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Beyond turbostratic disorder: Towards epitaxial alignment in Bi,Se; /MoSe, van-der-Waals
bilayer stacks grown from amorphous elemental precursors

Fabian Gohler®, 234"

Fabian Ganss ©,3 Aalaa Osman®,' Olav Hellwig ®,
David C. Johnson®,? and Thomas Seyller

1,2,5
1,2

!Institute of Physics, Chemnitz University of Technology, 09126 Chemnitz, Germany
2Center for Materials, Architectures and Integration of Nanomembranes (MAIN), 09126 Chemnitz, Germany
3Department of Chemistry, University of Oregon, Eugene, Oregon 97401, USA
4Center for Quantum Spintronics, Department of Physics, Norwegian University of Science and Technology, 7491 Trondheim, Norway
3 Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany

® (Received 30 March 2025; revised 25 June 2025; accepted 9 July 2025; published 18 July 2025)

Bottom-up synthetic approaches to synthesize stacks of individual quasi-two-dimensional materials remain a
major experimental challenge. Here, we evaluate the applicability of the little-known technique of modulated
elemental reactants (MER) for the synthesis of one-unit-cell-thick Bi,Se;/MoSe, bilayer stacks via the self-
assembly of amorphous elemental Bi|Se and Mo|Se precursors. Using a two-step annealing approach, both
layers can be crystallized in a single heterostructure, as evidenced by a combination of x-ray photoelectron
spectroscopy, Raman spectroscopy, and x-ray diffraction. However, we observe a limited stability of the BiySes
layer, reflected in its partial decomposition under conditions required to crystallize MoSe,. The choice of
substrate proves to be a crucial piece to control the thin film growth: We demonstrate the evolution of larger-scale
epitaxial alignment within a heterostructure grown via MER by low-energy electron diffraction.
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I. INTRODUCTION

The large-scale fabrication of quasi-two-dimensional (2D)
materials using physical or chemical vapor deposition (PVD,
CVD) and conversion techniques has been extensively studied
in the past two decades, achieving single-crystalline growth
on a wafer scale [1-4]. However, the layer-by-layer growth
of vertically stacked van-der-Waals heterostructures remains
a major experimental challenge [5], as growth conditions vary
for each subsequent sheet in the stack and might even be
incompatible with the targeted structure. The task of maneu-
vering a vast parameter space becomes especially arduous
when more than two constituent layers are considered. For
example, molecular beam epitaxy (MBE) growth of transition
metal dichalcogenides (TMDC, TX,) is usually carried out
via a codeposition of the transition metal and the chalco-
gen, followed by annealing under high chalcogen flux above
700 °C [6,7]. On the other hand, growth of Bi,Se thin films
is generally carried out at temperatures not exceeding about
300°C [8-11], and can be done by both MBE on crys-
talline substrates [12,13] or crystallization of optimized Bi|Se
layers [14,15]. From this, it becomes apparent that a het-
erostructure combining a TMCD and Bi,Ses will not be easily
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accessible via classical MBE approaches. Hence, the majority
of research work in this field still relies on manual stacking of
exfoliated flakes [16,17].

In contrast, the modulated elemental reactants (MER)
synthesis [18,19] uses a different approach to fabricate mul-
tilayered heterostacks: In a first step, an amorphous precursor
is deposited in vacuum by sequential PVD of the chosen
elements. The precursor is structured in such a way that
each elemental bilayer has the correct composition to yield
a monolayer of the desired 2D crystal upon the subsequent
self-assembly via low-temperature annealing in an inert at-
mosphere [20]. The layering sequence of the final product
can thus be determined by controlling the nanoarchitecture
of the precursor. As such, a large variety of thin films built
up from metal chalcogenides (MX) and TMDC have been
realized in the past [21,22]. Within these films, individual
layers are aligned parallel to the growth substrate, and it was
demonstrated repeatedly that the self-assembly process results
in abrupt atomic interfaces [23-25]. While MER thin films
generally have a thickness of a few-dozen repeating units, we
were able to demonstrate in a previous report that this method
can—at least in principle—also be pushed to the limit of
individual 2D layers by successfully crystallizing a precursor
for a single layer of semiconducting 2H-MoSe, deposited
on epitaxial graphene on SiC [26]. As solid-state diffusion
is limited during the annealing step in MER [23,27], the
growth is instead driven by nucleation and reaction kinetics.
As a result, compounds that are only kinetically stable are
readily accessible [28,29], which poses a major advantage
compared to more conventional synthesis approaches. How-
ever, the small diffusion lengths are also the reason that MER

