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materials such as graphene and MoS2 as mentioned at the 
beginning. The exploration of 2D nonlayered materials will 
bring us exotic electronic and optoelectronic properties beyond 
layered materials due to novel electronic structure of nonlay-
ered materials. As demonstrated in our previous work that 2D 
Pb1−xSnxSe nanoplates exhibit broad and sensitive infrared 
response due to its direct narrow bandgap and high absorption 
coefficient. Recently, Zhang et al. demonstrated the controlled 
epitaxial growth of 1D CdSe nanorods array on 2D CdS nano-
plates. The nanorod arrays were grown on the selective facets 
of the hexagonal nanoplates via seed engineering. This hierar-
chical 1D/2D nonlayered nanostructures have great potential 
in a variety of fields such as energy conversion, electronics.[13] 
Xie et al. showed the ultrathin nanosheets of the Mn-doped 
CoSe2 exhibited useful hydrogen evolution reaction proper-
ties, which provided a new way for newly highly efficient cata-
lysts.[14] Therefore, the synthesis of 2D nonlayered materials is 
a pressing topic for their potential applications.

Precise control on the growth site of nanomaterial has been 
an essential and challenging topic. Significantly, individual 
crystal has shown great superiority in some applications, 
which require minimal cross-talk between neighboring devices 
including active matrix displays and sensor arrays.[15] Appar-
ently, individual crystal arrays are critical in preparing practical 
devices with high performance and density. Throughout the his-
tory of van der Waals epitaxial 2D nanostructures arrays, it has 
achieved great progress but limited in layered nanostructures 
such as GaSe,[16] Bi2Se3, Bi2Te3, In2Se3, SnSe,[17,18] lead halide 
(PbI2),[19,20] etc. Our group has made a big breakthrough in the 
growth and device applications of 2D nonlayered semiconductor 
such as van der Waals epitaxial 2D Te,[21] Pb1−xSnxSe[22,23] nano-
plates on mica or h-BN. However, patterning the 2D nonlayered 
semiconductor array is still a big challenge due to complicated 
growth dynamics of 2D nonlayered materials. Layered materials 
hold the intrinsic driving force for 2D anisotropic growth while 
2D nonlayered materials lack this due to its 3D isotropic crystal 
structure. And crystal structure of layered materials matches 
well with layered epitaxial substrate (for example, MoS2 shares 
the same hexagonal symmetry with growth substrate such as 
graphene, mica). However, nonlayered semiconductor exhibits 
completely different crystal orientation with layered epitaxial 
substrates.

Owing to the rapid deterioration of silicon photosensi-
tive properties beyond 1100 nm, the narrow bandgap semi-
conductor has emerged such as InAs1−xSbx, Pb1−xSnxTe, 
Hg1−xCdxTe, PbSe, PbTe, InAs, InSb, PbS.[24,25] These mate-
rials possess outstanding optoelectronics properties including 
high electron mobility, high optical absorption coefficient, and 

2D materials such as graphene,[1] MoS2,[2] Bi2Se3, and Bi2Te3
[3] 

are now one of the most intensive studies owing to their 
unconventional surface-related physical, optical, and electronic 
properties. They are promising candidates in next-generation 
electronics and optoelectronics devices due to their fascinating 
properties including high electron or hole mobility,[1,4] quantum 
Hall effects,[5] superconductivity,[6] quantum anomalous Hall 
effect,[7] extraordinary thermal conduction,[8] and great poten-
tial applications in sensing,[9] transistors,[10] biomedicine,[11] 
photodetectors.[12] Benefiting from planar geometry, 2D nano-
structures possess great advantages over the bulk materials for 
flexible devices and exhibit high compatibility with traditional 
microfabrication techniques. Furthermore, 2D nanostructures 
show surprising properties due to strong quantum confine-
ment effect and ultrahigh specific surface area. However, the 
current research is mainly limited to the field of 2D layered 
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has shown great superiority in infrared (IR) radiation detec-
tors owing to easy bandgap tailoring, multicolor detectors. 
However, Hg1−xCdxTe suffers nonuniformity over large area, 
surface instability, and complicated growth methods.[25] In con-
trast, PbS is easier to prepare and more stable with the direct 
narrow bandgap (0.4 eV).[26] Significantly, benefiting from the 
broad spectral detection from the visible to mid-IR region, PbS 
shows many applications in remote sensing and environmental 
monitoring,[27] biological imaging (transparent tissue windows 
from 800 to 1100 nm), telecommunications (1300 to 1600 nm), 
thermal imaging (1500 nm and beyond), thermal photovoltaics 
(>1900 nm).[28] Moreover, according theoretical predication, 
few-layer PbX (X = S, Se, Te) has an extremely high electron or 
hole carrier mobility.[29] Interestingly, a recent work displays the 
normalized carrier multiplication efficiency is higher in 2D PbS 
nanosheets compared with its 0D quantum dots, 1D nanorods, 
and 3D bulk state.[30]

