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Layered materials are an actively pursued area of research for realizing highly scaled technologies

involving both traditional device structures as well as new physics. Lately, non-equilibrium

growth of 2D materials using molecular beam epitaxy (MBE) is gathering traction in the scientific

community and here we aim to highlight one of its strengths, growth of abrupt heterostructures,

and superlattices (SLs). In this work we present several of the firsts: first growth of MoTe2 by

MBE, MoSe2 on Bi2Se3 SLs, transition metal dichalcogenide (TMD) SLs, and lateral junction

between a quintuple atomic layer of Bi2Te3 and a triple atomic layer of MoTe2. Reflected high

electron energy diffraction oscillations presented during the growth of TMD SLs strengthen our

claim that ultrathin heterostructures with monolayer layer control is within reach.

I. INTRODUCTION

Discovery of graphene1 led to renewed interest in

layered transition metal dichalcogenides (TMDs) like

MoS2, ReSe2, WSe2 and MoTe2 as well as post-TMDs

like InSe, GaSe, and SnSe2 (Refs. 2–5) for electronic as

well as optical devices. Quasi-two dimensional (2D)

materials like Bi2Te3, Bi2Te3, and Sb2Te3 are of great

scientific interest as topological insulators as well as

thermoelectric materials.6,7 Recently, there has been an

enormous number of reports of optical and electronic

devices involving different 2D materials and their heter-

ostructures either exfoliated8–11 or chemical vapor de-

position (CVD) grown.12–15 Quasi-2D material

superlattices (SLs) have been shown to have superior

thermoelectric properties.16,17 Molecular beam epitaxy

(MBE) of 2D materials although pioneered in early

1990s18–22 has been dormant until recently.23–29 Histor-

ically, strength of MBE is growth of abrupt heterostruc-

tures at lower temperatures, alloying, delta doping, and in

situ monitoring of growth for monolayer control. Geim,
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in his paper on van der Waals heterostructures,30 pro-

poses a dreamscape for 2D materials where they can be

stacked as lego blocks to realize various structures

desirable to probe novel physics and device applica-

tions.31 In this report we aim to show that we are a step

closer to achieving that dreamscape using MBE for

growing 2D and quasi-2D materials.

Heterostructures and SLs in 3D materials have opened

doors for a myriad of high performance devices like

heterojunction bipolar transistors,32,33 multi quantum well

lasers,34 etc; also SLs drive home the claim that these

materials can be used as lego blocks. Also, this is the first

report where MBE growth of MoTe2 has been demon-

strated. Due to weak bonding between Mo and arising from

similar electronegativity,35 it has been hard to obtain MoTe2
using CVD. MoTe2 has been obtained using tellurization of

e-beam deposited molybdenum films36 and bulk crystals by

chemical vapor transport (CVT). CVT process involves use

of a transport agent and also the transporting agent, usually

a halogen, gets incorporated into the crystal. This incorpo-

ration is close to 1 % of the CVT grown crystal by weight,

which is a very high unintentional doping from a device

perspective.37 This is evident from the fact that MoTe2
grown using Te as the transport agent is p-type but when

grown using Br it is n-type.38

In a 3D semiconductor system, the growth of hetero-

structures is limited primarily by the lattice mismatch

between various layers. Hence, a figure like Fig. 1(a)

plotting band gap versus lattice constant sets the con-

straints on choice of layers in a heterostructure and the

growth substrate. But in case of a layered material grown

on a layered material, as we had reported in the case of

MBE MoSe2 grown on graphene and highly ordered

pyrolytic graphite (HOPG)24; we observe superimposed

reflected high electron energy diffraction (RHEED)

signals from the underlying substrate and the as grown

film in case of an incomplete coverage. This suggests that

the growth of 2D materials is by van der Waals epitaxy.

This is supported by the fact we do not see any discern-

able change in lattice constants in monolayers as one

moves away from the interface in aberration-corrected

scanning transmission electron microscopy (STEM)

images shown further below. This gives us an added

freedom to design electronic or optical devices solely

using the desired band alignments as shown in Fig. 1(b).

Promise of few-layer heterostructures has been demon-

strated in form of WSe2/MoS2 p–n junctions,39 black

phosphorus/SnSe2 tunnel diodes.40 Near broken band

alignment for WSe2/SnSe2, MoTe2/SnSe2, GaSe/SnSe2
seen in Fig. 1(b) is very interesting for electronic

applications like highly scaled tunnel field effect tran-

sistors (Thin-TFET).41 With the recent observation of

direct band gap in few layer MoTe2 (Ref. 42) and in bulk

ReS2,
43 few layered materials and heterostructures would

likely be in limelight for optoelectronic devices as well.