Published by the American Physical Society
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FIG. 1. Targeted growth of Bi,Se;/MoSe, double-layer heterostructures using MER: (a) The structure of the resulting stack is determined
by the layering sequence of the elemental Bi|Se and Mo|Se bilayers in the amorphous precursors, which self-assemble into the respective
crystalline layers upon annealing. Here, Bi,Sejs is crystallizing first (b) at lower temperatures (300 °C), followed by (c) MoSe, at 450 °C.

usually results in thin films which are polycrystalline with lat-
eral grain sizes on the order of just a few tens of nanometers,
as well as extensive rotational (turbostratic) disorder between
individual layers and between grains [22,23]. This leads to
ultralow lattice thermal conductivity, which can be beneficial
for thermoelectric applications [25,30,31]. At the same time,
it poses a severe limitation on the applicability of MER for
semiconductor or spintronic devices, and—from a perspec-
tive of fundamental research—prevents access to an in-depth
analysis of their electronic structure by, e.g., angle-resolved
photoelectron spectroscopy (ARPES), a technique inherently
reliant on sufficiently single-crystalline samples.

Nevertheless, even in such heavily disordered systems, we
were able to analyze fundamental aspects such as charge
distribution and charge transfer, stabilization of metastable
constituent layers, and even charge-density-wave transitions
by instead focusing on electronic core level and density of
states (DOS) analysis using x-ray and UV-induced photoelec-
tron spectroscopy (XPS, UPS) [32-34]. Recently, we studied
the interplay of different combinations of BiSe, Bi,Ses, and
MoSe; [35-37]. It was shown that, for example, charge trans-
fer from BiSe into MoSe, facilitates the formation of the
metallic 1T-polytype of the TMDC, which may be of interest
when forming electrical contacts in devices containing 2D
semiconductors [38].

These results motivated us to target the synthesis of in-
dividual bilayers of Bi,Se;/MoSe, and BiSe/MoSe,. The
vicinity to MoSe, should in principle enable the forma-
tion of both Bi,Se; and the rock-salt structured BiSe: As

demonstrated previously [39], elemental Bi|Se bilayers prefer-
ably convert into Bi,Se; when sandwiched by a semiconduc-
tor such as PbSe or 2H-MoSe;, while BiSe may form when
paired with a metallic layer that can act as an electron acceptor
to stabilize the structure, such as TiSe,, VSe, or 1T-MoSe,.
Heterostructures consisting of interleaved few-layer MoSe;
and few-layer Bi,Se; have been grown in sifu on sapphire
in a layer-by-layer fashion by MBE at substrate temperatures
of 340-400°C [40]. Xenogiannopoulou et al. [41] demon-
strated that few-layer MoSe, shows an epitaxial alignment
with the underlying few-layer Bi,Ses; when being deposited
at temperatures of 300 °C in ultrahigh vacuum (UHV). We
believe that the structural disorder limitations of MER may
be mitigated when performed on single-crystalline substrates.
Therefore, Si(100) terminated with a native (amorphous) SiO;
layer as well as epitaxial monolayer graphene on 6H-SiC
(MLG) where chosen as growth substrates in this study to
investigate the influence of the substrate crystallinity on the
structural evolution of the thin-film precursor.

II. RESULTS AND DISCUSSION

A. Annealing study and characterization
of thin films grown on Si(100)

The initial design of the precursors is shown schemati-
cally in Fig. 1(a): Elemental bilayers of Bi|Se and Mo|Se are
deposited on the substrate at room temperature. To protect
the thin films from oxidation during shipping, the precursors
were capped by 50 nm of surplus Se since this is known
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FIG. 2. XP spectra of the (a) Mo 3d, (b) Se 3d, and (c) Bi 5d core levels for Bi|Se|Mo|Se precursors on Si(100) after a single annealing
step at 300 °C (bottom row), and after two annealing steps of 300 and 450 °C (top row). Spectra are offset for clarity.

to desorb from the surface during annealing [42]. For the
targeted synthesis of BiySe;/MoSe; bilayers, precursors for
both stacking configurations (Bi|Se first or Mo|Se first) were
prepared. However, as will be evident later, they show only
minor differences in their respective nucleation behavior.

