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Novel Polytype of 111-VI Metal Chalcogenides Nano Crystals

Realized in Epitaxially Grown InTe

Sangmin Lee, Young-Kyun Kwon, Miyoung Kim,* and Gyu-Chul Yi*

11I-VI metal chalcogenides have garnered considerable research attention as a
novel group of layered van der Waals materials because of their exceptional
physical properties and potential technological applications. Here, the
epitaxial growth and stacking sequences of InTe is reported, an essential and
intriguing material from I11-VI metal chalcogenides. Aberration-corrected
scanning transmission electron microscopy (STEM) is utilized to directly
reveal the interlayer stacking modes and atomic structure, leading to a
discussion of a new polytype. Furthermore, correlations between the stacking
sequences and interlayer distances are substantiated by atomic-resolution
STEM analysis, which offers evidence for strong interlayer coupling of the new
polytype. It is proposed that layer-by-layer deposition is responsible for the
formation of the unconventional stacking order, which is supported by ab
initio density functional theory calculations. The results thus establish
molecular beam epitaxy as a viable approach for synthesizing novel polytypes.

stacking order'* Even when the con-

stituent layers are identical, various stack-
ing orders exist because of the differ-
ent relative orientations and atomic align-
ments between the layers, leading to di-
verse polytypes. Distinction between var-
ious polytypes in layered materials is a
key consideration because many physical
properties depend on the polytype. For in-
stance, the stacking order plays a key role
in controlling optical properties, such as
bandgap tunability and second harmonic
generation.>® Therefore, the diverse phase
of vdW layered materials hosts rich physics;
it is important to demonstrate their dif-
ferent polytypes as characterized by dis-
tinct stacking sequences of the layers.

The experimental validation of the InTe polytype here expands the family of
materials in the 111-VI metal chalcogenides while suggesting the possibility of

new stacking sequences for known materials in this system.

1. Introduction

The unique and intriguing physical properties of van der Waals
(vdW) layered materials have been the subject of extensive re-
search. One of the most interesting aspects of these layered ma-
terials is that their properties are often influenced by the prop-
erties of individual layers and by factors, such as thickness and
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Layered ITI-VI metal chalcogenides have
emerged as a promising new vdWsys-
tem due to their excellent physical and
chemical properties, with potential appli-
cations in photonics, solar energy con-
version, and photocatalysis.[*7-15] Particu-
larly, recent research has highlighted the
exceptional second-order nonlinearity of layered III-VI metal
chalcogenides, which heavily relies on the layered arrange-
ment; thus, it is a unique vdW system in terms of nonlinear
response.[*111] Despite extensive researches on Ga$, GaSe, and
InSe, 118 ydW layered indium telluride (InTe) has received com-
paratively less attention. There are only a few theoretical investi-
gations and reports of epitaxial growth of vdW layered InTe using
alternative vdW materials as substrates.[-2!] This is attributed to
the indium and tellurium compounds’ ability to crystallize in di-
verse structures and oxidation states, particularly challenging due
to the less favorable hexagonal phase in a vdW layered structure.
Previous researches on bulk indium telluride, the cubic phase
In,Te; or tetragonal phase InTe, have mainly focused on their
outstanding thermoelectric effects.?2?] The structural flexibil-
ity offered by the vdW layered configuration may facilitate novel
functionalities, distinguishing it from traditional 3D bulk materi-
als. Indeed, because of the high atomic number in families I11-VI
on the periodic table and its strong spin-orbit coupling, vdW InTe
may exhibit exotic physical properties, such as unconventional
hidden Rashba effects and inverted band structures.[?®) Moreover,
vdW layered InTe has the smallest bandgap among layered III-
VI family members, making it ideal for applications requiring
an optical response in the infrared range.l'-2!l Thus, there is a
need to synthesize InTe and investigate its layered structure and
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stacking order to expand current knowledge regarding the I11-VI
family.

In this study, we present the synthesis of InTe via molecu-
lar beam epitaxy (MBE) growth on a graphene substrate, which
offers a bottom-up approach for the fabrication of vertical het-
erostructures involving InTe. Our analysis technique mainly uti-
lized atomic-resolution high-angle annular dark-field imaging-
scanning transmission electron microscopy (HAADF-STEM) to
determine the crystal structure and stacking orders of InTe.
Our findings indicated that InTe has an unconventional stack-
ing order and can be stabilized as a new polytype from III-
VI metal monochalcogenide, with strong interlayer coupling
demonstrated by the correlation between stacking modes and in-
terlayer distances. Furthermore, we used ab initio density func-
tional theory (DFT) calculations to describe the layer-by-layer
MBE deposition process and discovered that the new stacking
order formed along the deposition path with the lowest energy.

