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ABSTRACT: Intrinsic magnetic topological insulators have emerged as a

promising platform to study the interplay between the topological surface states ™ Tl i
and ferromagnetism. This unique interplay can give rise to a variety of exotic ::Is; -
quantum phenomena, including the quantum anomalous Hall effect and axion sL

insulating states. Here, utilizing molecular beam epitaxy (MBE), we present a
comprehensive study of the growth of MnBi,Te, thin films on Si (111), epitaxial
graphene, and highly ordered pyrolytic graphite substrates. By combining a suite of
in situ characterization techniques, we obtain critical insights into the nanoscale
control of MnBi,Te, epitaxial growth. First, we extract the free energy landscape
for the epitaxial relationship as a function of the in-plane angular distribution.
Then, by employing an optimized layer-by-layer growth, we determine the Gr Substrate
chemical potential and Dirac point of the thin film at different thicknesses and how
this quantity is manifested by the dopant compensation from different antisite
defects. Overall, these results establish a foundation for understanding the growth kinetics of MnBi,Te, and pave the way for future
applications of MBE-grown thin films in emerging topological quantum materials.
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B INTRODUCTION topological surface states due to hybridization with the bulk
bands. Although successful device fabrications have been
achieved on exfoliated single-crystal flakes, the method is not
scalable. To overcome these limitations, developing epitaxial
methods to grow iMTI thin films with precise control of
thickness and effective tuning of electronic chemical potential
is critical.

Molecular beam epitaxy (MBE) is a powerful technique that
enables the precise control of layer thickness and dopant
concentration in the growth of elemental and compound
semiconductors.'*'® Therefore, the technique is expected to be
adopted to grow thin films of MBT and its variants to provide
a scalable material platform. Considering that it took several
decades to refine the MBE growth of III-V compounds to
achieve extremely precise control, we anticipate many
challenges in the MBE growth of MTIs."®'” Nevertheless,

The emergence of magnetic topological insulators (MTIs) has
created a promising material system to ex]glore the interplay of
magnetic and topological properties.'_ Specifically, MTI
provides a rich playground to realize various topological states
such as the axion insulator states and quantum anomalous Hall
(QAH) states.*”” Early attempts to realize these exotic
quantum states primarily involved the addition of ferromag-
netic dopants into otherwise nonmagnetic topological
insulators (TIs), forming so-called extrinsic MTIs (eMTIs)
[e.g, Cr-doped (Bi,Sb),Te;]." " However, due to the spatial
inhomogeneity of magnetic dopants, the realization of the
QAH effect in eMTTs requires ultralow temperatures (30 mK).
A significant recent development is the discovery of so-called
intrinsic MTIs (iMTIs), which have enabled the realization of
the QAH effect at a much higher temperature (~2 K). Such an
improvement has led to a surge of interest in these materials.

The family of Mn—Bi—Te compounds, e.g., MnBi,Te, (MBT), Received: August 6, 2024
has been the subject of extensive study as iMTIs.”'” Thus far, Revised:  August 20, 2024
most investigations of MBT have been carried out using bulk- Accepted: August 22, 2024

grown single crystals.''~'* However, the bulk crystal is heavily Published; ‘Augost:25, 2004
degenerate n-type with the Fermi level (Eg) located ~0.25—0.3
eV above the Dirac point (DP), which would obscure the
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Figure 1. Crystal growth of a few MnBi,Te, septuple layers. (a) Schematic of the crystal structure of the MnBi,Te, septuple layer with antisite
defects on Mn and Bi sites, which are common defects seen in MBE-grown samples. (b) RHEED images of an MBT/Si sample (left) and substrate
(inset) and RHEED images of the MBT/BL-Gr sample (right) and substrate (inset). (c) Linear scale XRD measurement on MBT on Si (top) and
BL-Gr (bottom), indicating both samples primarily consist of MBT (124). (d) XPS spectra on MBT /BL-Gr showing high-resolution Mn 2p, Bi 4f,

and Te 3d spectra.

several groups have reported the MBE growth of MBT.'**° In
these previous studies, the main goal was to control the growth
parameters to form Mn, Bi, and Te septuple layers (SL), Te—
Bi—Te—Mn—Te—Bi—Te, with minimal defects.