An extended annealing study of the precursors was carried
out to identify favorable conditions for the crystallization of
the layers. To that end, precursors were first subjected to
annealing in inert gas in a tube furnace at an Ar pressure of
900 mbar to temperatures ranging from 200 to 350 °C. How-
ever, the chemical analysis of the as-annealed films by means
of XPS showed a clear Se deficit. Furthermore, the remaining
Se did not bind to either Bi or Mo, as evinced by an analysis
of the core-level spectra, indicating that the Se desorbs from
the surface before the films are able to crystallize.

This suggests that higher pressure is required during an-
nealing, which can be achieved by sandwiching the precursor
between the substrate and an additional piece of Si or SiC
wafer. This essentially traps the Se atoms and prevents a
premature evaporation, as was already demonstrated in our
previous attempt to crystallize a monolayer of MoSe, [26].

XPS core level spectra of such a sample after annealing
at 300°C for 30 min are shown in the bottom row of Fig.
2. The core level binding energies of the Bi 5d core level
(which is overlapped by the O 2s signal stemming from the
SiO; layer of the silicon substrate) as well as the low-binding
energy component in the Se 3d core level [Fig. 2(b)] are
consistent with the formation of Bi,Ses [14]. However, most
of the Se on the surface is in a state with a binding energy
of 55.2 eV, consistent with unbound, elemental Se [14]. A
third component is necessary to adequately fit the Se 3d core
level, whose binding energy would be consistent with Mo-Se
bonds. However, as will be evident below, this is likely not
related to crystalline MoSe,. Instead, we tentatively assign
this component to the still amorphous Mo|Se precursor layer,
and do the same in the corresponding Mo 3d core level.

Structural analysis of this sample was carried out us-
ing grazing incidence, in-plane XRD. The corresponding

diffractogram is shown in the bottom row of Fig. 3 and fea-
tures two pronounced reflections at 25.0° and 43.7°, which
can be indexed to the (100) and (110) planes of Bi;Se; [36].
Notably, no reflections that would be expected for MoSe, can
be observed. This is consistent with the XPS results, as appar-
ently a temperature of 300 °C is not sufficient to crystallize the
Mo|Se precursor. In our previous work, successful crystalliza-
tion of a monolayer MoSe, was observed after annealing to
450 °C for 60 min (although annealing was carried out inside
a UHV chamber instead of a tube furnace).

140 —{Bi,Se; / MoSe, / Si(100) s in-plane XRD
120 — -=-- MoSe,
1 Bi,Se
100 — = S S
S ] =
o0 - 5 5
; 300/ 450°C

Intensity (counts per second)
1

20 30 40 50 60
2 0 (deg)

FIG. 3. Grazing incidence, in-plane XRD scans of Bi|Se[Mo|Se
precursors on Si(100) after a single annealing step at 300 °C (bottom
row), and after two annealing steps of 300 and 450°C (top row).
Scans are offset for clarity. The expected positions of the reflections
for Bi,Se; and MoSe, are indicated by dashed lines, while the peak
marked with an asterisk stems from the Si substrate.
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FIG. 4. Representative Raman spectra of selected Bi,Se; /MoSe,
bilayer samples after being processed with two annealing steps. The
expected positions of the Raman modes for 2H and 1T-MoSe; as
well as Bi,Se; are indicated by dashed lines.

A straightforward approach to facilitate the crystallization
of both types of layers—Bi,Se; and MoSe,—would thus
seem to simply increase the annealing temperature. However,
in this case, higher temperatures again lead to a clear Se deficit
in the annealed films. Therefore, we settled on a two-step
annealing process, as depicted schematically in Figs. 1(b)
and 1(c): In the first annealing step, the sample is held at a
temperature of 300 °C for 30 min to crystallize the Bi,Ses.
Subsequently, the sample temperature is raised to 450 °C and
held there for another 30 min to crystallize MoSe,. After-
wards, the sample is immediately removed from the hot zone
of the furnace and is left to cool down in an Ar atmosphere.