Herein, we report epitaxial growth of ultrathin, highly effi-
cient 2D nonlayered PbS nanoplates via van der Waals epitaxy. 
The nanoplates with thickness ranging from 5 to 35 nm was 
synthesized on graphite. The devices displayed outstanding 
photoresponsivity, detectivity, switching time and photogain 
values as high as 1621 A W−1, 1.72 × 1011 Jones, 0.3 s and 
2512, respectively, which were even comparable with previously 
hybrid heterostructures.[31–35] Moreover, we achieved precise 
control over the orientation, position of PbS nanoplates on the 
flexible mica substrate. To the best of our knowledge, we for 
the first time realize the controllable synthesis of inorganic 2D 
nonlayered semiconductor arrays via van der Waals epitaxy, 
which is significant for exploring integrated infrared sensors.

Figure 1a shows schematic illustration of PbS crystal struc-
ture. Remarkably, unlike 2D layered nanostructures with 

strong planar covalent bonding in lateral dimension and weak 
van der Waals interaction between two adjacent layers, cubic-
symmetry PbS is of 3D bonding with isotropic structure. The 
2D PbS nanoplates were grown on layered mica and graphite. 
Figure 1b presents one of typical samples on graphite. The 
PbS powders were used as the precursor in a low-pressure 
chemical vapor deposition (LPCVD) systems. Interestingly, 
PbS nanoplates selectively grew on graphite, as shown in 
Figure 1b and Figure S1 (Supporting Information). The selec-
tive growth behavior could be explained by the classical nuclea-
tion kinetics as discussed in previous reports.[34,36] In our case, 
graphite without surface dangling bonds shows low surface 
energy (γgraphite≈ 70–80 mJ m−2),[37] which is in favor of the 
lateral growth of PbS nanoplates along surface of graphite. In 
contrast, owing to the larger surface energy of SiO2 (γSiO2 ≈ 
300–400 mJ m−2),[34] the lateral growth of the PbS crystals on 
SiO2/Si must be overcome large free energy barrier.[34] In addi-
tion, owing to the strong interaction between dangling bonds 
on the surface of 3D bonded SiO2 and adatoms, the migration 
coefficient on SiO2 is far lower than that on atomically smooth 
graphite surface.[22] Consequently, compared to SiO2 surface, 
the lower surface energy and larger migration coefficient are the 
two key factors that PbS nanoplates selectively grew on graphite 
under optimized reaction parameters. Van der Waals epitaxy 
features weak van der Waals interaction between overlayer and 
substrate. It requires that either of overlayer or substrate is free 
of surface dangling bonds. Here we utilize mica and graphite 
as the growth substrate is based on the fact that they are both 
layered materials, the freshly exfoliated surfaces of which are 
highly smooth and chemically passivated. In addition, the van 
der Waals epitaxy allows a larger lattice mismatch between 
overlayer and substrate. That we see PbS nanoplates selec-
tively grow on graphite but not SiO2 substrates under the same 
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Figure 1. Morphology of vdWE PbS nanoplates. a) Schematic illustrations of the PbS with cubic crystal structure. b) SEM image of square PbS nano-
plates on graphite. c) AFM image of one square nanoplate with thickness of 16.2 nm. d) The histogram statistics of nanoplates with thickness ranging 
from 5 to 35 nm. e) HRTEM image with clear crystal fringes of (200) planes with corresponding SAED as the inset. f,g) TEM–EDX mapping of PbS 
nanoplate.
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growth conditions, which would be understood by the fact, as a 
conventional growth mode, large lattice mismatch between PbS 
(cubic) and SiO2 (amorphous) hinders the epitaxy of PbS nano-
plates on SiO2. Figure 1c presents the atomic force microscopy  
(AFM) image of one square nanoplate with thickness of 16.2 nm. 
The thickness of PbS nanoplates is critical for the photo electronic 
properties. The increase of nanoplates thickness will enhance 
the light harvesting. However, since photocurrent results from 
transport of photoexcited carriers, the signal-to-noise ratio 
likely decreases as the thickness of PbS nanoplates excesses the 
critical value. The numbers of photoexcited carriers are limited 
by the absorption coefficient. As the thickness of PbS nano-
plates excesses the critical value, the underlayer of PbS nano-
plate which has not been irradiated by laser will cause extra 
dark current. The thickness can be controlled by manipulating 
reaction time, carrier gas flow rate and temperature in the CVD 
process. The root-mean-square (RMS) roughness of nanoplates 
is less than 0.1 nm, which unambiguously verifies the atomi-
cally smooth surface of PbS nanoplate. The histogram statis-
tics of thickness demonstrate that the thickness of nanoplates 
ranges from 5 to 35 nm, as shown in Figure 1d. The original 
AFM image presents in Figure S2 (Supporting Information). 
In order to investigate the crystallinity of the nanoplates, trans-
mission electron microscopy (TEM) was employed. Figure 1e  
indicates the high-resolution TEM (HRTEM) images with clear 
crystal fringes of (200) planes, which demonstrates that the PbS 
nanoplate is well-defined single crystalline. The lattice constant 
of (200) planes is 0.29 nm. The top surfaces of the square nano-
plate can be assigned to (002). As PbS possesses highly sym-
metry cubic structure, we can identify the edge orientation of 
PbS square nanoplates by direct TEM observation. As presented 
in inset of Figure 1e, the square SAED pattern reveals (200) 

