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ABSTRACT: The controlled production of high-quality
atomically thin III-VI semiconductors poses a challenge
for practical applications in electronics, optoelectronics,
and energy science. Here, we exploit a controlled synthesis
of single- and few-layer In,Se; flakes on different
substrates, such as graphene and mica, by van der Waals
epitaxy. The thickness, orientation, nucleation site, and
crystal phase of In,Se; flakes were well-controlled by
tuning the growth condition. The obtained In,Se; flakes
exhibit either semiconducting or metallic behavior depend-
ing on the crystal structures. Meanwhile, field-effect
transistors based on the semiconducting In,Se; flakes
showed an efficient photoresponse. The controlled growth
of atomically thin In,Se; flakes with diverse conductivity
and efficient photoresponsivity could lead to new
applications in photodetectors and phase change memory
devices.

he isolation of graphene in 2004 has triggered a research

boom in two-dimensional (2D) crystals with exceptional
properties and new applications contrast to their bulk counter-
parts."”” So far, a variety of 2D crystals have been explored,
including semimetallic graphene, insulating hexagonal boron
nitride,** V—VI topological insulator (Bi,Se;, Bi,Te;, and
Sb,Te;),°”® and semiconducting transition-metal dichalcoge-
nides (MoS,, WS,, etc.).” Indium selenide (In,Se;), an intriguing
II-VI binary chalcogenide with crystalline polymorphism and
diverse electronic properties, is considered as a promisin:
material for the applications in photovoltaic devices,'"
optoelectronics,">'® phase change memory,'*"> and ionic
batteries.'® In,Se; compound occurs at least in five different
crystalline modifications,'” ™" which can be divided into the
layer-structured phase and the phase with vacancy ordered in a
screw form,"” although the accurate structures are still under
question. We and others have recently synthesized layer-
structured In,Se; nanowires and nanoribbons via a metal
nanoparticle-catalyzed vapor—liquid—solid process.*’”>* The
In,Se; nanowire and nanoribbon were found to exhibit the
simple hexagonal lattice structure or superlattice structure, which
correspond to a semiconducting or metallic behavior,
respectively.”>* Most recently, highly crystalline In,Se; nano-
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wires were assembled in photodetectors with fast, reversible, and
stable photoresponse characteristics. The remarkably high
photosensitivity and quick photoresponse may be attributed to
the good crystalline quality and large surface-to-volume ratio of
the nanowire."*> On the other hand, 2D materials are more
compatible with traditional microfabrication techniques and are
easily fabricated into complex structures and 2D heterostructures
to meet the needs of new electronic and optoelectronic
devices.”** The controlled production of high-quality atomically
thin In,Se; layers is critical to their practical application in
electronics and optoelectronics.

Here we first report a facile approach for the synthesis of
atomically thin In,Se; flakes with a thickness, position, and
orientation control by van der Waals epitaxy.”** The crystalline
phase can be also controlled to a certain extent by tuning the
growth condition. Moreover, In,Se; flakes with different crystal
structures show a great diversity in the conductivity and efficient
photoresponsivity, which may open up opportunities for 2D
crystals of chalcogenides in a range of novel nanoelectronics and
optoelectronics.

Figure 1A shows a schematic drawing of layered a-phase
In,Se; grown in the space group P6; on a layered substrate. a-
In,Se; is made up of planar quintuple layers (QLs) with strong
in-plane covalent bonding and weak out-of-plane van der Waals
interactions. Each QL consists of Se—In—Se—In—Se with the
thickness of ~1 nm."” The van der Waals epitaxy growth®>*® of
large-area, high-quality In,Se; flakes were carried out in a setup
similar to our previous synthesis of nanowire and nanoribbons
(See Methods in Supporting Information (SI)).>**" In,Se,
powder (99.99%, Alfa Aesar) was placed at the hot center of
the tube furnace heated to 690—750 °C. The vapor was carried
downstream by 30—200 sccm Ar gas, and In,Se; flakes were
deposited on the substrate placed 7—12 cm away from heating
center, where the temperature ranges from 670 to 540 °C. Since
van der Waals epitaxy allows defect-free epilayer to grow on
layered substrates even with a large lattice mismatch, we used two
kinds of layered substrates including conductive graphene and
insulating fluorophlogopite mica ([KMg;(AlSi;O;()F,]) as the
growth substrate. Figure 1B,C shows typical scanning electron
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Figure 1. (A) Schematic drawing of layer-structured In,Se; flakes grown
on a layered substrate. (B,C) SEM images of In,Se; flakes grown on
graphene and fluorophlogopite mica substrates, respectively. (D) AFM
image and a height profile (corresponding to the dashed line-cut in the
image) of a terraced In,Se; flake with thicknesses of 1—3 QLs. The
number of QLs is marked in AFM image and height profile. These flakes
have multiple single QL steps, confirming layer-by-layer epitaxy modes.
(E—G) AFM images of In,Se; flakes with thicknesses of 1,2, and 3 QLs,
respectively. (H) Optical image of a large-area In,Se; thin film with the
single-layer region up to over 100 gm. The blank mica substrate is
indicated by the black arrow.