2D and quasi-2D materials don’t yet have uniformly

accepted definitions. For this work, we have used the

Fig. 1(c), where we plot the lattice constant perpendicular

to the cleavage plane of the layered material divided by the

sum of the ionic radii of the constituent atoms of the

monolayer versus the number of atomic layers comprising

the monolayer, to differentiate the two classes of materials

among layered materials with multiple atomic layers per

monolayer. We see that for layered materials having

3 atomic layers in a monolayer, all materials irrespective

of the group in the periodic table to which the cation

belongs are clustered together. Whereas in 2 atomic layers

or 5 atomic layers, the ratio changes dramatically with

change in the group to which the cation belongs. The

definition holds good for layered materials having greater

than one atomic layer per monolayer. It gives us a rough

estimate of the fraction van der Waals gap per monolayer

height. Hence, in spite of the quasi-2D materials being

layered, the cation in one monolayer likely has more

significant interaction with the cation in the next mono-

layer when compared to 2D materials.

It is finally important to stress that MBE is capable of

producing monolayer materials25 and their heterostruc-

tures but the growth to date is not self-limiting and hence

it needs to be timed using RHEED intensity oscillations.

This doesn’t give perfect monolayer control as discussed

further. Hence, the focus is on few layer SLs and

heterostructure in this paper.

II. IN SITU GROWTH OF TMD (MoTe2/MoSe2) SL

This is the first demonstration of in situ growth of 2D

material SLs. As shown in Fig. 2, we demonstrate an

MBE MoSe2/MoTe2 SL on GaAs (111)B substrates.

GaAs substrate was chosen as high quality epi ready

GaAs substrates are commercially available and the

surface can be made quasi-van der Waals employing

a surface termination with chalcogen atoms. Replacement

of surface arsenic with sulfur retaining 1 � 1 reconstruc-

tion has been observed in GaAs (111) immersed in NH4S

solution44 and such sulfur terminated GaAs has been

previously used for MBE growth of layered materials like

MoSe2.
45 In this work, we deoxidize GaAs in situ (at

a thermocouple temperature of 730 °C) and then anneal

under a Te flux for 5 min, followed by cool down to the

growth temperature of 380 °C (thermocouple tempera-

ture). The effect of this tellurium treatment is shown in

Fig. 3. When the surface is just deoxidized without Te

treatment [Fig. 3(a)], the surface is heavily pitted with

;10 nm deep triangular craters, which results in a broken

RHEED pattern from the surface. When the surface

treatment is performed [Fig. 3(b)], the surface becomes

much smoother showing wider and shallower triangles,

which are most likely GaAs/Te islands with atomic step

heights as shown in Fig. 2(f). Correspondingly, the
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RHEED patterns become sharp and streaky as in Fig. 2(d).

This shows that there are atomic motions on the surface

assisted by Te atoms. Furthermore, the high angle annular

dark field-scanning transmission electron microscope

(HAADF-STEM) image in Fig. 2(f) shows the very top

row of the As–Ga atomic pair of the GaAs substrate

appears brighter than the As–Ga pairs below, strengthen-

ing the claim of Te replacing As on the GaAs surface.

As shown in the growth diagram in Fig. 2(a), once the

substrate is cooled down to the growth temperature and

stabilized, Mo and Te molecular beams are simulta-

neously incident on the substrate. The Mo molecular

beam is from an e-beam source and Te and Se are from

Kundsen cells. All the data presented in Fig. 2, except for

the RHEED oscillations, are for a growth with 480 s for

each period. The Mo flux is kept constant and the Te and

Se fluxes are alternated. The key point drawn from

Fig. 2(b) is that Raman from the SL is superimposition

of Raman from both MoSe2 and MoTe2, which is

expected but it is interesting to note that the Raman

efficiency from MoTe2 is much lower than that from

MoSe2. Also, as some of the Raman peaks were masked

by peaks from the longitudinal optical (LO) and trans-

verse optical (TO) phonons in GaAs,46 the MoTe2/MoSe2
SL was exfoliated onto a SiO2/Si substrate and Raman

was carried out to confirm the peaks. Raman spectros-

copy, measured using a 488 nm laser, an incident power

of 633 lW and averaged over several scans, shows

FIG. 1. (a) Plot showing band gap versus lattice constant of various bulk layered materials. Materials in red are the layered 2D materials of interest

