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ABSTRACT: p-InSe is a semiconductor that holds promising potential in high-
performance field-effect transistors and optoelectronic devices. Large-scale,
single-phase y-InSe deposition has proven challenging because of the difficulty
in precise control of stoichiometry and the coexistence of different indium
selenide phases. In this study, we demonstrate the wafer-scale combinatorial
approach to map out the growth window as functions of the Se/In ratio and
growth temperature for y-InSe on the Si(111) 7 X 7 substrate in molecular beam
epitaxy. X-ray diffraction (XRD) was used to identify the indium selenide phases,
while atomic force microscopy revealed four distinct surface morphologies of y-
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morphology. Cross-sectional atomic resolution scanning transmission electron microscopy confirmed that the film was of high
crystalline quality and had nearly single-phase y-InSe. Our comprehensive study elucidates the In—Se phase map for thin film growth
parameters, providing invaluable landmarks for the reproducible synthesis of high-quality y-InSe layers.
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B INTRODUCTION

Two-dimensional (2D) chalcogenide-based thin films have had
growing interest in the scientific community in the past decade.
These layered materials are composed of stacks of single layers
in the form of monochalcogenides MX, dichalcogenides MX,,
and sesqui-chalcogenides M,X; (M = In, Ga, Sn, Pt, Mo, W, Bi,
Sb, Nb; X = S, Se, Te). Their unique electronic states result in
promising novel functionalities such as high mobility semi-
conductors,' ™**° ferroelectrics,®™*’ topological insula-
tors,m_121314 and superconductors,ls_1718 just to name a
few. InSe gained renewed interest among the monochalcoge-
nide material family owing to its wide range of applications.
The quantum confinement-induced direct-to-indirect bandgap
transition, from 1.26 €V in bulk to up to 2.6 eV in a single
layer, makes InSe an intriguing candidate for optoelectronic
and photo response applications.”'”*° In addition, InSe has
been reported to possess an electron mobility of up to 1000
cm?/V:s at room temperature because of its small effective
electron mass of 0.143my."">*" Furthermore, the relatively low
growth temperatures that are required to ensure sufficient
surface diffusion for enhanced crystallinity favor the integration
into existing back-end-of-line (BEOL) semiconductor process-
ing. The scalability down to a single layer accompanied by the
BEOL-friendly synthesis parameters makes InSe a promising
candidate as a channel material in high-performance, ultrathin
body field-effect transistors (FET)."* To date, exfoliation from
a single crystal is the most commonly used approach to study
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the electronic properties of InSe,">*'?**~** while large-scale

synthesis with precisely controlled thickness is still required for
realistic industry purposes. Thin film synthesis techniques like
pulsed laser deposition,”* physical vapor deposition,”*”’
metal—organic chemical vapor deposition,s’28 and molecular
beam epitaxy (MBE) have successfully been demonstrated for
InSe thin film growth.””~>'** MBE has advantages over other
methods in growing high-quality crystalline InSe films, as it
excels in precise control of atomic flux, growth temperature,
and deposition rate. Despite the strength of precise control of
growth parameters, growing a phase pure InSe film generally
requires an extensive growth window mapping process. This is
due to the many In—Se phases that coexist in nature and Se’s
much higher volatility than In.**** Regardless of the targeted
In—Se phase, Se must always be oversupplied to mitigate the
loss in re-evaporation from the growth front. In addition,
reported growth parameters are generally only a guide for
approaching the stabilization of a specific In—Se phase due to
the differences in reactor design, geometry, and methodology
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Figure 1. (a) Schematic of MBE reactor for InSe growth and InSe on 3 in. Si(111) wafer. (b and c) Before annealing RHEED diffraction pattern
with the azimuthal incident electron beam along the [110] and [112] directions of Si(111). (d and e) RHEED diffraction pattern taken in the same
two azimuths after annealing to 800 °C for 1 h. (f and g) RHEED diffraction pattern taken in the same two azimuths after InSe growth.