microscopy (SEM) images of discrete In,Se; flakes grown on a
mechanically exfoliated graphene and cleaved fluorophlogopite
mica, respectively. Triangular and hexagonal In,Se; flakes with
identical orientations were clearly seen on both substrates. The
orientations of the In,Se; flakes’ edge were predominantly at
multiples of ~60°, consistent with the 2D hexagonal lattice of the
In,Se; QL. The growth of orientation-defined In,Se; flakes on
different layered substrates reflects the essence of van der Waals
epitaxy. Note that the size of In,Se; flakes grown on mica is much
larger than that grown on graphene, which may be caused by the
atomically smooth surfaces over large areas of the cleaved mica
substrate.

The thickness of synthesized atomically thin In,Se; flakes is
measured by atomic force microscopy (AFM), shown in Figure
1D as an example. Most of the flakes have terraced structures and
atomically flat top facets with a uniform thickness across the
lateral dimensions. The thickness of layered In,Se; flakes can be
tuned by adjusting the growth time, pressure, and Ar gas flow
rate. For short growth time (5—40 min), the pressure of 50 Torr,
and Ar gas flow of 40—60 sccm, we can obtain atomically thin
layered In,Se; flakes. Figure IE—G shows typical AFM images of
In,Se, flakes with the uniform thickness of ~1.3,2.3, and 3.3 nm,
which can be denoted as 1 QL, 2 QLs and 3 QLs, respectively.
Furthermore, we prepared continuous and large-area In,Se;
flakes or thin films with lateral dimensions extending from
several micrometers up to hundreds of micrometers using longer
growth time (40—90 min), Ar gas flow (40—100 sccm), and

moderate pressure (20—S50 Torr). As shown in the optical image
(Figure 1H), the In,Se; flake islands grown on the large-area
In,Se; thin films exhibit specific orientations, which conforms to
a “layer-plus-island growth” mode.”’

We have achieved a selective-area growth of atomically thin
In,Se; flakes by controlling the nucleation sites through the
surface modification of the substrate. Figure 2A exhibits the
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Figure 2. (A) Schematic representation of the growth process for
selective-area growth of In,Se; flakes on a modified mica substrate. (B—
D) Optical images of triangular, annular, and perforated In,Se; flake
arrays obtained by the site-controlled growth, respectively. (E) AFM
image and height profile of the perforated In,Se; flake with the thickness
of 3 QLs.

schematic representation of the area-selective growth process.
Mica substrates were first selectively modified by area-selective
oxygen plasma etching followed by a conventional photo-
lithography. After the poly(methyl methacrylate) (PMMA)
photoresist was removed by acetone and subsequent annealing in
air at 550 °C, as-pretreated mica substrates were loaded in the
tube furnace for the In,Se; flake growth. Since the chemical and
morphological properties of mica are changed after oxygen
plasma etching’® In,Se; flakes prefer to nucleate and grow
epitaxially on the intact mica region rather than the etched
region. As shown in Figure 2B—D, atomically thin In,Se; flakes
and films with various patterns can be readily obtained according
to the photolithography templates. From the AFM image shown
in Figure 2E, the obtained nanostructures has a flat surface with a
uniform thickness of down to 3 QLs, suggesting the high quality
and controllability of In,Se; flake grown by this selective-area
method.

The atomically thin In,Se; flakes with controlled morpholo-
gies can be faithfully transferred onto arbitrary substrates using a
PMMA-mediated transfer technique,”® which will facilitate the
subsequent structural characterization and device fabrications
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(Figure S1). After we transferred 2D In,Se; flakes onto ultrathin
porous carbon membranes, we have carried out transmission
electron microscopy (TEM), selective area electron diffraction
(SAED) and energy dispersive X-ray spectrometry (EDX) to
investigate the crystal structures and chemical composition of
In,Se; flakes. EDX spectra and elemental maps (Figure S2)
revealed that the as-grown flake consists of In and Se with an
atomic ratio of 2:3 and homogeneous elemental distributions,
confirming the chemical composition of In,Se;.

Atomically thin In,Se; flakes provide a platform to investigate
the microstructure and phase transition phenomena in a 2D
system. In contrast to the bulk materials and thick nanoribbons of
In,Se; with complicated crystal phases,"”* two typical hexagonal
crystal phases were observed in our atomically thin In,Se; flakes:
simple hexagonal (Figure 3A,B) and superlattice phase (Figure
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Figure 3. HRTEM images (left) and the corresponding SAED patterns
(right). (A,B) Simple hexagonal lattice and (C,D) superlattice
structures. (E, F) Mixed structure containing simple hexagonal lattice
and superlattice.