XPS and in-plane XRD results of a sample processed in
this manner are shown in the top rows of Figs. 2 and 3,
respectively. In contrast with the sample discussed before,
barely any unbound Se can be seen in the Se 3d core level
spectrum, while the observed core level binding energies of
Mo 3d, Se 3d, and Bi 5d are consistent with the formation of
both Bi,Ses; and MoSe, [14,36,41]. This is confirmed by the
in-plane diffraction, where now additional reflections can be
observed at 31.4° and 55.9°. These can be indexed to the (100)
and (110) planes of MoSe; [36]. Since all observed reflections
in the diffractogram can be indexed to (hk0) planes, it can be
concluded that the layers are aligned parallel to the surface of
the substrate.

To validate the results of the in-plane diffraction, selected
samples were analyzed using Raman spectroscopy after being
tempered in two annealing steps. Representative results are
shown in Fig. 4 for samples deposited on Si(100) substrates.
A spectrum of a bare silicon wafer was subtracted from the
data to account for the substrate signal. All observable Ra-
man modes can be indexed to either 2H-MoSe, or Bi,Se;
[43-48]. There appears to be no contribution from the metallic
1T-MoSe, [49]. This is consistent with the XPS results and is

to be expected since BiySe; is not known to be a strong elec-
tron donor [36]. The peaks appear sharper in the sample where
Bi,Se; is covered by MoSe;, suggesting a slightly higher
degree of crystallinity and order for this stacking sequence.
In principle, Raman spectroscopy on 2D materials is sen-
sitive to the number of layers: In MoSe,, with increased
thickness the A, out-of-plane vibrational mode continuously
shifts to higher wave numbers for few-layer samples and
shows a pronounced peak splitting for more than two layers.
Tonndorf et al. [43] also observe a strong dependence of the
relative intensity of the E21g in-plane mode on the number of
layers, but this was not reproduced unambiguously by others
[44]. In our experiments, we find the A, mode of MoSe,
at 240.0 cm~!, which is in good agreement with literature
reports on both mechanically exfoliated [43] and CVD-grown
[44] monolayers on SiO,, as well as single layers grown on
epitaxial graphene via MBE or MER [26,45]. While the E21g
mode of MoSe, shows a high intensity for MoSe, on graphene
[26,45], it is much less pronounced on SiO, substrates [43,44]
and cannot be resolved in this experiment. This is likely due
to the limited grain size of the thin films, discussed later.
In the case of BiySes, a significant redshift of the Eg2 mode

accompanied by a blueshift of the A}, mode has been ob-
served by several authors when reducing the film thickness
down to a few and even single layers [46—48], which some
attributed to strain induced by lattice mismatch for epitaxially
grown thin films [47]. Here, we find values of 71.8, 130.2,
and 173.6 cm~! for the Ay, EZ2, and Aég modes of Bi,Ses,
respectively. Even though these are closer to the reported
bulk values, the general absence of strain in MER-grown
thin films [50], along with the results from XPS and atomic
force microscopy (discussed below), leads us to conclude that
we indeed succeed in the targeted monolayer growth in the
heterostructure.