used between systems, which is a challenge for reproducibility
in the field. With this work, we demonstrated a strategic
approach to systematically map out the growth window of InSe
on Si(111) substrates in MBE.**® The composition and phase
identification of the films were determined by X-ray diffraction
(XRD). A spiral growth mode, which is commonly seen in the
synthesis of other 2D chalcogenide-based materials, and a
layer-by-layer growth mode for InSe were both observed by
atomic force microscopy (AFM). The mechanism behind the
observed spiral growth mode of quadruple-layered InSe that
relates similarly to tri- and quintuple-layered materials, such as
WSe,, MoS,, Bi,Se;, and In,Se;, is discussed and related to the
growth environment.”’”"" Scanning transmission electron
microscopy (STEM) is used to visualize the atomic arrange-
ments within the film in the cross section and verified the
polytype of InSe on Si(111) as y-InSe with a small polytype
impurity. The results demonstrate that the In atoms bond first
to the Si top surface, followed by the subsequent formation of
a half-quadruple layer of InSe at the interface.

B EXPERIMENTAL SECTION

InSe films were grown on 3 in. epi-ready, p-type boron-doped Si(111)
wafers (CrysTec). Each wafer was first degreased with S min
ultrasonication in acetone, methanol, and DI water at room
temperature in sequence. Following the degreasing step, the wafers
were cleaned in 80 °C RCA-1 solution for 10 min to remove residual
organics and form a thin silicon oxide layer. The oxide layer was
subsequently etched away with 10:1 buffered hydrofluoric acid. After
removal from the etch, the wafer was soaked in 40% NH,F solution
for 2 min at room temperature to generate the atomically smoothed
Si(111) 1 X 1 H-terminated surface.**™* To prevent reoxidation, the
wafers were immediately loaded into the load lock chamber, which
was later pumped down to around S X 1077 Torr before outgassing
substrates at 200 °C for 60 min in the load lock to remove residual
water films.

The Si(111) 1 X 1 to 7 X 7 surface reconstruction was achieved by
a thermal treatment for 60 min at 800 °C with a ramp rate of 20 °C/
min in ultrahigh vacuum (UHV) upon loading substrates into the
growth chamber. In situ reflective high energy electron diffraction
(RHEED) was used to monitor and confirm the surface
reconstruction process, as well as the InSe thin film growth.
Immediately after the UHV anneal, the Si(111) substrate was cooled
down to growth temperature with a ramp rate of 50 °C/min. InSe
growth was carried out in an R450 MBE reactor (DCA Instruments).
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During the growth, the background pressure was around 5 X 107'°
Torr. In and Se atomic fluxes were calibrated with a quartz crystal
microbalance (QCM) at the film growth position. In fluxes were
generated by using a dual-temperature Knudsen effusion cell at 840
°C, which resulted in an In flux of around 2.8 X 10'* atoms/cm™2 s™*
and a growth rate of 0.15 A/s. Se was supplied from a low-
temperature Knudsen effusion cell operated between 125 to 135 °C,
depending on the target Se to In flux ratio. The Se and In tooling
factors for QCM flux calibration were previously determined from
physical thickness measurements on calibration samples using X-ray
reflectivity and scanning electron microscopy (SEM). An Optris Xi80
infrared (IR) camera was installed to serve as an additional substrate
temperature metric along with the system’s thermocouple installed
behind the substrate. Figure la schematically shows the components
of the MBE reactor and the crystal structure of InSe. The film target
thickness was set to 30 nm in all growth campaigns of the presented
work.