in this work, in orange are the quasi-2D layered materials presented here, blue lines represent the lattice constant of common bulk 3D substrates

with hexagonal symmetry and green lines those with cubic symmetry (http://www.ioffe.ru/). (b) Cumulative plot of experimentally determined20 band

gaps (BG) and electron affinity (X) of various layered materials in bulk form, contrasted to common compound semiconductor substrates. (c) The

monolayer height [half of the lattice constant perpendicular to the cleavage plane of a bulk crystal (c/2)] divided by the sum of the ionic radii (atomic

radii in case of graphene) of constituent atoms in each monolayer is plotted against the number of atomic layers in each monolayer.
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a MoSe2 A1g peak at 242.02 cm�1 and E2g peak at 286.3

cm�1, which is consistent with the observations on MBE

grown MoSe2 on HOPG.24 The E2g peak seems to

comprise of 2 very close peaks, one from MoSe2 and

one fromMoTe2. Figure 2(d) shows the RHEED evolution

along the growth of the SL. It can be clearly seen that the

RHEED streak spacing is inverse of the lattice spacing

shown in Fig. 1(a). The ratio of the inverse of the RHEED

streak spacing closely matches the ratio of reported lattice

spacing.47 The ratio of the lattice spacing of (111) GaAs:

MoTe2:MoSe2 from the literature is 3.997 (aGaAs/

O2):3.522:3.299 (where “a” is lattice constant of GaAs),

which is equivalently 1:0.88:0.82. The ratio of the inverse

of RHEED streak spacing of the Red, Yellow, and Green

FIG. 2. (a) Growth diagram of the MoTe2/MoSe2 SL on GaAs (111)B. (b) Raman from the SL (on GaAs as well as exfoliated onto SiO2/Si) compared

to Raman signal from CVT grown bulk MoSe2 and bulk MoTe2. (c) RHEED oscillation from a sample grown under the same condition but for

a shorter duration for each period. Blue lines show where the chalcogen is switched and the dashed red line to the solid red line mark one period of the

oscillation. (d) Evolution of RHEED signal from the sample shown in Fig. 2(c), RHEED streaks from GaAs are superimposed by the red line, MoTe2 in

yellow and MoSe2 in green. (e) HAADF-STEM image of the SL and EELS map of Te M4,5 edge, which clearly shows abruptness of different layers.

(f) Higher magnification image of the red box in Fig. 2(e) showing how MoTe2 climbs over an atomic step on GaAs.
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lines is 1:0.88:0.81, which is within the error margin given

the RHEED patterns from the TMD layers are diffused.

It is also interesting to note that starting from the

second MoTe2 layer polycrystalline ring develops along

with the streaky RHEED. This is correlated with the

waviness in the MoTe2 in the 2nd period of the SL and

MoSe2 in the 2nd period of the SL as seen from the cross-

sectional HAADF-STEM image in Fig. 2(e). This poly-

crystallinity deteriorates RHEED oscillations, therefore,

the RHEED oscillation presented in Fig. 2(c) is from

a different growth under the same growth condition but

with thinner layers, which was used to calibrate the

growth rate. Since Mo is a refractory metal and the

substrate temperature is low, the sticking coefficient of

Mo can be safely assumed to be 1 at the surface thus the

growth rate is limited by the Mo deposition rate. The

RHEED oscillation period is taken to be the duration

of one monolayer. From the 2nd and 3rd oscillation in

Fig. 2(c), one oscillation period (duration between the

dashed red line and the solid red line) can be estimated to

be ;160 s, i.e., a growth rate of 1 monolayer per 160 s.

In the 2nd oscillation, it is taken as double of the duration

between the minimum and maximum. In the 3rd oscilla-

tion, as the duration between the 2 minima. It is an

approximation since, Mo flux from e-beam changes

slightly between growths and during growth itself. Based

on this observation, each half-period of the reported SL

growth in Fig. 2(e) is carried out for 480 s, which

corresponds to 3 monolayers. However, it is worth noting

that in the region in Fig. 2(e) marked by an orange box

we can see that there are 3 monolayers of MoTe2 and 4

monolayers of MoSe2 in the 1st period, and there are 4

layers of MoTe2 and MoSe2 in the 2nd period. Together

with the substrate surface features of atomic heights, this

suggests that observation of RHEED oscillation doesn’t

necessarily mean a full layer-by-layer growth. In fact,

delay in the RHEED intensity and oscillation magnitude

is a result of cumulative interference from a roughening

film. In spite of that during growth the Se and Te flux is

about 3 orders magnitude higher than the Mo flux and

there are no breaks between the Se pulse and Te pulse to

remove excess Se or Te from the surface, very abrupt

MoTe2 and MoSe2 interfaces have been achieved. This is

evidenced by the atomic resolution electron energy loss

spectroscopy (EELS) map of the Te M4,5 edge of the SL.

