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ABSTRACT: The family of layered BiTeX (X = Cl, Br, I)
compounds are intrinsic Janus semiconductors with giant
Rashba-splitting and many exotic surface and bulk physical
properties. To date, studies on these materials required
mechanical exfoliation from bulk crystals which yielded thick
sheets in nonscalable sizes. Here, we report epitaxial synthesis
of Janus BiTeCl and BiTeBr sheets through a nanoconversion
technique that can produce few triple layers of Rashba
semiconductors (<10 nm) on sapphire substrates. The process
starts with van der Waals epitaxy of Bi2Te3 sheets on sapphire
and converts these sheets to BiTeCl or BiTeBr layers at high
temperatures in the presence of chemically reactive BiCl3/BiBr3
inorganic vapor. Systematic Raman, XRD, SEM, EDX, and other studies show that highly crystalline BiTeCl and BiTeBr sheets
can be produced on demand. Atomic level growth mechanism is also proposed and discussed to offer further insights into
growth process steps. Overall, this work marks the direct deposition of 2D Janus Rashba materials and offers pathways to
synthesize other Janus compounds belonging to MXY family members.
KEYWORDS: Janus, epitaxy, inversion-symmetry, van der Waals gap, bismuth tellurohalide, Raman spectroscopy

Bismuth telluro chloride (BiTeCl), a recently discovered
inversion-asymmetric topological insulator (TI)1 is a
member of the family of noncentrosymmetric Janus

Rashba-semiconductors BiTeX (X = Cl, Br, I), which have
recently generated a strong interest due to their versatile
quantum phases.1−9 This family of layered materials features
intrinsic “Janus”2,3 sublayers consisting of individual layers of
metal, halogen, and chalcogen atoms stacked together in triple-
layers (TLs), separated along the hexagonal c-axis of the crystal
by a weak van der Waals (vdW) force (Figure 1a−d). This
special atomic arrangement induces charge-separation along
the stacking direction and large built-in electric field within
each Janus layer.1,4 Similar to other BiTeX materials, heavy Bi
atom-induced spin−orbit coupling (SOC) and lack of
inversion symmetry lifts the spin degeneracy in the bulk and
surface electronic states of BiTeCl causing spin-polarized
“Rashba” states1−5 as predicted in theoretical models,6 and
experimentally confirmed by angle-resolved photoemission
spectroscopy (ARPES).4,6

Rashba splitting makes BiTeCl and BiTeBr a strong
candidate for use in spintronics.1,5 For example BiTeCl is a
narrow-gap semiconductor (Eg ∼ 0.8 eV)6 which has been
demonstrated to have n-type and p-type surface states for Te

and Cl terminated exfoliated flakes.6 So far BiTeCl/BiTeBr are
the only strong-inversion-asymmetric TI, with the only other
candidate being HgTe with weak inversion asymmetry.10

Interestingly, superconductivity is shown to exist in BiTeCl at
pressures above 5 GPa11 which is rarely observed in TIs. These
properties in one layered material make Janus Rashba-
semiconductors BiTeX a promising candidate for spintronic
and optoelectronic applications and offer opportunities to
study the interplay of contrasting quantum phenomena
coexisting in a single material.
Previous electronic transport studies on Janus Rashba BiTeX

have been mostly carried out on samples mechanically
exfoliated from bulk crystals12,13 grown by topotactic
method.14 Although this technique can transfer highly
crystalline samples, only samples of nonscalable size (both
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thickness and lateral size) can be accessed without any
substrate orientation control. No thin-film BiTeCl or other Bi
based Janus layered growth has been reported to date through
bottom-up and scalable epitaxial method.
Here, we report the synthesis of ultrathin BiTeCl and

BiTeBr sheets by conversion of Bi2Te3 sheets into BiTeX (X =
Cl, Br) in the presence of BiX3 vapor. The method produces
flakes as thin as <10 nm with excellent elemental uniformity
and crystalline characteristics as confirmed by a variety of
characterization techniques. We further offer a possible growth
mechanism to explain the conversion process and atomic level
chemical reaction to establish the foundations of this type of

growth process. Overall, this work enables a time- and cost-
effective growth method for producing Bi based Janus crystals
(BiTeX, X = Br or Cl) and offers the opportunity to investigate
atomic-level phenomena not previously studied due to the
limitations imposed by film thickness.