Phase examination of the samples was determined by acquiring
high-resolution 26—w-scans using Cu-K,; XRD from a Malvern
PANalytical 4-Circle X’Pert3 materials research diffractometer. The
film thickness was extracted by Scherrer equation calculation with a
shape factor of 0.89, a wavelength of 1.5406 A, and a 0.012° full width
at half-maximum (FWHM) from the instrument. FWHM of the InSe
peaks were obtained by applying a pseudo-Voigt fitting profile to the
out-of-plane 260—-scans XRD data.**** The surface morphology of
the InSe films was captured by a Bruker Dimension Icon atomic force
microscope (AFM) operating in peak force tapping mode. STEM was
performed in a Nion UltraSTEM 200 operating at 200 kV. The
images were acquired in the high-angle annular dark-field (HAADF)
imaging mode in which the contrast varies with approximately the
square of the atomic number and the projected thickness. Samples
were prepared in a cross-section view, by thinning to approximately
10 pm, then ion-milling, and images of several films were acquired,
viewing down the [110] and [112] axes. The characterization data
and synthesis parameters of the samples presented in this work can be
accessed through ScholarSphere.*

B RESULTS AND DISCUSSION

The lower surface energy Si(111) 7 X 7 surface was achieved
by UHV annealing in the growth chamber prior to deposition.
Due to system constraints, a thermal anneal of 800 °C for an
hour was applied to stabilize the Si reconstruction instead of
flashing the substrate to above 1100 °C as others report.””*’
Figure 1b—g shows the RHEED patterns taken along the [110]
and [112] incident beam azimuth of Si(111) at different
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Figure 2. (a) XRD 20—w-scans of In—Se phases found in the InSe growth window mapping process. Top: In,Se;—InSe mixture in green. Second
from top: single-phase InSe in red. Second from bottom: In—InSe mixture in blue. Bottom: No film growth. (b) Schematic setup of flux ratio
mapping approach in MBE across a 3 in. wafer substrate. (c) Flux ratio (Se/In) distribution across the equatorial line of a 3 in. Si(111) wafer

calculated for the setup in (b).
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Figure 3. (a) Indium selenium growth map as a function of the growth temperature and flux ratio. Both the IR camera temperature Tyy and
thermocouple temperature Ty are given for completeness. (b) Film thicknesses in the dotted line rectangle of (a).

growth stages. The clear Kikuchi lines and lattice streaks in the
RHEED before UHV annealing, ie., Figure 1b,c and after,
Figure 1d,e indicate that the substrate surface was very smooth
after the chemical etch process. The formation of additional
diffraction intensity distributions along Laue circles in Figure
1d,e after UHV anneal was in excellent agreement with the
well-documented 7 X 7 dimer—adatom rearrangement of the
top Si bilayer atoms.*"**
Si(111) 7 X 7 reconstructed surface is expected to favor van
der Waals epitaxy compared to the energetically higher
nonreconstructed Si(111) surface.”’~* InSe RHEED patterns
taken after the growth in Figure 1f,g show lucid streaks and a
dark background, suggesting a high-quality single-crystal film
was epitaxially grown on the Si(111) substrate. The epitaxial

The lower surface energy of the

orientation relationship between Si and InSe was deduced
from the RHEED in Figure 1 to Si[111]||InSe[0001] with
Si[110]||InSe[1100].
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Mapping the In—Se thin film growth parameter space of flux
ratio (Se/In) and growth temperature systematically, a variety
of phases were found in the 4.25 to 1.25 Se/In flux ratio
window and a growth temperature window of 275 to 375 °C,
evaluated by 20—® out-of-plane XRD scans shown in Figure
2a. Obtained films were sorted into four categories (green, red,
blue, and black) and arranged with Se-rich at the top and In-
rich at the bottom in Figure 2a. Under the Se-rich condition—
green category, an In,Se; peak was observed along with the
peaks of the (00m) plane family of InSe with
m = 3 X p(p €N), indicating a mixed-phased film. The film
was single-phase InSe as the oversupply of Se was slightly
reduced in the red category. Under the In-rich condition—
blue category, excessive indium crystals were present in the
film as peaks originating from the (n0n) plane family of pure In
were measured. Finally, at elevated temperatures, presented in
category IV in black in Figure 2a, the sticking coefficients of Se
and In on the Si(111) substrate were near zero so that no film
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Figure 4. (a) InSe film with regions of flat and needle-like surface morphology. The scale bar under the figure represents 500 nm. (b) InSe film
with a triangular spiral pyramid surface morphology. The inset shows a pyramid with a clockwise spiral and the other pyramid with a
counterclockwise spiral. (c) InSe film composed of flakes in triangular or hexagonal shapes. (d) InSe film with a smooth surface morphology of
coalesced few-layered coverage. The height scale bars on the right of the images represent 10 to 0 nm. (e) Single-phased InSe surface morphology