B. Structure and epitaxial alignment of films grown on MLG

Precursors deposited on MLG substrates were processed in
the same fashion as those on Si(100) discussed prior. Quali-
tatively, XPS core level spectra of the crystallized films after
the two-step annealing process (see Fig. S.1 of the Supple-
mental Material [51]) are very similar to those on the silicon
substrates shown in the top row of Fig. 2. The only notable
difference is a small shift of the Mo 3d and Se 3d core levels
by about 0.1-0.2 eV to higher binding energies, which could
be indicative of a different interaction with the substrate. The
in-plane structure of the films was investigated on selected
samples via grazing incidence in-plane XRD, as shown in Fig.
5(a). Similar to the samples prepared on Si(100), all reflec-
tions can be indexed to (hk0) planes of Bi,Se; and MoSe,,
which is evidence for a successful nucleation of both layer
types parallel to the surface. Since graphene on SiC is a highly
ordered, single-crystalline substrate, we also investigated a
potential epitaxial alignment of the deposited thin films with
the growth substrate. A representative low-energy electron
diffraction (LEED) pattern of a MoSe,/Bi,Se;/MLG/SiC
surface is shown in Fig. 5(b). Two sets of diffraction spots
with sixfold symmetry can be assigned to the graphene layer
and the SiC(0001) surface, respectively. Additional super-
structure spots are a consequence of the (64/3 x 6+4/3)R30°
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FIG. 5. Structural analysis of Bi,Se;/MoSe, films grown on epitaxial monolayer graphene (MLG) substrates: Representative (a) grazing
incidence in-plane XRD and (b) LEED pattern of Bi,Se;/MoSe, samples grown on MLG after being annealed with two annealing steps at 300
and 450 °C. In-plane XRD scans are offset for clarity. The peak marked with an asterisk stems from the MLG substrate. The LEED pattern
shows the expected diffraction spots of the SiC(0001) substrate and monolayer graphene, along with superstructure spots stemming from the
(6+4/3 x 6+/3)R30° reconstruction at the interface. Additional streaked diffraction spots along the highlighted ring are assigned to the MoSe,
layer. (c) 360° p-scan of the MoSe, (100) reflection showing six equally spaced intensity maxima separated by 60°. (d) Top view and (e) side
view of the proposed structure of crystallographically aligned MoSe, domains on MLG. SiC, buffer layer, and Bi,Se; have been omitted in
panel (d) for clarity. In-plane unit cells of graphene and MoSe, are highlighted in blue and green, respectively. Panel (e) is viewing along the
[1100] direction of the 6H-SiC substrate. No conclusions about an epitaxial alignment of the Bi,Se; layer with respect to the substrate can be

drawn from the available data.

reconstruction of the buffer layer at the SiC interface [52].
Besides these diffraction spots typical for the MLG substrate,
a ring-like diffraction pattern can be observed as well, which
appears to show a similar lattice constant as the SiC(0001)
surface unit cell (3.077 A, [53]). As such, we can confi-
dently assign this to the MoSe;, which exhibits an in-plane
lattice constant of 3.288 A in the bulk [54]. Since the lattice
constant of BiySes is about 25% larger than that of MoSe;
[55], diffraction spots of this layer would be expected closer
to the center of the screen, but cannot be resolved in the
measurement. The apparent absence of a diffraction pattern
for Bi,Se; is unfortunate but not unexpected: Even in fully

crystallized, thicker MER-grown thin films, LEED patterns
are at best very diffuse due to small lateral grain sizes of
the crystallites [26,34,56]. Remarkably, the MoSe, diffraction
ring shows pronounced intensity maxima in the direction of
the reciprocal lattice vectors of the graphene layer, indicating
that the thin films are at least in part epitaxially aligned. Here,
we want to emphasize that, qualitatively, the same diffraction
patterns emerge independently of the layering sequence of
MoSe; and Bi,Ses, as shown in Fig. S.2 of the Supplemen-
tal Material [51]. The alignment can also be verified by an
in-plane XRD ¢@-scan, as demonstrated in Fig. 5(c): Here,
the intensity of the MoSe, (100) reflection is recorded while
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FIG. 6. (a) Large-scale atomic force microscopy (AFM) image of a crystallized MoSe,/Bi,Se;/MLG/SiC sample. The underlying flat
terraces are due to the stepped structure of the SiC surface terminated by MLG. The image was adjusted so that terraces appear at equal height.
The larger bright protrusions are likely due to contaminants on the surface, as AFM was carried out ex situ. Panel (b) shows an enlarged view of
the region highlighted in panel (a), in comparison with a (c) pristine MLG surface. The bilayer films crystallize in small grains, homogeneously

covering the otherwise flat terraces of the MLG substrate.

rotating the sample a full 360° around the surface normal.
A multiple peak fit to the data shows six equally spaced
maxima separated by 60°, in excellent agreement with the
information from LEED. The fit was performed after first
applying a Gaussian smoothing to the data to reduce nu-
merical artifacts. An analogous analysis of the Bi;Se; (110)
reflection across multiple processed samples for both stacking
sequences generally revealed no clear evidence for or against
a similar alignment. This can likely be attributed in part
to the short lateral coherence lengths—caused by the small
in-plane crystallite sizes discussed below—which result in a
broadening or smearing out of intensity maxima in diffraction
experiments [57,58]. As shown in Fig. S.3 of the Supple-
mental Material [51], in rare cases, the Bi;Se; (110) ¢-scan
of individual samples appears to show very weak intensity
maxima, which might hint at the possibility that this layer
could develop at least a partial alignment with the substrate
as well.