RESULTS AND DISCUSSION

Topological Bi2Te3 vs. Janus BiTeCl vdW layers. Figure
1a−d depicts the crystal structures of Bi2Te3 and Janus BiTeX
(X = Cl, Br, I). The parent material, Bi2Te3, crystallizes in a
hexagonal structure with R3̅m spacegroup whereas non-
centrosymmetric BiTeCl and BiTeBr belong to hexagonal

Figure 1. Overviews of triple-layer (TL) in Janus BiTiX (X = Cl, Br, and I) and schematic of their epitaxial synthesis. a,b. Hexagonal crystal
structure of one quintuple layer (QL) Bi2Te3 and c. noncentrosymmetric Janus structure of BiTeCl and BiTeBr. d. Triple-layer structure of
BiTeX family showing two different faces of a single Janus layer. e. Schematic outline of the conversion processand f. implemented
experimental setup for conversion process of Bi2Te3 into BiTeCl or BiTeBr.

Figure 2. a. Low magnification SEM image of Bi2Te3 sheets. Two common orientations of Bi2Te3 flakes shown by dashed yellow lines. b.
High magnification SEM image of single Bi2Te3 nanosheet; The inset shows orientation of the triangular nanosheets with respect to single
crystal sapphire substrate on the terraces. c. Atomic force microscopy image of a typical Bi2Te3 flake and AFM line scan plot highlighting its
height profile. d. Energy dispersive X-ray (EDX) analysis showing 2:3 stoichiometry of Bi2Te3 sheets. e. XRD data collected from Bi2Te3
nanosheets showing high crystallinity and orientation. f. Raman spectra of Bi2Te3 with all vibrational modes.
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P63mc and P3m1 space groups, respectively. One unit cell of
Bi2Te3 contains three quintuple layers (QL) of Te−Bi−Te−
Bi-Te stacked together along the c-axis.15 Compared to Bi2Te3,
one unit cell of BiTeX (X = Cl, Br) consists of two(one) triple-
layers(TL) of Te−Bi-X sandwich, with a vdW gap between
two adjacent TLs perpendicular to the c-axis.13,18 In each TL,
Bi−Te and Bi−Cl are bonded covalently while Te-X bonds
across the vdW gap are bonded by much weaker vdW forces.
Because each Te−Bi-X triple-layer contains different faces (Te
vs. X), BiTeX crystals are often referred to as Janus crystals,
named after the two-faced Roman God Janus. Here, it is
important to note that Bi2Te3 and BiTeX have a strongly
similar crystal symmetry; possibly one of the factors to
promote the conversion process which will be discussed later
in the article.
Synthesis Process. Our method starts with the CVD

deposition of ultrathin (∼5−10 nm) Bi2Te3 sheets onto c-cut
sapphire substrates. In a typical growth process, Bi2Te3 sheets
were synthesized using Bi2Te3 powder as a precursor in a 1 in.
diameter quartz tube furnace by vdW epitaxy using established
protocols in the literature.16 Bi2Te3 powder was kept at 480 °C
while target substrates were at 12 cm downstream from the
center where the temperature was 200 °C. Prior to the
deposition step, (0001) cut sapphire substrates were
preannealed at 1850 °C in the presence of Argon gas to
introduce atomically flat terraces with step edges along the
[−1100] direction (shown in inset of Figure 2b). We find that
introducing these sharp steps is helpful in facilitating the
nucleation process along the chemically active (lower
nucleation barrier) step-edges (for details see the Methods
section).
After the growth, mostly truncated triangles of lateral size ∼5

μm and few QL thickness measuring ∼8−9 nm16 were
obtained along (0001) orientation as shown in the SEM and
AFM scan images (Figure 2a−c). Raman microscopy, XRD,
and EDX characterizations confirmed the composition and
crystallinity of Bi2Te3 QL sheets as shown in Figure 2d−f.
XRD scans mainly yield {000l} reflections, confirming the
layer-by-layer growth mode which produces well-aligned
Bi2Te3 sheets. The three most prominent Bi2Te3Raman
peaks were observed at 56 cm−1, 99 cm−1, and 134 cm−1

consistent with the literature.17 These peaks had narrow full
widths at half-maximum (fwhm) (∼3, 4, and 6 cm−1,
respectively) further confirm the high crystallinity of Bi2Te3
QLs. One important observation is that Bi2Te3 triangle sheets
have two possible orientations with respect to the sapphire
substrate, which is shown with dashed outline in Figure 2a.
One of the edges of the triangles is parallel to the [−1100]
direction of the sapphire substrate (Figure 2b inset).
Hexagonal symmetry of [0001] oriented sapphire ultimately
guides the growth of hexagonal Bi2Te3 with these specific
orientations, also observed by other researchers in this field.19