map as a function of growth temperature and flux ratio.

was detected after growth. As the growth window for both flux
ratio and the temperature was found to be very narrow to
obtain single-crystal, single-phase InSe growth, a combinatorial
growth approach as sketched in Figure 2b,c was applied.”® This
growth approach utilizes the elemental sources’ geometrical
arrangement and the sizable substrate surface area of full 3 in.
wafers to substantially speed up the growth window mapping
process while enhancing the precision in flux ratio control by
MBE.*® The schematic relative position of effusion cells and
substrate for the MBE system used for this study is shown in
Figure 2b. During the growth, the substrate manipulator stayed
stationary while the flat side of the wafer was aligned to the Se
cell. As a result, a flux ratio gradient parallel to the equatorial
line of the wafer was generated, as shown in Figure 2¢c. The flux
ratio profile across the wafer can be calculated by using the
calibrated indium and selenium fluxes. For example, the In
atomic flux density at position d can be described with the
equation:so

r cos a cos(a + f)

In _ In
ch - q)center_ 0
ry cos p
where @ . is the In atomic flux at the center of the sample

manipulator and r, is the travel distance from the center of the
Knudsen cell opening to position d on the wafer.  is the angle
between the working distances to the center of the wafer and
position d, and f is the effusion angle with respect to the
substrate normal. Therefore, the local flux ratio at position d on
o

In*

the wafer can be determined as

Following this calculation
d

for the MBE system used over a full 3 in. wafer, the flux ratio
variation across the entire wafer is about 70%. The flux ratio
differences at each position compared to the center are shown
in Figure 2c. For a single-growth campaign on a 3 in. wafer, a
total of seven 10 X 10 mm” samples were split from the full 3
in. wafer according to the distances given in Figure 2c¢ and
characterized individually, each reflecting identical growth
temperatures but varying Se/In flux ratios.
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An In—Se thin film phase map as a function of flux ratio and
growth temperature was composed of the combinatorial
growth XRD analysis, as shown in Figure 3a using the
previously introduced categories. Predictably, the In,Se;—InSe
mixed-phase films (green) were found either in growth at low
temperatures or under high flux ratios. This mixed-phase
region was labeled I in Figure 3a and started with films grown
at 271.9 °C with a flux ratio of 1.274 and ended with films
grown at 337.1 °C with a flux ratio of 4.236. In this region I,
the In,Se; phase resulted most likely from the oversupply of Se,
which was associated with too high of a flux ratio or less Se re-
evaporation from the film caused by insufficient temperature.
Any film grown with either even lower or higher flux ratios or
lower temperatures than the green category displayed in Figure
3a is expected to be mixed-phase In,Se;—InSe or even single-
phased In,Se;. Single-phased InSe—red category II—could be
obtained when the oversupply of Se was reduced by either
increasing the growth temperature or reducing the supplied Se
flux ratio. For example, increasing the growth temperature for a
film at 308 °C with a flux ratio of 2.98—green mixed-phase—
slightly to about 320 °C would move this film into the red
single-phased region II as less Se was effectively incorporated
into the film under the slightly altered growth conditions.
However, reducing the flux ratio beyond a certain value (1.75
for temperatures around 300 °C and 2.75 for temperatures
around 325 to 350 °C) could also result in a transition into the
blue region III of excessive In left on the film surface. This Se-
rich to In-rich growth transition was clearly seen when moving
down the columns of samples grown at around 300 and 337.5
°C. Furthermore, each region’s relative position moved upward
(toward higher flux ratios) as the temperature increased from
around 300 to 337.5 °C. This could be explained by an overall
decrease in the sticking coefficient of Se as the growth
temperature increased. As the growth temperature reached
around 375 °C, all films were found to be single-phased InSe,
suggesting elemental In also has a nonunity sticking coeflicient
on Si(111) at this temperature. The reduction of the film
thickness supports this assumption as well. Figure 3b shows the
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film thicknesses of the samples highlighted with a dotted
rectangle in Figure 3a. The consistent film thickness reduction
for samples that were grown at a close flux ratio but with
higher temperature supports the assumption of In sticking
coefficient decrease. Additionally, the higher flux ratio
generally led to thicker films as more Se could incorporate
into the film. The direct transition of mixed-phase In,Se;—
InSe—category I—to In-rich InSe—category III—can be
related to a sharp drop of the Se sticking coefficient, which was
reported earlier for pure Se deposition at much lower
temperatures.””>> At even higher temperatures around 400
°C, no film growth was observed on the Si surface, suggesting
that both Se and In had a nearly zero sticking coefficient at
these growth temperatures.