The sharpness of the map is demonstrated by the fact that

the Te signal takes a bend over the GaAs step where the

layers bend. Figure 2(f) shows how the MoTe2 layers

climb over an atomic step on GaAs and that there is no

chemical bond between the 2D material and the 3D

substrate treated with Te.

III. IN SITU GROWTH OF TMD/QUASI-2D

CRYSTAL (MoX2/Bi2X3) SL

Diced sapphire substrates were first cleaned sequen-

tially in chloroform (30 min), acetone (15 min), methanol

(5 min), and hydrofluoric acid (HF) (10%, 2 min). The

substrate was then loaded into the MBE chamber, heated

to 800 °C and held for 30 min, then cooled to 200 °C.

Once the temperature was stabilized the first 2–3 mono-

layers of Bi2X3 (X denotes Se or Te) was deposited.

RHEED from sapphire is observed to disappear; when

the substrate is heated gradually to the growth condition

of 340 °C (avoiding any overshoot), the Bi2X3 RHEED

pattern appears. This is similar to the growth reported for

Bi2X3 on GaAs (001).48 Subsequently, the Bi2X3 and

MoX2 SL was grown. The reason for this increase in Te

flux before MoTe2 growth on Bi2Te3 is presented

elsewhere.49

Figures 4(b) and 5(b) shows that Raman from the SL is

a superimposition from individual components of re-

spective SLs, Bi2Te3/MoTe2 and Bi2Se3/MoSe2. Again,

even though in both SLs the thickness of MoX2 is almost

equal, the Raman signal from MoTe2 is much lower and

broader than from MoSe2, which is consistent with the

observation in the MoTe2/MoSe2 SL (Fig. 2). The MoTe2
A1g peak at ;171 cm�1 and E2g at ;230 cm�1 (obtained

FIG. 3. AFM images of (a) deoxidized GaAs surface without tellurium treatment, and (b) deoxidized GaAs surface followed by Te

treatment.
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by Lorentz fitting to the broad peaks) can be better

resolved due to the absence of MoSe2 Raman peaks in the

neighborhood, which are close to the values from bulk

MoTe2 at 174.4 and 235.8 cm�1. 1T-MoTe2 has been

reported to have very different peak positions from 2H-

MoTe2,
36 therefore, this observed shift and broadening in

MoTe2 peaks are more likely due to the small grain size

in the MBE grown MoTe2 as compared to the bulk. We

assume there is no systematic zero error since the E2g

peak of Bi2Te3 is at 103.8 cm�1 and the A2
1g peak is at

134.7 cm�1, consistent with the reported values for bulk

Bi2Te3.
50,51 The bulk value measured by us is consistent

with the reported value for bulk 2H-MoTe2.
52 RHEED in

Fig. 4(c) is in line with the expectation that Bi2Te3 has

a wider lattice spacing than MoTe2 hence a narrower

spacing in the reciprocal space. It is worth noting that

RHEED from MoTe2 is much more diffused than that

from Bi2Te3, pointing toward a greater disorder and

smaller grains in MoTe2. This is similar to the small

grains reported in MBE MoSe2 on graphene,24,25 owing

to the low adatom surface diffusivity of refractory metals.

Bi2Te3 RHEED sharpness recovers during the subsequent

growth on MoTe2, adding strength to the above claim.

The most interesting observation in transmission elec-

tron microscopy (TEM) imaging of this SL sample is that

a lateral junction between a quintuple layer Bi2Te3 and

a trilayer MoTe2 is seen, shown in Fig. 4(e). This is the

first ever observation of a lateral junction between

a quasi-2D layer and a 2D layer. We see that the top 3

layers of the Quintuple (Te–Bi–Te) transition into (Te–

Mo–Te). Such a junction might open paths for novel

devices not envisioned before involving structurally

different layered materials.