The emergence of six intensity maxima in LEED and XRD
implies that two mirrored domains of MoSe, must coexist
on the sample surface, as indicated in Fig. 5(d), because—
in contrast with graphene—TMDC exhibit only a threefold
rotational symmetry. A comprehensive structural model of
the crystallized thin films is shown in Figs. 5(d) and 5(e).
Although the available data do not allow any conclusions to
be drawn as to whether the Bi;Se; layers are also epitaxially
aligned with the substrate, these results are nevertheless in
stark contrast with all previous experiments [23,26,34], where
no preferred crystalline orientation within the film plane was
observed at all. Generally, thin films prepared via MER are
known to be polycrystalline with extensive rotational disorder
between layers owing to their nucleation-driven growth pro-
cess [22], with only very few exceptions showing some form
of longer-range order [59]. Our results suggest that choos-
ing a sufficiently commensurate single-crystalline substrate
may facilitate the growth of highly ordered thin films from

elemental precursors. As discussed in the introduction, this
would mitigate one of the main limitations of MER.

Atomic force microscopy (AFM) is a viable tool to analyze
the lateral structure and topography of surfaces and thin films.
A representative topography image of a MoSe, /Bi,Se;/MLG
sample is shown in Figs. 6(a) and 6(b). The results are very
similar to those reported previously on MER-grown single-
layer MoSe;: A well-known arrangement of parallel terraces
originates from the SiC substrate steps, which are covered
by monolayer graphene [60]. As seen in Fig. 6(c), pristine
MLG substrates show atomically flat terraces. After the MER
process, they are densely covered by a grainy structure, which
indicates that the MoSe, /Bi;Se; bilayers grow in a multitude
of small grains, not dissimilar to thicker MER thin films. The
enlarged view in Fig. 6(b) shows that most crystallites are too
small to resolve their structure, but some individual grains
show a pronounced triangular shape with an edge length on
the order of 100 nm. Triangular flakes are a common occur-
rence in the growth of 2D TMDC when the stoichiometry is
slightly off the ideal 1 : 2 ratio [61]. Height profile analysis of
selected grains (Fig. S.4 of the Supplemental Material [51]) is
consistent with the formation of stacked MoSe, /Bi,Se; bilay-
ers, considering their known respective monolayer thicknesses
of approximately 6.5 A for MoSe, and 9.55 A for Bi,Se;
in the bulk [47,62]. In contrast, other regions show apparent
heights corresponding to only one of the two layers. This
is indicative of either an incomplete formation or a partial
decomposition of the desired heterostructure, as we discuss
in detail below.

C. Chemical composition and stability of bilayer thin films

Next, we want to discuss the chemical composition of the
thin films after finalization of the two-step annealing pro-
cess. In XPS, the measured peak area oy, of a core level is
proportional to the respective atomic density on the surface.
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ments Mo, Bi, and Se in the thin films after two annealing steps of
300 and 450 °C. The peak intensities of the sample annealed to only
300°C are given as a reference. Filled and open symbols correspond
to samples prepared on Si(100) or MLG, respectively. Shaded areas
indicate the expected peak area for a complete coverage with Bi,Ses
and MoSe;.

In order to compare signals from different core levels, the
measured peak areas have to be normalized by the respec-
tive photoionization cross section o; (based on calculations
by Scofield [63]), inelastic mean free path A (after Tanuma,
Powell & Penn [64]), as well as the instrument-specific ana-
lyzer transmission function 7':

Iexpt (1)
GiMMose, (Exin)T (Exin)