Surface morphologies of single-phase InSe films investigated
with AFM are shown in Figure 4. The different morphologies
observed across all our samples were generalized and
categorized into four types as seen in Figure 4a—purple
diamond for films with smooth regions and regions with
needle-like surface features, Figure 4b—ryellow triangle for
films with triangular spiral pyramid surface morphology, Figure
4c—orange hexagon for films composed of individual patches
of flakes, and Figure 4d—Dbrown triangle for films that exhibit
smooth surfaces of coalesced few-layered coverage. The
overlay of the surface morphology types and their respective
growth parameters are shown in Figure 4e building upon the
In—Se thin film phase diagram from Figure 3a. As presented in
Figure 4a, the films that were grown with flux ratios ranging
from around 1.9 to 2.7 and temperatures between 300 and 310
°C were covered by randomly oriented needle-like features.
Under the needles was the signature triangular spiral topology
of chalcogenide-based 2D materials such as Bi,Se; and WSe,.
We thus deduced that the needle features were most likely
randomly oriented In,Se; crystals as they were also seen in all
of the mixed-phase In,Se;—InSe film samples. After the growth
temperature was increased to about 340 °C and the flux ratio
increased from 3 to 3.8, needle formation was suppressed, and
the triangular pyramid structure of InSe was revealed, as shown
exemplarily in Figure 4b. At a temperature of 375 °C, there
were two types of topographies for the InSe film present. Most
of the films exhibited smooth few-layered coalesced growth
with a triangular layer outline, as illustrated in Figure 4d, which
is expected for a van der Waals material, such as InSe.
However, there were some cases in which the morphology
consisted of a mixture of triangular and hexagonal flakes, as
depicted in Figure 4c. The overall topography was still
following the two-dimensional stacking characteristic, and the
random shape of the crystal could relate to the thermal
equilibrium of the growth condition. It is worth pointing out
that the morphology of the largest flux ratio sample at 375 °C
showed triangular spiral pyramid growth, indicating that
excessive supply of the chalcogen element to the growth
front could trigger the spiral growth mode. The surface
morphology map of single-phase InSe in different growth
parameters is shown in Figure 4e.