A substrate temperature of 340 °C was chosen to grow

the Bi2X3/MoX2 SL samples presented in Figs. 4 and 5

(a)–5(d) since the growth of Bi2X3 was optimized near

340 °C. In our previous work MBE growth of MoSe2 was

carried out at a substrate temperature of 400 °C. To

explore the effects of the substrate temperature, growths

of MoSe2 at 340 and 400 °C were carried out on Bi2Se3,

which was grown on sapphire at 340 °C as described

previously. In case of MoSe2 growth at 400 °C, the first

layer of MoSe2 was grown at 340 °C and then substrate

was heated to 400 °C for subsequent layers to avoid any

dissociation of Bi2Se3. Atomic force microscopy (AFM)

imaging of the as grown Bi2Se3 at 340 °C [Fig. 5(g)]

FIG. 4. (a) Growth diagram of the Bi2Te3/MoTe2 SL, (b) Raman spectrum from the SL compared to that from bulk MoTe2 and the *reported

spectrum50 for bulk Bi2Te3, (c) RHEED showing that MoTe2 has a smaller lattice constant than Bi2Te3 hence the reverse in the reciprocal space, (d)

HAADF-STEM image of the SL showing the abruptness of different materials, (e) higher magnification image of the red box in Fig. 4(d) showing that

the lattice constant of the 2 materials is consistent with that of the bulk and how a MoTe2 layer stitches to a partial layer of Bi2Te3.
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shows triangular domains consistent with other reports.48

When AFM images from MoSe2 growth at 340 °C [Fig. 5

(h)] are contrasted to those at 400 °C [Fig. 5(i)], significant

differences in surface morphology are observed. The MoSe2
at 340 °C follows the contours of the underlying Bi2Se3 and

hence any pits in Bi2Se3 are also seen after growth of

MoSe2. But when the growth is done at 400 °C we observe

features similar to that observed on thick MBE MoSe2 on

HOPG,24 i.e., tall protrusions enclosing large smooth

regions. TEM imaging of the 2 samples [Figs. 5(e) and 5

(f)] reveals that MoSe2 grown at 400 °C has a greater

waviness but the interface between Bi2Se3 and MoSe2 is

sharp in both cases. Further investigations are necessary to

understand the exact mechanisms behind these observations.

Finally, energy dispersive x-ray spectrum (EDX) line

scan shown in Fig. 5(d) is consistent with the expected

40% Bi in Bi2Se3 and 33.3% Mo expected in MoSe2.

Local variations in the height of Bi2Se3 triangular grain

along the width of the TEM sample and slight sample

drift during the scan likely contribute to the overlap in the

Bi and Mo signals in contrast to the sharp interface in

HAADF-STEM [Fig. 5(c)].

IV. IN SITU GROWTH OF HETEROSTRUCTURES

INVOLVING MORE THAN 3 MATERIALS

We have grown layered crystals (MoSe2, MoTe2,

SnSe2, WSe2) on a 3D substrate (GaAs, CaF2) and

FIG. 5. (a) Growth diagram of the Bi2Se3/MoSe2 SL, (b) Raman spectra from the SL compared to that from bulk MoSe2 and MBE grown Bi2Se3
on sapphire, (c) HAADF-STEM image of the SL, (d) EDX line scan of the SL showing abruptness of the Mo and Bi species, the widening of the

edge is due to sample motion during imaging, (e) high-resolution transmission electron microscopy (HRTEM) of MoSe2 grown at 340 °C on

Bi2Se3, the same growth condition as the SL, (f) HRTEM of MoSe2 grown at 400 °C on Bi2Se3, (g) AFM of Bi2Se3 grown on sapphire at 340 °C,

the same growth condition as the first layer in the SL, (h) AFM of MoSe2 grown at 340 °C [sample in Fig. 5(e)], and (i) AFM of MoSe2 grown at

400 °C [sample in Fig. 5(f)].
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quasi-2D crystals (Bi2Se3, Bi2Se3) with very small band