planes of PbS nanoplates, indicating the edge oriented along 
[200] direction. The cubic crystal structure of PbS is confirmed 
by selected area electron diffraction (SAED), wherein the per-
fect cubic pattern clearly reveals the cubic symmetry and high 
crystallinity of the nanoplates. TEM–EDX elemental mapping 
(Figure 1f,g) indicates that Pb and S distribute uniformly in 
the entire nanoplate without detectable phase separation. An 
elemental quantitative analysis of TEM–EDX shows the atomic 
percentage ratio of Pb and S to be about 1:1.03, indicating ideal 
chemical stoichiometry.

The inset of Figure 2a shows the SEM images of the single 
PbS nanoplate device, which is transferred onto clean SiO2/
Si substrate from mica. The infrared photodetectors based 
on PbS nanoplates were fabricated on SiO2/Si substrate by 
standard electron-beam lithography (EBL). Figure 2a presents 
the electrical transport characteristic of single PbS nanoplate. 
The obvious photoresponse can be detected with a series of 
wavelengths 800, 1064, 1340 nm lasers with effective inten-
sity of 17.9, 15.1, 9.2 pW, respectively. The effective intensity 
means the laser power on the device channel. The effec-
tive irradiated area is about 0.69 μm2. In addition, the linear 
plot of current (I)–voltage (V) curve exhibits the Ohmic con-
tact in our device. Photo response of single PbS nanoplate at 
800 nm laser is further executed, as shown in Figure 2b. The 
Iph (Iph = Iillumination−Idark) increases from 0.2 to 2.47 μA as the 
effective intensity varies from 0.6 to 60.4 pW, exhibiting the high 
detection sensitivity of our device. The photocurrent is linearly 
proportional to the incident light power Iph≈Pβ with β = 0.5, as 
shown in Figure 2c.[38] The linear relationship indicates that the 
photocurrent is determined by photoconductive mechanism. 
The value of β is expected to be 1 in ideal case. The recombi-
nation of the photogenerated free carriers and charge trapping 
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Figure 2. Infrared response of the PbS nanoplates device. a) Photoresponse of single PbS nanoplate with irradiation of 800, 1064, 1340 nm laser. 
b) Photoresponse of the nanoplate with irradiation of 800 nm laser. c) The plot of photogain (G) and photocurrent versus laser power at 800 nm. 
d) Time-dependent photoresponse of PbS nanoplate device at 800 nm. e) A separated response and reset cycle: τrising = τdecay = 0.3 s, which corresponds 
to 100% rising and decay. f) The plots of responsivity and detectivity versus laser power.
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could be responsible for the loss of photocurrent.[38] In the ideal 
photoconductive detector, Iph is proportional to Pβ with power 
factor β of 1. In our case, β equals to 0.5, indicating the loss 
of photogenerated electron-hole pairs. For example, the vacan-
cies in PbS nanoplates form the localized states, which can trap 
the photoexcited carriers. And the unsaturated bonds on sur-
face or interface of PbS nanoplates also behave as trap states 
centers, which capture photoexcited carriers. In addition, non-
radiative recombination of electron–holes pair through phonon 
coupling is also responsible for loss of photo-excited carriers. 
Photogain (G) is given by the formula: G = (Iph/q)/(PS/hν) = 
hνRλ/q, where q is the electron charge, h is Planck’s constant, 
ν is the light frequency, and Rλ is responsivity.[39] The device 
exhibits great photogain as high as 2512, as shown in Figure 
2c. Figure 2d exhibits time-resolved photoresponse at wave-
length 800 nm with light power of 12 pW. The device is highly 