Theories explained the mechanism of out-of-plane spiral
triangular pyramidal growth that appears to break the layer-by-
layer crystal structure and morphology with nonequal growth
speed of two different material edges: the fast growth rate, i.e,,
zigzag, and the slow growth rate, i.e., armchair edge.‘w’?’9 The
growth rate difference along with the initial InSe nucleus
placement with respect to other islands or substrate step edges
could trigger what further appears as a screw dislocation

center. Figure 5a shows the top view of a schematic single
quadruple layer InSe nucleus. The red line represents the

(C)
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N T

Figure 5. (a) Top view of a single InSe layer flake sketching its atomic
arrangement. The pink line intercepts the In armchair edge, and the
blue line intercepts the In zigzag edge. (b) Schematic lateral
expansion flow of an InSe nucleus climb over a Si(111) step edge.
(c) Schematic lateral expansion of an InSe nucleus and spiral growth
mode triggered by a step-edge corner.

slower growth rate In-terminated armchair edge, and the blue
line illustrates the faster growth rate In-terminated zigzag edge.
As a free-standing InSe nucleus expands, the fast growth rate,
i.e., zigzag edge, will grow itself out of existence, resulting in a
triangular island composed of slow armchair edges. Two
scenarios of the nucleus and substrate step-edge interaction are
illustrated in Figure Sb,c, respectively. In Figure Sb, one of the
fast-growing facets was pinned by a Si(111) step edge.
Therefore, the fast-growing zigzag edge extended parallel to
the Si(111) step edge as the InSe free-standing nucleus
continued to expand on the free edges, and a trapezoid-shaped
island emerged. However, the van der Waals nature of InSe
provided room for part of the crystal to “climb” over the step
edge and stretch vertically with a Si(111) step height of about
0.31 nm.>»** After the free-standing island climbed over the
step edge, it gradually reshaped back into a triangle due to the
fast-growing zigzag edge growing itself out of existence once
again. Another scenario in which the InSe nucleus was
intercepted by a corner of the Si(111) step edge is shown in
Figure Sc. In this case, the InSe nucleus was not able to climb
directly over the step edge as the pinned growth front was a
slow growth rate armchair edge. Instead, the InSe island
developed into a triangle that is cut off by the Si(111) step-
edge corner. A fast-growing zigzag edge with a growth
direction parallel to the cropped triangle corner emerged
during crystal expansion. This fast-growing front climbed over
the step edge to recover the triangular shape of the InSe
crystal, similar to that in Figure Sb. Nevertheless, the InSe
crystal that is located on the Si(111) step edge also acted as a
free-standing nucleus. The new nucleus (brown) was pinned
by the first nucleus (dark brown) when attempting to grow
into a triangle crystal with solely armchair edges. An identical
climb-expansion process occurred subsequently as the second
nucleus (brown) generated a third free-standing nucleus (light
brown). The second nucleus pinned later the third nucleus as
more material was supplied to the growth surface. This
repeating process not only resulted from the interaction
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between free-standing InSe nuclei and Si(111) step edges but
was also caused by InSe nuclei with height differences merging
into a coalescing layer. As the Si(111) substrate was fully
covered by the InSe film, numerous spiral centers on the
growth surface led to the topography shown in Figure 4b, in
which the spiral pyramids with an arithmetic progression in
vertical sizes portrayed the film surface morphology.

Nie et al. pointed out that the spiral centers of the
chalcogenide-based 2D materials could arise from metal
vacancy formation between two different growth edges.’®
Metal vacancies in the chalcogen-rich condition distorted the
local planar structure as the armchair edge and zigzag edge
from adjacent islands expanded toward each other. The local
distortion prompted the island with the zigzag edge as the
connection front to climb over the adjacent island instead of
merging into a coalesced film, resulting in the spiral growth
mode described above. Both explanations of fast growth facet
interaction with substrate step edge as well as metal vacancy
support our finding that the InSe triangular pyramids were
found under Se-rich conditions. On the other hand, the fast-
growing zigzag facets and In vacancies were likely suppressed
in the In-rich growth conditions, giving rise to the smooth
layered or flake-like film morphology.