2. Results and Discussion

2.1. Polytypes of 111-VI Metal Monochalcogenides

The monolayer structure of I1I-VI metal monochalcogenides is
composed of two post-transition metal atoms (M) and two chalco-
gen atoms (X) covalently bonded in an X-M-M-X configura-
tion, as illustrated in Figure 1. The top view of monolayer MX
shows a hexagonal structure similar to the structure of conven-
tional transition-metal dichalcogenides. Each layer of MX has a
D,;, symmetry and consists of four atoms in the unit cell. In bulk
form, MX can exist in four polytypes, designated g (2H)-, e (2H')-
, 6 (2H-3R)-, and y (3R)-phases, as shown in Figure 1a. Although
the results of various theoretical studies have suggested the po-
tential for new polytypes, only g-, e-, §-, and y-phases have been
experimentally identified thus far. The -, ¢-, §-, and y-phases pos-
sess space groups of D},, D}, D; , and C{ , respectively; among
these phases, the f-, ¢-, and 5-phases exhibit hexagonal struc-
tures, whereas the y-phase displays a rhombohedral structure.

Considering that the stacking mode defines the polytype
configuration, the polytypes of III-VI metal monochalcogenide
can be described in terms of stacking mode, as classified in
Figure 1b. By adopting the nomenclature proposed in,[?’] stack-
ing sequences of I1I-VI metal monochalcogenide can be classi-
fied into three high-symmetry patterns. The AA’ stacking type
refers to alternate stacking of M and X atoms between layers,
with M on top of X and vice versa; AB stacking corresponds to the
stacking of M atoms directly above X atoms in the layer below. Ad-
ditionally, AB’ stacking involves the stacking of M atoms above M
atoms in the layer below. In summary, bilayer MX structures can
adopt three stacking patterns with high symmetry: one eclipsed
arrangement (AA’), and two staggered arrangements (AB and
AB’). Among these, the AA’ stacking (f, 2H) and AB stacking
(v, 3R) patterns are commonly observed in both natural and syn-
thesized samples.

As shown in Figure 1a, the previously identified polytypes
have displayed only AA’ and AB stacking modes. In this study,
we discovered that a new stacking mode (AB’ type) prevails in
InTe. We have designated this novel polytype as the f’-phase
(P65 /mmc space group), which is illustrated in Figure 1c with
atomic-resolution imaging. The f’-phase involves the simplest
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case of AB’ stacking and exhibits the greatest symmetry with an
inversion center. The unit cell comprises two layers of four In and
four Te atoms.

2.2. Identification of InTe Crystal Structure

We synthesized InTe on graphene using an MBE process, where
free-standing graphene served as a substrate supported by a SiN-
membrane TEM grid, as shown in Figure S1 (Supporting In-
formation). This approach enabled direct TEM observation of
large areas of material grown after the MBE process. The re-
sulting InTe material grew in the form of hexagon-pyramidal
nanoparticles, suggesting that it possessed hexagonal symmetry
as shown in Figure 2a. The hexagon-shaped nanoparticles had
lateral lengths of ~600 nm. Additionally, the pyramid shape of
the grown InTe particles was confirmed through atomic force mi-
croscopy measurements and cross-sectional views, as shown in
Figure S2a,b (Supporting Information).

The crystal structure of the grown InTe was investigated using
atomic-resolution STEM imaging and energy dispersive X-ray
(EDX) spectroscopy. EDX measurements showed that the In:Te
elemental ratio was 1:1 (Figure S2(c), Supporting Information).
Atomic-resolution HAADF-STEM images of plan-view InTe sam-
ples revealed a hexagonal crystal structure with a lattice param-
eter of 4.33 A, as displayed in Figure 2b. Additionally, we ob-
served various contrasts in atomic-resolution HAADF-STEM im-
ages along the [0001] zone axis, as shown in Figure S3 (Support-
ing Information). HAADF-STEM is a Z-contrast imaging tech-
nique; thus, its contrast is affected by the number and type of
atoms constituting an atomic column. These findings suggest
that InTe can have various stacked structures, which will be dis-
cussed later in more detail.