3C,D). The high-resolution TEM (HRTEM) lattice fringes and
spot pattern of SAED confirmed the single crystalline nature of
the flakes. As shown in Figure 3A,B, the typical HRTEM image
reveals expected hexagonal lattice fringes with a lattice spacing of
0.35 nm, consistent with the lattice spacing of (1—100) planes in
the simple hexagonal phase. On the other hand, the superlattice
phase has a periodicity of 1.40 nm and one period consists of four
(1—100) planes (Figure 3C), which is further confirmed by the
SAED pattern (Figure 3D) with the distance between two basic

spots subdivided into four equal parts along the [1—100]
direction. We also noticed that some regions of the atomically
thin In,Se; flake emerged with a coexistence of these two phases
(Figure 3E,F). Interestingly, the cooling rate during In,Se; flake
growth can significantly influence the formation of crystalline
phases. The simple hexagonal lattice phase can form by slow
cooling rates (<5 °C/min) that may allow sufficient time for
diffusion of atoms, whereas superlattice phase is usually formed
by very high cooling rates (>100 °C/min).

The large-gain-size and atomically thin In,Se; flakes greatly
facilitated the fabrication of In,Se; electronic and optoelectronic
devices. We transferred discrete In,Se; flakes grown on mica
substrates onto SiO, (300 nm)/Si substrates. Metal contacts (25
nm In and 50 nm Au) were thermally evaporated onto the area
defined by conventional electron beam lithography (EBL). The
four-probe electronic transport measurements were carried out
before extensive SEM imaging to avoid possible phase change
(Figure S3). Two distinct structural phases, such as superlattice
and simple hexagonal lattice as observed from the HRTEM
images and the SAED patterns, formed in two types of flakes
grown by rapid and slow cooling rate, respectively. Correspond-
ingly, typical room-temperature I—V characteristics of the two
phases are shown in Figure 4A,B. The linear and symmetric
curves suggested that ohmic contacts were formed at the source
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Figure 4. Electronic and photoresponse properties of In,Se; flakes.
(AB) Four-probe I-V curves and the corresponding SEM images of
In,Se; flake devices. Scale bars: S ym. (C) Output characteristic curves
of a semiconducting In,Se; flake at different gate voltages (anticlockwise
direction from top to bottom: —8, —4, 0, 4, 8 V). (D) Transfer
characteristic curves of the same simple with Vg = 0.01, 0.05, and 0.10
V, respectively. (E) The time trace of source-drain current for the
semiconducting In,Se; device when visible light was switched on and off
with Vg = 0.1 V and zero gate voltage. (F) Photoresponse of the device
with light power increased from 0.52 to 3.27 mW/cm? gradually. The
corresponding photosensitivity is about 2.5 A/W.
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and drain electrodes. The I-V curve of the ~10 QL In,Se; flake
with the superlattice phase exhibits metallic behavior with a low
resistance of 60 Q and a high conductivity of ~2.5 X 10°> S/cm
(Figure 4A).

Interestingly, the measured resistance of the In,Se; flake with
the simple hexagonal phase is 1.5 X 10" Q (Figure 4B),
remarkably larger than that of the superlattice one. Gate voltage-
dependent transport measurements of the In,Se; flake with the
simple hexagonal phase were also carried out at room
temperature. Figure 4C,D shows I-V curves at different gate
voltages (V) and transfer characteristic curves, respectively. The
conductance increased as the V; swept from negative to positive
value, which suggested that In,Se; flake with the single hexagonal
lattice is an n-type semiconductor, consistent with bulk In,Se;.

Layered In,Se; has a bandgap of 1.26 eV, suitable for visible-
light harvest in the solar cells and phototransistors. Figure 4E
shows the photoresponse properties of a semiconducting In,Se;
flake device. The on—oft ratio is ~40 as the light was switched on
and off. The on—oft switching behavior can be well retained after
tens of cycle repeats. Moreover, the output photocurrent
increased linearly as incident light power raised (Figures 4F
and S4), which suggests that the photocurrent is solely
determined by the amount of photogenerated carriers under
illumination.” Given the measured current of 0.24 nA, the
incident light intensity of 0.52 mW/cm?, and the active area of
~18.4 um?, the photosensitivity of atomically thin In,Se; flake is
calculated to be ~2.5 A/W (Figure S4), which is superior to the
previously reported photosensitivity of pristine graphene (~1
mA/W) and single layer MoS, (~7.5 mA/W)*® and comparable
to the value of other mechanically exfoliated 2D GaSe flakes
(~2.8 A/W).3!

In summary, atomically thin In,Se; flakes were successfully
synthesized in a controlled manner on layered substrates using
van der Waals epitaxy. The thickness, orientation, nucleation site,
and crystal phase of as-grown In,Se; flakes were well-controlled
by tuning the growth condition for the first time. The atomically
thin In,Se; flakes exhibit either semiconducting or metallic
behavior depending on the crystal structures. Moreover,
transistors based on the semiconducting In,Se; flakes showed
an efficient photoresponsivity. The diverse conductivity and
efficient photoresponse of In,Se; flakes, combined with selective-
area growth make them promising 2D materials for applications
in high-performance optoelectronics and phase-change memory
devices.
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