gaps (;200 meV), and growth of quasi-2D materials like

SnSe (;0.86 eV bulk indirect band gap)50 and GaSe on

a 2D substrate is equally interesting. Of particular interest

is the Sn–Se system, because SnSe has been shown to

have exceptional thermoelectric properties53 and SnSe2 is

a layered material with high work function ideal for

tunnel junctions. Monolayer and few layer SnSe has only

been demonstrated to date using solution synthesis.54

Taking guidelines from previously reported growth con-

ditions for MBE growth of SnSe and SnSe2 on layered

mateials55,56 we grew a heterostructure involving 3

materials: Bi2Se3, MoSe2, and SnSe2. The corresponding

growth diagram is shown in Fig. 6(a). Raman measure-

ments show superimposition of expected layered materi-

als. The shift of SnSe2 peaks is likely due to difference in

stacking order of bulk SnSe2 and MBE SnSe2.
57–59 The

cross-sectional TEM [Fig. 6(c)] image reveals that

majority of the deposited Sn–Se was in form of SnSe2,

but there were some regions of SnSe. What is very

interesting is that a band of SnSe forms at the interface

between MoSe2 and SnSe2. Our hypothesis is that even

though the growth temperature was lowered from 340 to

240 °C for the growth of SnSe2, the growth temperature

of 240 °C wasn’t stabilized for long enough, essentially

resulting in a higher than desired growth temperature for

the first few layers. Indeed we have consistently observed

that SnSe grows at a higher temperature than SnSe2.

While a separate manuscript59 is under preparation to

report the MBE growth of SnSe and SnSe2, we present

here two sets of growth. Samples in Fig. 6(d) (SnSex
grown at 240 °C on MBE MoSe2/Bi2Se3/Sapphire) and

Fig. 6(e) [SnSe grown at 240 °C on exfoliated MoS2/

SiO2 (300 nm)/Si] differ primarily by substrate alone.

Samples in Figs. 6(e) and 6(f) [SnSe2 grown at 200 °C on

exfoliated WSe2/SiO2 (300 nm)/Si] differ primarily by

growth temperature. Although using STEM imaging only

SnSe is seen on exfoliated MoS2 in Fig. 6(e), inorder to

see if there is SnSe2 in other regions of the film, X-ray

photoelectron spectroscopy (XPS) was performed on the

sample. In agreement with the STEM imagining, the XPS

spectra for Fig. 6(e) shows that majority of the as grown

film is indeed comprised of the SnSe phase, at a binding

energy of 54.3 eV in Se 3d and 485.5 eV in Sn 3d, which

are consistent with the values reported in literature.60 Yet,

in addition to this phase, a small but significant amount of

SnSe2 was also detected, where the corresponding peaks

appear at higher binding energy (0.6 eV for Se 3d and 0.8

eV for Sn 3d) than the SnSe peaks. In addition to the

SnSex film, a signal from metallic Se was detected at

a binding energy of 54.7 eV, suggesting that some

selenium remained unreactive in a metallic form (Se0).

FIG. 6. (a) Growth diagram of the Bi2Se3/MoSe2/SnSe2 heterostructure, (b) Raman spectrum from the heterostructure compared to those from

MBE grown Bi2Se3 on sapphire, bulk MoSe2 and bulk SnSe2, (c) HAADF-STEM image of the heterostructure, (d) higher magnification image of

the interface of SnSe2 on MoSe2, (e) HAADF-STEM image of another MBE sample showing that single phase SnSe can be grown on MoS2,

(f) HAADF-STEM image of yet another MBE sample showing that single phase SnSe2 can be grown on WSe2.
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Finally, the presence of surface oxides, SnOx and SeOx,

were also detected in this sample, which could be

generated due to air exposure prior to XPS measurements

(Fig. 7).

This shows that by optimizing and modeling parameters

like growth temperature, interfacial thermal resistance, and

the thermal conductivity of the various layers, it is possible

to grow single phase SnSex (x 5 1 or 2) or a mixed phase

with varying concentrations of SnSe2 and SnSe.

V. CONCLUSION

In summary, we have demonstrated that MBE is a very

unique and powerful tool for growth of layered material

heterostructures and SLs. Atomically abrupt MoSe2/

MoTe2 SLs with RHEED oscillation for ultrathin layer

control have been demonstrated. Heterostructures involv-

ing Bi2Se3, Bi2Te3, MoSe2, SnSe, and SnSe2 have been

grown. Raman and TEM measurements confirm the

integrity of the layered materials in these heterostructures.

We believe this work serves as a starting point for future

optimizations of 2D material MBE heterostructures to

probe theoretical predictions61–63 of interesting physics in

epitaxially aligned heterostructures and SLs.

VI. INSTRUMENTATION DETAILS

A. XPS details

XPS was carried out using a monochromated Al Ka

source (hm 5 1486.7 eV) and an Omicron EA125

hemispherical 7-channel analyzer (Omicron Electronics,

Taunusstein, Germany). The XPS scans were acquired at

a take-off angle of 45° with respect to the sample normal

and pass energy of 15 eV. The software AAnalyzer was

used for peak analysis and deconvolution, where Voigt

line shapes and an active Shirley background were used

for peak fitting.64
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