In this work, by combining MBE growth with in situ
characterization tools, we reveal several important insights into
the nanoscale control of MBE growth in MBT thin films. We
have chosen two different substrates, Si (111) and epitaxial
bilayer graphene (BL-Gr) to explore the effect of lattice match
and interfacial chemical bonding. Specifically, we empirically
extract the free energy landscape for the epitaxial relationship
as a function of in-plane lattice orientation through spot-profile
analysis of low-energy electron diffractions. Such insight
provides an important guideline for the refinement of epitaxial
growth. Moreover, by using in situ scanning tunneling
microscopy (STM), we investigate the surface structure of
MBT /highly ordered pyrolytic graphite (HOPG) on the
atomic scale and achieve layer-by-layer growth. By using
scanning tunneling spectroscopy (STS) and angle-resolved
photoelectron spectroscopy (ARPES), we investigate the
evolution of the electronic chemical potential and the DP
from which we extract the interplay of two key antisite defects:
Mng; as a p-type dopant and Biy, as an n-type dopants. Our
study provides essential insights into growth kinetics and
defect control, establishing a foundation for the future
development of MBE growth of iMTIs on various substrates
and their heterostructures, which is influential for advancing
thin-film device applications.

21150

B RESULTS AND DISCUSSION

Controlling Stoichiometry. Epitaxial MBT films are
grown using MBE on a Si (111) 7 X 7 reconstruction surface
and epitaxial BL-Gr/SiC substrates. These growths are
established by the coevaporation of Mn, Bi, and Te with an
additional post-annealing process under Te ambient. Since
three chemical elements are deposited on the substrate
simultaneously, the parameter window for the optimal
substrate temperature for self-assembly is rather narrow.
Also, the Te flux is kept excessive during growth to improve
crystallinity and minimize defect formation. Further details on
the growth parameters can be found in the Methods section.
Figure 1a is a schematic showing the crystal structure of two
septuple layers stacked with a van der Waals gap in between.
Antisite defects between Mn and Bi (marked as Mng; and
Biy,,) are routinely seen in MBE-grown films.

The highly crystalline MBE-grown MBT films are confirmed
by reflection high-energy electron diffraction (RHEED)
patterns shown in Figure 1b on Si (left) and BL-Gr (right)
substrates. The bright and sharp streaks on both patterns
indicate that the sample is grown uniformly with high
crystallinity on both substrates. Additional streaks marked
with blue arrows in Figure 1b appear only on the MBT/BL-Gr
RHEED patterns. The streaks indicate the coexistence of two
different domains with 0° and 30° alignments to the substrate.
Further analysis of the coexisting phases using low-energy
electron diffraction (LEED) will be discussed later. Figure lc
shows 6—26 X-ray diffraction (XRD) scans of the MBT/Si
(top) and MBT/BL-Gr (bottom) on a linear scale. The same
scan is plotted on the log scale in Figure S1. Note that the

https://doi.org/10.1021/acsanm.4c04518
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substrate signals at 25—30° for Si (111) and 31.4—37° for 6H-
SiC (0006) are attenuated by a factor of 100 to prevent the
substrate peak from overwhelming nearby peaks. Comparing
the XRD spectra of MBT/Si and MBT /BL-Gr, the MBT film
grown on the BL-Gr substrate has generally broader peaks than
the film grown on the Si substrate throughout the scan.
Focusing on the (009) peak, the peak width on the MBT/BL-
Gr system is broader than the peak measured on the MBT/Si
system by about a factor of 2. This feature is most likely due to
the coexistence of the two domains orientated 30° to each
other. Although the films predominantly consist of the
MBT(124) phase, a trace of MnTe remains and appears at
the shoulder of the (0024) peak. This suggests a partial
contribution from other phases of MBT.'® A direct comparison
of the XRD peaks with variations in the flux ratio and substrate
temperatures is shown in Figure S2. Furthermore, core-level
photoelectron spectroscopy was taken on the MBT/BL-Gr
system with an Al Ka source at hv = 1486.6 eV (Figure 1d),
showing the expected Mn 2p, Bi 4f, and Te 3d peaks with
minimal oxidation states thanks to the quasi in situ transfer
between the MBE in ultrahigh vacuum (UHV) to a glovebox.
The elemental ratio of Mn/Bi, extracted from Figure 1d, is
1:1.92. Comparable XPS spectra on MBT/Si and cleaved bulk
MBT samples are measured under the same conditions,
showing the high-resolution Mn 2p, Bi 4f, and Te 3d spectra
(Figures S3 and S$4).