Conversion through Solid−gas Reaction. Conversion
of Bi2Te3 into BiTeCl was carried out in a one-inch diameter
quartz tube placed inside a one-zone furnace as schematically
shown in Figure 1f. In the big picture, the conversion relies on
chemical reaction between Bi2Te3 vdW sheets with chemically
reactive BiCl3 vapor to form BiTeCl layers (the transformation
process details are offered later in the article). To accomplish
that, BiCl3 powder was placed in an alumina boat kept at the
center of the furnace and Bi2Te3/sapphire substrates were
placed face down above the alumina boat directly facing the
BiCl3 vapor/precursor. To maintain a nonreactive environment

(i.e., to prevent oxidation of Bi2Te3) and to prevent excess
BiCl3 vapor pressure, Ar flow of 50 sccm was maintained
during the experiment. Without the Ar flow, Bi2Te3 sheets
reacted with ambient oxygen and produced thin layer of
tellurium oxide (TeOx) on the surface which significantly
impeded the conversion process.
Our comprehensive studies have shown that growth

temperature range and duration ultimately dictate a successful
Janus conversion process. For example, any growth at
temperatures above 210 °C caused Bi2Te3 ultrathin sheets to
deteriorate by decomposition process due to the low melting
point of Bi2Te3. Also, growth temperatures below 180 °C were
not sufficient for sublimation of BiCl3 (Tmelting ∼ 230 °C) and
thus prevented the Janus conversion process. Considering the
material stability and precursor sublimation, the conversion
process only offered very narrow 180 °C < Tg < 210 °C growth
temperature range. Even when the temperature range is finely
tuned, for longer conversion times (>6 min) most of the thin
films suffered major surface degradation, while shorter
conversion times resulted in partially converted Janus BiTeCl
sheets. In our studies, the optimal growth parameter was 190
°C source zone temperature with 5 min growth duration.
To confirm the presence of BiTeCl sheets, we have used

conventional nondestructive Raman spectroscopy. Previously,
this method has been widely used to characterize bulk
BiTeCl12,13,20 as well as other Janus crystals with well-
established Raman spectra. Vibrational representation of
zone-center phonons of BiTeCl can be written as Γ =
2A1+3B1+2E1+2E2 where all the modes should be observed
except silent B1 modes. After the conversion process, we find
that previously established Bi2Te3 Raman peaks at 56, 99, and
134 cm−1 disappear and new peaks emerge (Figure 3a) at 82,

97, 118, 119, 138, and 152 cm−1 which correspond to
E2
2,E2

1,E1g
1 ,E1

2,A 2 and A1
1 modes, respectively. The rigid layer

mode E2
3 was found at 18 cm−1. We note that while these peaks

are located at correct positions, their relative intensities with
respect to each other can be different across bulk and thin-film
Janus layers (Supporting Information (SI) Figure S2).13

Previously similar thickness induced trends were shown for
other vdW materials including MoTe2,

21,22 WSe2,
23 and

Figure 3. a. Raman Spectra of parent (Bi2Te3) and product
(BiTeCl) sheets before and after conversion. b,d. Raman mapping
of mode A1g

2 at 133 cm−1 in Bi2Te3 before and after conversion,
respectively. c,e. Raman mapping of A1

1 mode at 152 cm−1 of
BiTeCl before and after conversion, respectively, indicating
uniform conversion. f. atomic displacements corresponding to
different vibrational modes of BiTeCl.
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others24 and is likely related to changes in Raman scattering
cross-section with respect to material thickness.
Uniformity Across the Flake and Stability. To assess

the uniformity of the conversion process, we provide the
Raman mapping data of two different flakes before and after
conversion, as seen in Figure 3b−e. Figure 3b,d show the peak
intensity plot of A1g

2 mode for Bi2Te3 before and after
conversion, respectively. As expected, the peak intensity is
uniform throughout the sample before conversion and is
absent in the sample after conversion. In Figure 3c,e, we show
a similar map at BiTeCl A1

1 mode before and after conversion.
The peak intensity is uniformly distributed over the sample
area after conversion, confirming the uniform and complete
conversion of Bi2Te3 nanosheets into BiTeCl. EDX mapping of
elements Bi, Te, and Cl in Figure 4a−d also confirms
uniformity in distribution of all three elemental components
of BiTeCl.