Importantly, crystal structure information from the flake
side direction was obtained via cross-sectional TEM samples.
HAADF-STEM imaging in Figure 2d—g visualized the lay-
ered crystal structure and stacking sequence. Atomic-resolution
STEM imaging and EDX mapping revealed that each layer com-
prised a unit of four atoms arranged in a Te-In—In-Te sequence.
Figure 2h presents a close-up view of the interfacial region be-
tween the InTe vdW layers and the graphene substrate; the layers
displayed well-ordered characteristics during the initial growth
stage, as indicated by the discernible structure near the substrate,
including the vdW gaps that separated individual layers. The Te—
In-In-Te bonds within a layer exhibited covalent interactions
(strong intralayer interactions), whereas vdW interactions were
present between layers. The inherent weakness of vdW interac-
tions enabled the formation of multiple stacking sequences.

2.3. Three Types of Stacking Sequences and Their Interlayer
Distances

We discovered that the majority of the grown InTe samples—
previously unreported III-VI metal monochalcogenides—
comprised AB’ stacking. The AB’ stacking sequence was located
close to the graphene substrate and across the entire film
thickness, as indicated in Figures 3a and S4 (Supporting Infor-
mation). Thus, AB’ stacking was preferred, regardless of position
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Figure 1. Polytypes of InTe. a) Schematic illustrations of the 3, ¢, 8, y, and new g’ polytypes of vdWlayered InTe. The stacking type is indicated for each
interlayer. Red, green, and blue colors represent AA’, AB, and AB’ stacking, respectively. The B’ polytype solely consists of AB’ stacking. b) Side views
of the three possible high-symmetry stacking patterns in bilayer InTe. AB’ stacking forms one column of In atoms along the c-axis. c) Atomic-resolution
HAADF-STEMimage of f’-InTe. The red solid line indicates Te-In—In-Te units in individual monolayers. The red dashed line represents the In atom

column along the c-axis, which illustrates AB’ stacking.

during growth. In addition to the dominant AB’ stacking, other
conventional stackings were present, as shown in Figure 3a.
AA’ and AB stackings intervened, forming stacking faults be-
tween AB’ stacking structures (enlarged images in Figure 3b,c,
respectively).

To quantify stacking types and understand the origins of stack-
ing preferences, we scrutinized interlayer distances for each
stacking type on the basis of atomic positions determined from
atomic-resolution HAADF-STEM images. Figure 4a shows the
interlayer distances for a representative image; the colored dots
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are overlaid on actual HAADF-STEM images to indicate the inter-
layer distance magnitude. This analysis shows that the interlayer
distances differed according to stacking structure. To achieve ro-
bust statistics, we analyzed a large number of images with areas
>5451 nm? (323 layers). Figure 4b shows the distribution of in-
terlayer distances according to stacking structure, as three well-
separated clusters. The leftmost cluster consisted of 7816 atoms,
the middle cluster consisted of 4147 atoms, and the rightmost
cluster consisted of 381 atoms; these cluster arrangements co-
incided with AB’, AB, and AA’ stacking, respectively. The data
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Figure 2. Identification of the InTe crystal structure. a) HAADF-STEM images of hexagonal pyramid-shaped InTe flakes on graphene. b) Atomic-resolution
HAADF-STEM image of InTe along the [0001] zone axis and c) its atomic model. The red rhombus represents the unit cell of InTe. d,e) Atomic model
of InTe along the [1010] zone axis overlaid on HAADF-STEM image of InTe. f,g) STEM-EDX mapping data for the location shown in panel (e). The red
element is In, and the green element is Te. These data illustrate a monolayer structure in which Te surrounds In. h) HAADF-STEM image of the interface
and i) its line profile for intensity along the [0001] direction. Each interlayer exhibits a low intensity, which corresponds to the vdW gap.

showed that AA’ stacking was rare, AB stacking was the second
most common type, and AB’ stacking was the most common
type (Figure 4b). Therefore, we concluded that InTe prefers the
AB’ stacking sequence. Furthermore, interlayer distances were
strongly correlated with stacking type occurrence. According to
stacking group, the interlayer distances were 8.86 A, 8.93 A, and
9.00 A for AB’, AB, and AA’ stacking, respectively. AB’ stacking,
the most prominent stacking sequence, had the shortest inter-
layer distance. Considering that the short distance between vdW
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layers implies strong coupling, AB’ stacking allows the most sta-
ble and dominant structure. Thus, for InTe, formation of the f'-
phase consisting of only AB’ stacking may be preferred.