stable and reversible, which indicates almost 
the same level with light off. The magni-
fied photoresponse cycle (Figure 2e) exhibits 
τrising = τdecay = 0.3 s corresponding to 100% 
rising and decay, which is even comparable 
with previously hybrid heterostructures, as 
shown in Table 1.[31–33,35] The responsivity (R) 
is defined by Iph/PA, A is the irradiated area,  
P is the light density. We extract the respon-
sivity (R), which maintains in the range of 81 
to 1621 A W−1 as effective intensity distrib-
uting between 306.7 and 0.6 pW as shown 
in Figure 2f. The responsivity represents 
the ability of light harvesting. Significantly, 
when effective intensity drops to 0.6 pW, R 
dramatically increases to 1621 A W−1 which 

is even better than previously hybrid heterostructures,[34,35] 
as shown in Table 1. Detectivity (D*) can be expressed as 
D* = IphA1/2/PA(2qIdark)1/2. In our case, D* values of ≈1.72 × 
1011 Jones is achieved at P = 0.6 pW, as shown in Figure 2f.

Significantly, the practical infrared detectors require min-
imal cross-talk between neighboring devices.[15] Therefore, 
individual crystal has shown great superiority than thin 
film. Here, we precisely controlled the orientation, position 
of the cubic PbS nanoplates on the flexible fluorophlogopite 
[KMg3(AlSi3O10)F2] mica substrate. Mica with a pseudohexag-
onal Z2O5 (Z = Si, Al) layered structure is an ideal chemically 
inert and atomically planar surface for vdWE. Orientation-
controlled growth of PbS nanoplates is crucial for next-gen-
eration integrated optoelectronic circuits. Figure 3a exhibits 
optical microscope (OM) images with orientation-controlled 
18 × 16 arrays of square PbS nanoplates on mica. The 
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Table 1. Comparison of optoelectronic parameters with hybrid heterostructures.

Wavelength Responsivity Response timea) Refs.

PbS quantum dots-graphene 600 nm 5 × 107 [A W−1] τrising = τdecay = 2 s [31]

PbS quantum dots-graphene (CVD-grown) 895 nm 1 × 107 [A W−1] τrising = 0.3 s [32]

τdecay = 1.7 s

PbSe quantum dots-MoS2 >1200 nm 1.9 [μA W−1] τrising = 0.25 s [35]

τdecay = 0.43 s

CdS nanoplates–MoS2 610 nm 3.91 [A W−1] τrising > 0.1 s [34]

PbS quantum dots-MoS2 635 nm 6 × 105 [A W−1] τdecay = 0.35 s [33]

PbS nanoplates 800 nm 1621 [A W−1] τrising = τdecay = 0.3 s This work

a)τrisingand τdecay correspond to 100% rising and decay, respectively.