Typically, CVD or PVD grown 2D or vdW materials have
been shown to be more prone to environmental degradation
effects25 and chalcogen vacancies have been suggested as one
of the primary reasons for metastability. To understand the
stability of the synthesized BiTeCl vdW sheets, we performed
time dependent Raman spectroscopy to study the change in
vibrational properties after exposing the thin films in ambient
air (Figure 4e). Measurement at 0 h refers to Raman spectra
collected immediately after the conversion process and samples
were kept in ambient conditions (air and 20 °C) for a
prolonged amount of time up to 60 h. In the first 24 h time
frame, the Raman spectra had shown no noticeable changes
but started to broaden and produce weaker signals beyond 24
h. This can be attributed to an increased number of defects in
the material and deviation from Γ = 0 Raman condition
whether the defect originates from oxidization or the material
degradation process. Prior studies have also shown similar
degradation effects on other Te based material systems
including GaTe, ZrTe3,

26,27 tellurene,28,29 and others.30,31

These researches show that, reaction with O2 and H2O can
be detrimental to tellurium-based thin films. Interplay of
multiple degradation mechanisms, for example. adsorption of
gaseous molecules (O2, H2O, NO2, NH3, H2S, etc.) from air
followed by their dissociation in the presence of vacancies is
highly probable. A possible reaction route enhancing surface
degradation canbe BiTeX + H2O = BiTe(1−y)X + TeyOx +
biproducts. Our results suggest that synthesized few layer thick
BiTeCl sheets must be either be protected by surface

functionalization,27 encapsulated with other 2D sheets(for
example. few layers h-BN)32,33 etc. or kept under inert gas
conditions for increased self-life.

Applicability to other BiTeX Rashba Layers. To
investigate the applicability of this technique for growth of
materials within the same family, we attempted conversion of
BiTeBr and BiTeI in the presence of BiBr3 and BiI3 vapor,
respectively, from PVD-grown Bi2Te3. The conversion of
BiTeBr was carried out using a similar experimental setup with
the center of the furnace set to 180 °C (Tmelting of BiBr3 ∼ 220
°C). Raman spectra (Figure 5a−c) taken after the conversion
process indicates the presence of BiTeBr. Raman mapping in
mode A1 presented in Figure 5b shows near uniform
conversion.

Due to higher temperature requirements, the experimental
setup was modified for converting BiTeI, in which the center of
the furnace was held at 350 °C to allow sublimation of
BiI3(Tmelting of BiI3 ∼ 400 °C). The sapphire substrate with the
Bi2Te3 thin film was placed on a separate Al2O3 boat 10 cm
downstream of the furnace center to avoid damaging the film,
in a zone of ∼180 °C. This setup did not result in conversion,
as BiI3 recrystallizes in the temperature zone 150−250 °C.
We further attempted the growth of SbTeCl and SbTeBr by

the same method (S4) where the conversion process did not
take place (SI Figure S4). To the best of our knowledge, crystal
structures of SbTeCl(Br) are not experimentally established at
the time of writing and SbTeI does not belong to Janus
family.34 Lack of similarity between the parent (Sb2Te3) and
the product (SbTeX) can be a possible reason for this as we
mention in the growth mechanism section.