To better understand the origin of the preference for AB’
stacking, ab initio DFT calculations were performed. We com-
pared interlayer distances according to stacking type. The DFT
calculations revealed that AB’ stacking had the shortest inter-
layer distance, consistent with experimental results (Figure S5,
Supporting Information). Additionally, among all stackings, the
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Figure 3. Stacking patterns of InTe. a) Atomic-resolution HAADF-STEM image with stacking sequences identified. The red, green, and blue regions
represent AA’, AB, and AB’ stacking, respectively. Most of the area displays AB’ stacking. b—d) Enlarged image of the red (b), green (c), and blue (d)
squares in (a), which correspond to AA’, AB, and AB’ stacking, respectively. Yellow dashed lines guide atomic columns that distinguish each stacking

type.

interlayer vdW bonding of AB’ stacking resulted in the greatest
change in electron density localized in the interlayer region, as
shown in Figure S5 (Supporting Information). Thus, stronger in-
terlayer coupling occurred in the AB’ stacking configuration.

2.4. Origin of AB’ Stacking Dominance in the Molecular Beam
Epitaxy Process

The MBE process is governed by surface interactions between
evaporated beams and the outermost atomic layer, leading to
layer-by-layer assembly.[?®! Thus, to adjust for the layer-by-layer
MBE epitaxial growth, the binding energy of the Te layer on top
of the InTe monolayer was evaluated as shown in Figure 5a,b.
Two highly symmetric configurations were compared. In the first
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configuration, Te atoms were deposited over the hexagonal cen-
ter of the InTe monolayer; in the second configuration, they were
vertically aligned on the In atom site of the InTe monolayer. The
first configuration was much more stable than the second con-
figuration, suggesting that Te strongly favors a specific position
on top of the InTe monolayer. Subsequently, the binding energy
of the In layer on Te plus the InTe monolayer was determined, as
illustrated in Figure 5c—f. In this step, the stacking type was deter-
mined according to the position of In layer deposition. Compar-
ison of the binding energies in each case showed that AB’ stack-
ing was preferred over AB stacking in the first configuration; AB
stacking was more advantageous than AA’ stacking in the second
configuration. Overall, use of the route with the lowest energy
leads to AB’ stacking; the opposite route results in AA’ stacking
with the highest energy. Importantly, energy differences among
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Figure 4. Stacking modes and interlayer distances. a) Atom positions overlaid on the HAADF-STEM image, with each color corresponding to the
interlayer distances in A. To display the upper and lower interlayer separately, the In-Te—Te—In monolayer was divided into the upper In-Te half sublayer
and the lower Te-In half sublayer. The upper interlayer distance is colored in the upper In-Te half sublayer; the lower interlayer distance is colored in
the lower Te—In half sublayer. Peak position refinement with a 2D Gaussian function was performed to measure the positions of the atoms; the atom
positions were subsequently used to quantify the interlayer distances. b) Distribution of interlayer distance according to stacking mode. Blue, green,
and red bars correspond to the observed numbers of AB’, AB, and AA’ stackings, respectively. AB’ stacking is the most abundant and has the shortest

interlayer distance.

the three structures were much smaller (Figure S5, Supporting
Information). This finding implies that even when all stackings
are energetically stable, the pathway ultimately favors a specific
stacking configuration. Therefore, we propose that AB’ stacking
dominance arises from the layer-by-layer MBE epitaxial growth.
Accordingly, when the growth occurs in a layer-by-layer manner,
the atoms deposited at each step prefer a specific position on the
already grown product. Thus, AB’ stacking provided the most en-
ergetically preferred path.

The layer-by-layer MBE epitaxial growth is also strongly sup-
ported by the presence of a certain type of AB stacking. There are
two types of AB stacking when the growth direction is important,
because there are two paths that lead to AB stacking. One path
is derived from the first configuration, and the other path orig-
inates from the second configuration, as shown in Figure 5h,i.
To distinguish these paths, we designated them y-type AB stack-
ing and e-type AB stacking, respectively. One stacking type be-
comes the other type when flipped; thus, the two types of AB
stacking are considered equivalent. However, if the energy dif-
ference is sufficiently large with respect to the growth direc-
tion, the temporal stacking sequence is important and the pref-
erence for the two AB stackings differs. It is clear that y-type
AB stacking forms a sequence of energetically much more fa-
vorable pathways, compared with e-type AB stacking. Indeed, as
revealed by the representative image and statistics in Figure S6
(Supporting Information), most AB stackings display the y-type
and only a few display the e-type. Thus, although both y- and e-
phases consist solely of AB stacking, the preference for the y-
phase over the e-phase arises because the e-phase requires en-
ergetically unfavorable e-type AB stacking. Additionally, the pat-
tern of the y-phase is dominated by y-type AB stacking (rather
than e-type AB stacking), as shown in Figure S7 (Supporting
Information). Therefore, the imbalance of the two AB stack-
ings strongly supports the layer-by-layer MBE epitaxial growth,
which is the underlying mechanism for AB’ stacking or f’-phase
dominance.
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3. Conclusion