High-resolution cross-sectional high-angle annular dark-field
STEM imaging was performed along the Si(111) [110] zone
axis on the single-phase InSe film to examine the micro-
structure, as shown in Figure 6a. The substantial atomic

(c) B-InSe
S

[111]

[112]<—é[i10] 10 nm

e (d) -InSe
3 vy

baa g LR

Zom
Figure 6. (a) HAADF STEM image of InSe on Si(111). (b) HAADF
STEM image of InSe on Si(111) at high magnification. The In and Se
colored notations are included to help visualize the In—Se—Se—In
chain shapes and stacking sequences. (c) Sketch of the f-InSe crystal
structure along the b axis. (d) Sketch of the y-InSe crystal structure
along the b axis.

number difference between In, Se (bright), and Si (dark) gives
rise to a clear contrast between the film and the substrate.
About 30 InSe quadruple layers were captured, generally
agreeing with the nominally expected film thickness of about
25 nm. The high-resolution image in Figure 6b visualizes the
epitaxial growth of y-InSe on Si(111) with the crystallographic
orientation of y-InSe[1120]]| Si[112], y-InSe[1100]]| Si[110],
and y-InSe[0001]|[Si[111]. Surprisingly, the initial layer of y-
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InSe started with half of a quadruple layer on Si(111), giving
the interface structure In—Se rather than In—Se—Se—In. This
implies that single-layer InSe on Si(111) prepared with a 7 X 7
reconstruction is not possible. Single-layer InSe growth thus
requires differently terminated Si(111) surfaces or other
growth platforms. In addition, the first quadruple layer that
followed the half layer on the interface did not exhibit the
expected C shape for 2D InSe, in which the Se—In—In—Se
chains possess horizontal mirror symmetry. Alternatively, the
first quadruple layer showed S-shaped Se—In—In—Se chains, in
which the Se atoms were located at opposite sides of the
vertical In—In bonds. Regardless of the local disorder near the
interface, the STEM images confirm that there was no surface
reoxidization of the Si(111) substrate after the chemical
substrate preparation etching procedure, but showed high
interface quality.

The polytypes of InSe were distinguished by the stacking
sequences of the quadruple layer. Figure 6¢,d shows the crystal
structure of B-InSe and y-InSe. In the higher magnification
STEM image, as shown in Figure 6b, the film was found to
predominantly consist of y-InSe with the presence of minor f-
InSe regions. From the first C shape quadruple layer, the third
layer formed repeating y-InSe unit cells. However, a 180°
rotation occurred between the fourth and fifth layers, resulting
in a twin domain boundary and a fB-InSe unit cell insert. The
stacking sequence of the quadruple layers above the fifth layer
remained in the y-InSe ABCABC stacking, with one-third of
unit cell translation between each layer.

Bl CONCLUSIONS

In summary, we display the large-scale synthesis of the y-InSe
film on a 3 in. Si(111) substrate by MBE for high-performance
FETs and optoelectronic devices. The growth window of y-
InSe as a function of flux ratio and growth temperature was
systematically mapped out through a combinatorial growth
approach. Single-phased y-InSe could be obtained in a wide
range of flux ratios at temperatures around 375 °C, at flux
ratios between 3 and 3.75 at 337.5 °C, and at flux ratios from 2
to 2.75 at 300 °C. A substantial film thickness reduction with
respect to the target thickness occurred at 375 °C. In contrast,
the actual thickness-to-target thickness ratio remained close to
unity at 337.5 and 300 °C. We further untangle the
interconnected relationship between the two growth parame-
ters and the film phases, as well as the film surface morphology.
Four surface morphologies were found in our single-phased
films. The mechanism behind the spiral growth mode and
layered growth mode is strongly associated with the initial
nucleus expansion in Se-rich or In-rich environments. STEM
images have revealed that the film was mainly single-crystal,
single-phase y-InSe with a small amount of defects. We expect
that the comprehensive demonstration of extensive y-InSe
deposition parameters presented in this work will help advance
the field by providing a guidance system for the In—Se thin
film phase and morphology landscape to accelerate 2D
materials’ application development and innovation.
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