Growth Mechanism. Here, we present one possible
growth mechanism that can account for the Bi2Te3 conversion
into BiTeX, as few striking structural similarities between these
two layered materials can facilitate the conversion process. The
crystal structure of both materials consists of individual planes
of all the elements (Bi, Te for Bi2Te3 and Bi, Te, X for BiTeX).
A closer look at the crystal structure of Bi2Te3 reveals that the
coordination octahedra of Bi atoms consists of six Te atoms
which are similar to the coordination octahedra of Bi atoms in
BiTeX with the top three Te atoms replaced by X atoms
(Figure 6a,b). Bi−Te bond lengths are also close in both
materials (3.10−3.29 Å in Bi2Te3 and 3.05 and 3.06 Å in
BiTeCl and BiTeBr, respectively). These atomic-level struc-
tural similarities are suggestive of an energetically favorable
conversion process from Bi2Te3 to BiTeX.
We first emphasize that if Bi2Te3 flakes measure thicker than

10 nm these sheets can only be partially converted to BiTeX,
but thinner flakes (<10 nm) can easily undergo a full

Figure 4. a−d. Elemental composition mapping by SEM-EDX on
synthesized BiTeCl ultrathin sheets showing individual contribu-
tion of Bi, Te, and Cl. e. Degradation of vibrational response of
BiTeCl thin films as observed by Raman spectra taken at several
time intervals after exposure to ambient air.

Figure 5. a. Raman spectra of BiTeBr nanosheet after conversion.
b. Optical image. c. Raman peak intensity mapping for the BiTeBr
A1 mode at 155 cm−1 demonstrating nearly uniform conversion.
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conversion. We also note that conversion process does not
start from the edges of Bi2Te3 since halting the growth process
without reaching full conversion does not yield BiTeX at the
edge sites. These observations indicate the conversion process
starts at the surface of the Bi2Te3 flakes and gradually proceeds
toward bottom layers.
The atomic mechanism of the conversion process is depicted

in detail in Figure 6. First, BiX3 powder sublimes and goes into
gaseous phase BiX3(g) which in turn reacts with the top surface
of Bi2Te3. Being an ionic compound, BiCl3 shares its total
charge as Bi3+ and 3X−, while Te terminated Bi2Te3 has a
surface charge of Te2−. First, Bi3+ of a BiX3 molecule reacts
with Te2− terminated surface due to high local partial gas
pressure of BiX3. We argue that two X− ions from BiX3 are
released to maintain charge neutrality with Te2− layers. This
forms the first “nucleation site” of BiTeCl, and the process
repeats to form the first layer of BiTeX on the surface after
rearrangement of the Te atoms into new energetically
favorable positions. Once the first layer of BiTeX is formed,
a strong electric field (polarization field) directed toward the
Te layer develops within the Janus layer. This electric field
separates adjacent layers having a net positive charge along the
c-axis, creating a vdW gap as observed in various DFT studies.
Extra X− species diffuse through the vdW gap via intercalation
to form the next BiTeCl layers. Each time a new Janus layer
forms, it creates a separation with the adjacent layers until the
whole Bi2Te3 flake converts into BiTeX. This process is
particularly successful for thin sheets (<10 nm) since the
number of layers is limited and thus the process time is short.
In contrast, thicker sheets require longer conversion time and
results in partially converted sheets. To avoid surface
degradation of the nanosheets (mentioned earlier), we did
not raise the conversion time above 7 min, which was
insufficient to fully convert thicker (>10 nm) flakes. Another

potential growth mechanism might be phase transformation of
Bi2Te3 → BiTe by chalcogen defect generation at growth
temperatures, followed by BiTe → BiTeCl transformation
similar to the process described above. To test this potential
route, we have annealed Bi2Te3 nanosheets under the same
experimental conditions except without the BiCl3 powder.
Comprehensive Raman spectra collected on Bi2Te3 sheets-
(S5)show no significant changes before and after the annealing
process which precludes the possibility of an intermediary BiTe
step and makes the latter process unlikely. Although this
hypothesis lays a foundation in understanding the conversion
process at the trilayer level, future theoretical studies such as
calculation of energy of formation at the growth temperature,
DFT and charge analysis (e.g., Bader charge analysis) are
suggested to understand the feasibility, charge sharing
mechanism during adsorption of BiX3 and intercalation of X-
species.

CONCLUSION

In summary, we have demonstrated the direct synthesis of
orientation-controlled ultrathin (∼15 layer thick) BiTeCl and
BiTeBr Janus layers on sapphire substrates using nanoscale
conversion process. These studies show the demonstration of
their synthesis in ultrathin form without the need for
exfoliating bulk crystals. Comprehensive measurements further
confirm the quality and uniformity of these Janus BiTeCl and
BiTeBr sheets. A detailed growth mechanism is offered to
understand the nature of this transformation process from
Bi2Te3 to BiTeX vdW sheets. Overall results established ways
to deposit these materials in few-layer form and may offer
potential ways to extend these results to other 2D Janus
crystals belonging to MXY (M = Bi, Sb X = Se and Te, and X =
Cl, Br, I) quantum material systems.