We utilized MBE to grow InTe on graphene, then examined its
crystal structure and stacking sequences using atomic-resolution
STEM measurements. InTe with a hexagonal honeycomb lat-
tice was realized; further evaluation revealed the prevalence
of the AB’ stacking mode. Additionally, we directly measured
the interlayer distance of the vdW gap and found a strong
correlation between stacking sequence population and inter-
layer distance. A shorter interlayer distance was associated with
the presence of additional stacking sequences, highlighting the
strong coupling of the AB’ stacking configuration and the sta-
bility of the novel polytype f’-phase. Our results indicate that
MBE is a viable method for synthesizing the new centrosym-
metric polytype of the III-VI family; they suggest the poten-
tial for exploring novel 2D materials with diverse polytypic
characteristics.

4. Experimental Section

InTe Synthesis: Epitaxial growth of InTe was performed using a
custom-designed ultra-high vacuum MBE system. Growth details are
present in Figure S1(b) (Supporting Information). Indium and tellurium
atoms were sourced from their respective effusion cells at different stages
of the growth procedure. Initially, substrates or templates were prepared
by mechanical exfoliation of single-crystalline graphene flakes onto SiN-
membrane TEM grids. These substrates were then loaded into the growth
chamber, where thermal cleaning was conducted under ultra-high vac-
uum conditions at 550 °C for 30 min. High-purity elemental sources with
In (99.999%) and Te (99.999%) were used; the chamber base pressure
was maintained at ~#107'° Torr. Indium and tellurium were evaporated
using Knudsen cells. The In flux was supplied at ~#850 °C with a rate of
~0.03 A s™1. The Te flux was 16-18-fold higher than the In flux and was
continuously supplied throughout the growth process at 300 °C.

Characterizations: Cross-sectional STEM samples were fabricated us-
ing focused ion beam milling with an FEI Helios 650 focused ion
beam system (FEI Company, Hillsboro, OR, USA), followed by additional
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Deposited Te atoms are displayed in dark green. Te can be placed above the hexagon center or in the In column position of the monolayer. The first
configuration is considerably more stable than the second. c—f) The deposition of In on the Te + InTe monolayer leads to each stacking type. Dark red
atoms represent deposited In atoms. g—j) Bilayers at the final stage when grown in a layer-by-layer manner. Use of the most energetically stable path
leads to AB’ stacking, whereas the opposite path leads to AA’ stacking. AB stacking is further classified into two cases according to growth direction:
y-type and e-type. The y-type is achieved through an energetically favored pathway over the e-type.

thinning via focused Ar-ion milling with a Fischione NanoMill 1040 (E.A.
Fischione Instruments, Inc., Export, PA, USA). STEM images were cap-
tured using a Thermo Fisher Scientific Themis Z aberration-corrected mi-
croscope (Thermo Fisher Scientific, Waltham, MA, USA), operating at
a primary beam energy of 200 kV. The imaging setup included a semi-
convergence angle of 18.2 mrad and an HAADF detector with an angular
range of 70-200 mrad (camera length: 115 mm). To improve the signal-to-
noise ratio, a series of 10 images (4096 x 4096 pixels; 2 ps dwell time) were
recorded and cross-correlated.[?] The positions of atomic columns were
determined by iteratively fitting them to a 2D Gaussian function, enabling
precise displacement measurements with picometer accuracy in adjacent
layers.[30]

Ab Initio Density Functional Calculations: The DFT within the gener-
alized gradient approximation was used for ab initio calculations with
the Vienna ab initio simulation package.3'! The semiempirical Grimme's
DFT-3 method[3?] was implemented to adjust for van der Waals in-
teractions. Optimization of the lattice parameters and atomic posi-
tions was conducted until the forces on each atom reached a value of
<0.01 eV A= To prevent spurious interactions between adjacent slabs,
a vacuum layer of >20 A was employed. Brillouin zone sampling was con-
ducted using a 15 x 15 X 1 k-point mesh based on the Monkhorst—Pack
scheme.[3]
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