Figure 3. Morphology of 2D PbS nanoplates arrays. a) OM image of orientation-controlled 18 × 16 PbS nanoplates arrays on mica. The inset shows 
SEM image of 5 × 5 PbS arrays. b) Magnified SEM image of 3 × 3 PbS arrays. c) HRTEM image of the single PbS with corresponding SAED as the 
inset. d) Histogram of the orientation distribution of PbS arrays obtained from 50 nanoplates. The edges of square nanoplates on mica are oriented 
predominantly at multiples of 90°. e) Histogram of the lateral dimension of PbS arrays obtained from 77 nanoplates. f) Schematic illustration of PbS 
integrated device arrays, top insert: OM image of PbS-integrated device arrays, the scale bar is 2 μm.
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well-ordered 5×5 and 3×3 arrays of square PbS are also pre-
sented in the SEM images (the inset of Figure 3a,b). HRTEM 
and corresponding SAED images of the individual PbS nano-
plate reveal that nanoplates are well-defined single-crystal-
line phase with clear crystal fringes of (200) planes, as shown 
in Figure 3c. We have executed the XRD on PbS nanoplates 
arrays. As shown in Figure S7a (Supporting Information), the 
peaks of (111), (200), (220), (222), (400) are consistent with 
standard JCPDS card (PDF#77-0244), indicating the highly 
single-crystalline of PbS nanoplates. We have performed 
the UV–VIS–NIR spectroscopy on PbS nanoplates arrays. 
As we can see from Figure S7b in the Supporting Infor-
mation, it exhibits a broad absorption from 200 to 840 nm, 
which matches well with its narrow bandgap (0.4 eV). The 
cutoff of spectra absorption (theoretically 3100 nm) has not 
been observed due to limited detection range (200–840 nm) 
of our UV–vis–infrared spectroscopy. From the absorption 
spectra, we can see 800 nm lasers are suitable for photo-
response measurements. To quantitatively describe the ori-
entation-controlled PbS nanoplates, well-ordered arrays with 
50 nanoplates are analyzed as shown in Figure 3d. The edges 
of square nanoplates on mica are oriented predominantly 
at multiples of 90°. Compared with the random orientation 
of the PbS nanoplates grown on graphite, the orientation-
controlled growth of nanoplates indicates that the epitaxial 
nature between mica and PbS is crucial for well-ordered 
arrays.[3,16–18,34,40,41] Although the mechanism merits further 
investigation, we propose one possibility to elucidate the epi-
taxial relation between PbS nanoplates and mica. The lattice 
constant of mica corresponds to a = 0.53 nm, b = 0.92 nm, 
and c = 1.01 nm.[40] Noticeably, the surfaces of mica (00n) 
are predominantly occupied by K atoms, as previously 
reported.[40] As shown in Figure S3 (Supporting Informa-
tion), the hexagonal K atom pattern of mica (00n) surfaces 
brings about four equivalent epitaxial relations with PbS 
final exposed four {200} crystal surfaces, which results in 
four orientations (0°, 90°, 180°, and 270°) of PbS nanoplates 
arrays. The lattice mismatch between {100} lattice planes 
(0.59 nm) of PbS (JCPDS card NO. 78-1897) and the K atoms 

(0.53 nm) is 11%. Owing to the weak van der Waals interac-
tion at the interface, van der Waals epitaxial allows large lat-
tice mismatch, such as 32% for CdS and MoS2, 12% for PbSe 
and MoS2, 6% for Pb1−xSnxTe and mica.[34,35,40] The ordered 
growth of PbS nanoplates array further confirms the nature 
of van der Waals epitaxy as PbS shows a lattice mismatch 
with mica as large as 11%. A high-quality interface between 
PbS nanoplates and substrate is expected although the inter-
face lattice orientation has not been directly observed due to 
the difficulties in fabricating the cross-sectional sample. In 
the van der Waals epitaxy, the weak interaction in the inter-
face allows strain relaxation, which is less possible in conven-
tional epitaxial growth. Statistics of SEM images give the lat-
eral dimension distribution ranging from 1.8 to 3 μm, which 
exhibits the highly controlled lateral sizes of nanoplates, as 
shown in Figure 3e. Figure S4 (Supporting Information) 
exhibits the AFM image and height profile (white dashed 
line) of PbS nanoplates, which shows flat surfaces with thick-
ness ranging from 100 to 200 nm. Figure 3f exhibits the 
schematic illustration of PbS-integrated device arrays. The 
inset shows the 3×2 device arrays on mica.

