis. Scale bar: 2 1/nm.

Figure S4a and b show the low magnification TEM image and the selected-area
electron diffraction pattern taken from the as-grown Pbl, nanosheet, indicating a

highly crystalline Pbl, with six-fold symmetric diffraction patterns.



Figure S5 Electron diffraction pattern of 2D perovskite nanosheet under high energy
electron beam irradiation. Scale bar: 2 1/nm.

It should be noted that the perovskite was sensitive to electron beam or laser
irradiation, Pbl, reflections are also evident in the diffraction patterns under the long
irradiation time (Figure S5). This is due to localized loss of CH;NH;3I under electron
beam or laser irradiation, leaving small regions of Pbl,. The rewritable characteristic
under electron beam or laser will make this type of perovskites promising candidates

for fabricating novel functional devices, which needs further investigation.
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Figure S6 The relaxed structures for the tetragonal phase perovskite with different
MA" intercalation ratios. (a) CH3NH3/Pb=0.25. (b) CH3NH3/Pb=1.

Table 1 The lattice constants of tetragonal perovskite (AyBXj;) with different
intercalation ratios of CH;NH;.

y Lattice type Lattice parameters, a, b and ¢ in A

0.25 | Monoclinic a=8.6613, b=8.9722, c=12.1651, 0=90.00°, =90.00°, y=86.43°

0.5 a=9.2047, b=8.9159, c=12.3357, a=90.00°, $=90.00°, y=86.53°
0.75 a=8.9251, b=8.9608, c=12.6323, a=90.02°, $=90.29°, y=89.35°
1 Tetragonal a=b=9.2419, ¢=12.8838, a==y=90.00°

All the calculations were performed by Vienna Ab-initio Simulation Package
(VASP). Project augment wave (PAW) method was used to describe the interaction
between the ion and valence electrons. The exchange-correlation functional developed
by Perdew, Burke and Emnzerhof (PBE) was used. The energy cutoff of all the
calculations was set to 500 eV. A Monkhorst-pack k-point mesh with density of 4x4x2
was used in the calculations of tetragonal phase. The tetragonal phase of ABX; was

modelled by a v2x+2x2 supercell of the cubic unit cell with four CH3;NH;




molecules in it. To simulate the perovskite crystal structure with different CH3;NH;
molecules, the corresponding numbers of CH3;NH; molecules were added from the
simulation cell. In the initial structure, the C-N bond of all CH;NH; molecules was set
to align in the <100> direction of the cubic unit cell. Then all the structures were

relaxed until the force exerted on each atom is less than 0.01 eV/AZ.

The DFT calculations results (Figure S6) suggest that the crystal structure
transforms from hexagonal to monoclinic system when the CH3NH3I molecules start
to intercalate into the interval sites of Pblg octahedrons layers. However, due to the
completely conversion of Pbl, into CH3;NH3Pbl; perovskite, the length of c-axis could
be increased and the shear stress in a-b plane will be introduced, which changes the y

angle. As a result, the lattice changes from monoclinic to tetragonal structure.
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Figure S7 (a) and (b) AFM topography images of 2D CH3;NH;3Pbl; nanosheets with
the same thickness but different shapes (a: Triangle; b: Hexagon). Scale bars: 2 pm. (c)
PL spectra collected from a and b.

Figure S7 a and b show the AFM topography image of the truncated triangular and
hexagonal nanosheets with the same thickness. The PL spectra in Figure S7c are
collected from the sample in a and b. It can be seen that these is no clear PL peak shift

between these two spectra, indicating the same phase and structure. The intensity



difference of the PL spectra might be due to the different laser intensities, focusing

conditions or integration times.
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Figure S8 Nomalized PL spectra of 2D perovskite nanosheets with different
compositions. Red trace: CH3NH;3Pbl;; orange trace: CH3;NH;PbBryI;; green trace:
CH3NH3PbBI‘3.
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Figure S9 I-V curves of the 2D perovskite based device under the irradiation of weak
unfocused 532 nm laser.

When the 2D perovskite based device was illuminated by weak laser (405 nm or
532 nm, unfocused, the effective power: <10 pw), the hysteresis can be observed in
I-V curves, i.e. the current depends on the direction of the voltage sweeping between
the source and drain electrodes. This means that some displacement (i.e. charge
concentrations) related to the light intensity may happened, which could not be

introduced by charge carriers injected from the contacts under forward bias.
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Figure S10 (a) Time-dependent photocurrent measurement on perovskite
phototransistor over a five-period on- off operation under the different illumination of
532 laser. (b) Temporal photocurrent response excited at 532 nm. The rise time (<
25ms) is defined as the time for the photocurrent increased to 70% of ON-state
current. The fall time (< 50ms) is defined as the time for the photocurrent decreased
by 70% of ON-state current. (c) Photocurrent and photoresponsivity versus optical
illumination power at a wavelength of 532 nm with a voltage bias of 1V. (d)
Photocurrent and photoresponsivity versus optical illumination power under natural
light with a voltage bias of 1V.

Figure S10a shows the photocurrent response of the device under the irradiation of
the 532 nm laser with different power. Compared with the photocurrent response
under the irradiation of the 405 nm laser, it can be found that the higher photocurrent
was generated under 405 nm laser, in agree with the higher absorbance at a shorter
wavelength. Temporal photocurrent response of the transistor under 532 nm laser was
measured, as shown in figure S9b. The result reveals that a rise time less than 25 ms

and a fall time less than 50 ms (70%), which can be applicable for many applications.



Figure S10c and d shows the dependence of photocurrent and photoresponsivity on
532nm laser (c) and natural light (d) with a voltage bias of 1V. The photocurrent is
increased linearly with promoting the light power. It can be seen that higher

photoresponsivity can be achieved when decreasing the illumination power.

Figure S11. Optical images of larger size single crystal perovskite 2D nanosheets.

Scale bars: 20 pm.
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