The normalized peak areas after Eq. (1) are plotted in Fig. 7
for the two different stacking sequences and depending on the
growth substrate [Si(100) or MLG]. Here, data points corre-
spond to average values and error bars represent the observed
spread in experimental data over multiple samples prepared
independently. Shaded areas indicate the expected intensity
of the core level peaks which are calculated from the size of
the in-plane unit cells of the two constituent layers, assuming
an idealized two-layer model. Due to the extreme surface
sensitivity of XPS, the expected peak intensity depends on
the layering sequence of the heterostructure, as the signal
from the bottom layer is attenuated by inelastic scattering in
the topmost layer. Since our AFM measurements suggest that
the as-crystallized bilayer films show inhomogeneous cover-
age with interspersed monolayer regions, deviations from this
idealized model can provide insights into the formation and
stability of the heterostructure. The values obtained on the
sample processed in only one annealing step at 300 °C, which
still features excess unbound Se and no crystallized MoSe; as
discussed in the beginning, are given as a reference as well.
From Fig. 7, two issues become apparent: (1) all films
annealed via the two-step process show a pronounced Se

Liorm =

deficit compared to the expectation; and (2) while the Mo
concentration on the surface appears relatively constant, the
films do show a pronounced loss of Bi, which can amount
to more than 50% of the Bi initially deposited. This is sur-
prising, since Bi,Ses is expected to be reasonably stable once
crystallized [65-67], even though there has been some de-
bate over the stability of Bi,Se; surfaces in the past [68,69].
For example, photo-emission experiments carried out by Ed-
monds et al. on cleaved single crystals of BiySe; [70] show a
decomposition of the top-most Bi,Ses; quintuple layer upon
brief exposure to air, which forms an elemental Bi bilayer
on the surface. However, in the experiments presented here,
XRD and Raman measurements were carried out ex situ
over a span of hours or days, and the presence of Bi,Ses
could still be witnessed independently by XRD, Raman, and
XPS regardless. Most importantly, our XPS spectra (such
as Fig. 2) do not show any signs of elemental Bi or bis-
muth oxides as would be expected if the crystallized Bi,Ses
decomposes.

It appears reasonable to assume that the second anneal-
ing step destabilizes the Bi,Ses. To test this hypothesis, the
sample deposited on Si(100) and annealed to only 300°C
discussed in the beginning—which verifiably consisted of
crystallized Bi;Se;—was subjected to a second process at ele-
vated temperature in the same conditions known to crystallize
MoSe; [26]. For a stable configuration, one would assume that
the remaining Mo and Se atoms bind together to form MoSe;
while leaving the Bi,Se; layer intact. However, the opposite
is observed in experiment, as can be seen in the top row of
Fig. 8: After the second process, the Mo 3d and Se 3d core
levels are indeed consistent with the presence of MoSe,, but
the Bi,Ses has vanished completely. Not even trace amounts
of Bi can be observed in the Bi 5d core level spectrum, and
the corresponding low-binding energy component in the Se 3d
core level is gone as well. We suspect that the nanocrystalline
nature of our MER thin films observed in AFM (Fig. 6) may
be a major reason for this behavior because 2D nanocrystals of
Bi,Se; and Bi,Tes; were found to decompose at temperatures
ranging from 280 to 500 °C via the sublimation of chalcogen
atoms starting on the {0110} planes [71]. In our system, the
small grain size of the as-crystallized Bi,Ses layer offers a
high ratio of available edge sites, which in turn likely lower
its stability.

Finally, we want to briefly report on our attempts target-
ing BiSe/MoSe, bilayer samples. As shown for example by
Choffel et al. [37], the targeted synthesis of either Bi,Ses
or the metastable, rocksalt-structured BiSe in MER deli-
cately depends on the composition of the precursor. Samples
were processed in similar fashion as the precursors for
Bi;Se;/MoSe, discussed before. Since the chemical states of
the Bi and Se atoms are similar for both structural variants,
they cannot be distinguished by XPS [36]. BiSe does how-
ever show a pronounced (110) diffraction peak in in-plane
XRD, located at either 29° for a square in-plane unit cell or
28.0°-28.5° for a rectangular one [36]. As can be seen in
Fig. S.5 in the Supplemental Material [51], a weak signal
can be observed in this region on samples prepared on both
Si(100) and MLG. However, it appears that the hexagonal
polytype of Bi,Se; is predominantly formed, with only minor
contributions of BiSe. In LEED [Fig. S.2 (c¢)], no diffraction
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FIG. 8. XP spectra of the (a) Mo 3d, (b) Se 3d and (c) Bi 5d core levels of a Bi;Se;/MoSe, sample on Si(100) after an initial single
annealing step at 300 °C (bottom row), and after being processed again at 450 °C (top row). Spectra are offset for clarity.