We realize epitaxial PbS nanopliates array by utilizing NaCl 
aqueous solution to define the selectively van der Waals epitaxy 
of PbS nanoplates. First, mica was intaglioed by NaCl aqueous 
solution using a polydimethylsiloxane (PDMS) stamp,[18] 
as shown in Figure 4a. Then, mica with NaCl aqueous solu-
tion were heated to 150 °C using a heating belt. Finally, the 
mica surface modified with periodic arrays was released from 
the PDMS stamp. Benefiting from the hydrophilic surface of 
mica, uniform patterns can be achieved, as shown in Figure S5 
(Supporting Information). After printing and drying, selective-
area van der Waals epitaxy of PbS crystals was employed.[41] 
In order to reveal the growing mechanism of PbS nanoplates 
arrays, the surface morphology of the PbS nanoplates was 
investigated by SEM under different reaction times. Inter-
esting, a large amount of small white dots distributes evenly 
in the entire growth substrate with the reaction time of 30 s, 
regardless of exposed periodic mica arrays and modified NaCl 
surface as shown in Figure 4b. Increasing reaction time to 
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Figure 4. The growing mechanism of 2D PbS nanoplates arrays. a) Schematic representation of procedures for patterning of 2D PbS nanoplates arrays. 
The SEM images of the PbS nanoplates arrays under different reaction time b) 30 s, c) 1 min, d) 2 min.
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tend to coalesce with each other, as shown in Figure 4c and 
Figure S6 (Supporting Information). The driving force of the 
coalescence process is the reduction of edge energy through 
decreasing their total edge length.[20] Finally, when the reaction 
time extends to 2 min, regular square nanoplates appear with 
final exposed four equivalent {200} crystal surfaces. Remark-
able, the growing mechanism in our case is different with 
previous reports about controlling the nucleation site.[42] As 
shown in Figure 4c,d, only very small PbS nanoplates can be 
find on NaCl-modified surface. It further demonstrates that 
the NaCl-modified surface of mica is highly rough, which hin-
ders the vdWE of PbS.

In summary, by utilizing the nature of low surface energy 
of graphite, we successfully conducted the van der Waals epi-
taxial growth of ultrathin 2D PbS nanoplates with thickness 
of ranging from 5 to 35 nm. The PbS nanoplates are single 
crystalline with cubic symmetry and display superior infrared 
response with photoresponsivity, detectivity, switching time, 
and photogain values as high as 1621 A W−1, 1.72 × 1011 Jones, 
0.3 s, and 2512 respectively. Further considering the epitaxial 
relation between layered mica and PbS and using NaCl to 
define the position of vdWE, we realize the orientation-con-
trolled and well-defined single-crystalline square PbS nanopates 
arrays on mica. The edges of square nanoplates orient predomi-
nantly at multiples of 90°. The square PbS nanopates arrays are 
promising in the application of high-performance integrated 
optoelectronic devices.

Experimental Section
The Experimental Details about the Growth of PbS Nanoplates: 

The graphite was peeled off with the tape by standard mechanically 
exploitation method. Then graphite was transferred to surface of SiO2/Si 
substrate. Mica was first intaglio printed by NaCl aqueous solution using 
a polydimethylsiloxane (PDMS) stamp. Then, mica with NaCl aqueous 
solution (0.01 mol L−1) was heated to 150 °C using a heating belt. Finally, 
the mica surface modified with periodic arrays was released from the 
PDMS stamp. The substrates and the PbS powder (99.999%, Alfa Aesar) 
were placed into CVD furnace. Before the experiments, the quartz tube 
was evacuated three times by the pump and flushed with argon. Then 
H2 at a constant flow rate of 20 sccm was supplied to the tube. During 
the growth, the temperatures of the precursor and substrates were set 
to 750 °C and 500 °C, respectively. The reaction continued for 2 min. At 
last, the furnace naturally cooled to room temperature.

Microstructure Characterization: The morphology was characterized 
by optical microscopy (Leica DM4000M microscope), field emission 
scanning electron microscopy (Hitachi S4800), AFM (Dimension 3100). 
Then the crystal structure was analyzed by high-resolution transmission 
electron microscope (HRTEM) on FEI Tecnai F20 with selected area 
electron diffraction (SAED).

Device Fabrication and Measurements: PbS nanoplates were 
transferred onto clean SiO2/Si substrate from mica by a flexible 
polydimethylsiloxane(PDMS) layer. The source and drain electrodes were 
written on PbS nanoplate by standard electron-beam lithography (EBL). 
Subsequently, 5 nm Cr and 100 nm Au were deposited on surface of PbS. 
The devices were measured in a manual probe station (Everbeing, BD4) 
with a sealed chamber. The parameters were analyzed using a Keithley 
4200 semiconductor characterization system. All the measurements 
were carried out in a vacuum of ≈10−6 torr at room temperature. The 
source and drain electrodes of PbS arrays were prepared by FEI Nanolab 
600i SEM/FIB dual-beam system.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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