Figure 6. a,b. Similarity between coordination octahedra in Bi2Te3 and BiTeX (X = Cl, Br), suggestive of the feasibility of conversion from
Bi2Te3 and BiTeX. c. Possible steps of the conversion process: Step 1, attraction of Bi3+ ions of BiX3 toward Te2− of Bi2Te3; Step 2, release of
two X− ions from BiX3 to maintain neutral charge with the Te layer; Step 3, formation of first BiTeX Janus layer with a high E-field toward
the Te-plane which causes adjacent bottom layers to be separated. Intercalation of X− ions in the newly formed vdW gap converts next layers
into BiTeX; Step 4, conversion of entire Bi2Te3 sheet due to repetition of Step 3.
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METHODS
Bi2Te3 vdW Sheet Synthesis. Bi2Te3 vdW sheets were grown on

c-cut sapphire by physical vapor deposition in a single-zone Lindberg
tube-furnace (model TF55030A-1). A c-cut sapphire substrate was
preannealed at temperature 1850 °C in Argon atmosphere for 1 h to
create parallel terraces on the substrate-surface along [−1100]
direction. During the growth 2 mg of Bi2Te3 (Alpha Aesar, 99.98%)
powder was placed in a quartz boat in a one-inch diameter quartz tube
at the center of the furnace (480 °C) and sapphire substrate was kept
at 12 cm downstream from the center in a separate quartz boat where
the temperature is ∼200 °C. Though the tube was cleaned with 200
sccm Ar prior to the experiment, no gas flow was maintained during
the growth. The pressure inside the tube was maintained at 200
mTorr. The temperature was raised from room temperature to 480
°C at 20 °C/min and was kept at 480 °C for 5 min. At the end of the
process the furnace was allowed to cool to room temperature
naturally.
BiTeCl(Br) Conversion. BiTeCl(Br) conversion process was

performed in the same furnace. Five mg of BiCl(Br)3 powder
(Sigma-Aldrich, 99.99% trace metal basis) was kept at the center of
the furnace in an Al2O3 boat with Bi2Te3 deposited substrate above it.
Temperature was raised to ∼190 (200) °C at 20 °C/min rate and
Argon flow of 50 sccm was maintained during the experiment. An
average growth time of ∼5 min was maintained for both materials,
after which the furnace was allowed to cool to room temperature.
Before beginning the conversion process the quartz tube was purged
by Argon flow at 200 sccm to remove unwanted impurities. This
technique has been repeated to more than 25 samples before
concluding the work.
Atomic Force Microscopy. Atomic force microscopy images

were acquired by NT-MDT AFM-system in semicontact mode by
Silicon tips with Al-coatings.
XRD. X-ray diffraction data from Bi2Te3 thin films were acquired by

high resolution Panalytical X’Pert Pro MRD with Cu Kα1 wavelength.
Fixed divergence slits were used as the incident beam optics and
detection of the diffracted rays was done by X’Celerator detector.
Raman Spectroscopy. Raman spectroscopy measurements were

done with a homemade Raman microscope in backscattering
geometry with unpolarized 532 nm incident laser (1.3 mW) in
backscattering geometry with spectral resolution 1 cm−1. Scattered
light intensity was measured without any analyzer at the detector. To
avoid oxidation of thin films under Laser sample was kept in a vacuum
chamber with quartz window at 100 mTorr during the measurement.
For Raman mapping a different Renishaw spectrometer with polarized
incident light of wavelength 488 nm was used with backscattering
geometry.
Scanning Electron Microscopy and Energy Dispersive X-ray

Spectroscopy. Scanning electron microscopy (SEM) of Bi2Te3
nanosheets was done with an Amray 1910 field electron scanning
electron microscope at 15 keV with ∼2 nm resolution. The sapphire
substrate with Bi2Te3 was fixed on an Al sample holder by carbon
tape. Prior to SEM imaging, the substrate was coated with 20 nm gold
to avoid the effect of sample charging. EDX spectra and elemental
mapping were acquired with the same microscope with EDAX Octane
Series Silicon Drift Detector.
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