spots corresponding to either BiSe, Bi,Ses, or MoSe; can be
observed, indicating a higher amount of structural disorder
compared with Bi;Se;/MoSe,. We suggest that the stabiliza-
tion of single-layer BiSe outside of thicker MER thin films or
misfit layer compounds may require a single-crystalline sub-
strate with a cubic surface unit cell as an epitaxial template,
coupled with a charge-accepting layer such as 1'T-MoSe, or
other metallic 2D material.

III. CONCLUSION

In this study, we demonstrated that the modulated elemen-
tal reactants (MER) synthesis approach—usually reserved for
the creation of heterostacks of quasi-two-dimensional thin
films with a thickness on the order of a few tens to hun-
dreds of nanometers—can be successfully applied to grow
bilayer stacks of Bi,Se; and 2H-MoSe, with only a single
repeating unit normal to the substrate surface. Albeit the
stabilization of the complete BiySe; layer proves difficult
in the presence of MoSe,, both layers can be synthesized
via a two-step annealing process in a controlled environ-
ment. This is confirmed experimentally by a combination
of spectroscopy (XPS, Raman) and diffraction (grazing-
incidence in-plane XRD). In contrast to all previous reports on
MER-grown thin films—which are characterized by extensive
rotational disorder—low-energy electron diffraction (LEED)
experiments performed on crystallized Bi,Se; /MoSe, bilayer
samples unequivocally demonstrate a partial epitaxial align-
ment of the MoSe, layer with respect to the substrate when the
growth is carried out on single-crystalline graphene on SiC.
This opens up an avenue to form truly single-crystalline MER
thin films via the simple choice of an appropriate substrate,
which should enable both their use in device applications as
well as a more in-depth analysis of their electronic struc-
ture [e.g., by means of angle-resolved photoelectron spec-
troscopy (ARPES)]. This is of fundamental interest for layer

combinations hosting correlated electron phenomena such as
charge-density waves or nontrivial band topology.

IV. EXPERIMENTAL DETAILS

Epitaxial graphene substrates (MLG) were prepared on
SiC wafers purchased from NovaSiC and Cree using the
Ar-assisted and polymer-assisted sublimation growth on SiC
described in detail elsewhere [1,60,72]. Elemental Bi|Se
and Mo|Se bilayers with calibrated thicknesses to form one
monolayer of BiySes, BiSe, or MoSe, were deposited onto
Si(100) substrates with native SiO, and MLG substrates in
a custom-built deposition chamber. To prevent oxidation and
contamination of the as-deposited precursors, an additional
elemental Se layer with a thickness of 50 nm was deposited
on top.

Annealing studies as discussed in the main manuscript
were carried out in a Carbolite CTF 12/65/550 tube furnace at
an Ar pressure of 900 mbar.

Initial analysis of as-grown films was carried out after brief
exposure to air using x-ray photoelectron spectroscopy (XPS)
performed in a UHV system equipped with a monochromatic
SPECS Focus 500 Al Ka x-ray source and a SPECS Phoibos
150 hemispherical analyzer with 9-channeltron detector. For
low-energy electron diffraction (LEED), a SPECS ErLEED
150 was available. Prior to LEED experiments, samples were
carefully and briefly degassed at temperatures below 300 °C,
which is the lower limit of the pyrometer available for temper-
ature monitoring. The base pressure of the UHV system was
better than 3 x 107! mbar.

Selected samples were further analyzed ex-situ with Ra-
man spectroscopy on a LabRam HR800 with an excitation
wavelength of 514.7 nm and a 2400 grooves per mm grating,
atomic force microscopy (AFM) on a Park Systems XEI100,
and X-ray diffraction (XRD) on a Rigaku SmartLab 9 kW with
HyPix-3000 detector using CuKe radiation (A = 1.5419 A).
For all XRD 26 scans shown in the manuscript, a polynomial
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background was subtracted from the data to remove intensity
caused by inelastic scattering and scattering in air.
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