Free Energy Landscape for In-Plane Orientational
Alignments. For most epitaxially grown samples, the lattice
matching condition of substrates to the sample plays a critical
role. Among many candidate materials for substrates, listed in
Table 1, Bi,Te; (BT) or BaF, provides minimal lattice

Table 1. Substrate Lattice Matching Condition Compared
to the MnBi,Te, Lattice

ki ay a lattice match to
system a o & MnB, Te,
MnBi,Te, 433 1.00
Bi,Te, (0001) 4.38 1.012
BaF, (111) 6.20 4.38 1.012
GaAs (111) 5.65 4.00 0.923
Si(111) 543 3.84 0.887
STO (111) 3.91 2.76 (3:2) 0.956
ALO; (0001) 4.79 1.105
graphene 246 (7:4) 0.994
426 (1/3) 0984

mismatch (~1.2%) with the MBT sample. Si (111), on the
other hand, has a relatively large mismatch with MBT
(~11.3%). Nevertheless, Si (111) is often used as a substrate.
In Figure 2a, the LEED pattern of MBT grown on Si (111) 7 X
7 shows 6-fold symmetry, reflecting a good orientational
alignment. The full width at halfmaximum (FWHM) of the
diffraction spots shows an angular dispersion of o, = 11°,
presumably due to a large lattice mismatch. The LEED pattern
shows a 6-fold symmetry with nearly equal intensity for
individual spots. Note, however, that the surface crystal
structure of MBT breaks the inversion symmetry. This
symmetry breaking should result in inequivalence in intensity
between g and —g where § is the wave vector of the diffraction
spot. In Figure 2b, we present the LEED pattern for a cleaved
single crystal of MBT where such an asymmetry can be
observed from the spot profile shown below. The nearly

a MeBLTesi1n) b Mn8iTe, Simgle erystal C BLGHSIC

Superstraciure Perodicity

e MnBi,Te, - Sequence (i)

=
L}
'

]

b

Figure 2. Evolution of the LEED patterns. (a—c) LEED patterns of
MBT/Si at electron energy 81 eV, bulk MBT crystal measured at hv =
76 eV, and bilayer graphene substrate measured at hv = 100 €V,
respectively. Corresponding radial intensity cut along the direction
shown in the panel. The peaks with higher intensity are marked with
green boxes, and those with lower intensity are marked with red boxes
in panel b. (d) Superstructures between MBT (124) and epitaxial
graphene substrate at 0° and 30° relative rotations. (e) LEED pattern
after growth at RT and immediate annealing at 217 °C (#1), post-
anneal at 250 °C for 1 h (#3), and post-anneal at 300 °C for 1 h (#5).
(f) Selected optimal annealing cycle (#3) measured at 82 eV for the
radial cut. (g) Further improved growth of MBT deposited at RT and
annealed at 257 °C with 0.35 Mn/Bi flux ratio. (h) A qualitative
sketch of the potential energy landscape is obtained by inverting the
LEED spot profile intensity as a function of the rotation angle.

symmetric spots for the MBE-grown MBT on Si (111) indicate
that the surface contains nearly equal populations for the twin
domains. The spot profile for the single crystal shows an
angular dispersion of 6, = 2.0°. This value is slightly larger than
the value of 6, = 1.2° observed on epitaxial graphene (Figure
2c), which likely corresponds to the resolution limit of our
instrument.

Furthermore, graphene as a van der Waals substrate (with
hexagonal boron nitride as the insulating equivalent), provides
an intriguing platform for electronic device fabrication. We
propose a method for growing MBT films directly on such
substrates. Because of the formation of different alignments
between MBT and epitaxial graphene, controlling Mn
incorporation can be particularly challenging. However, we
demonstrated the ability to control domain concentration by
adjusting the Mn and Bi flux ratio, highlighting the importance
of stoichiometric control. The van der Waals interface between
epitaxial BL-Gr and MBT offers an opportunity to investigate
the competition between these two orientational alignments
through a LEED pattern analysis. We conducted a
comprehensive LEED spot profile analysis on samples grown
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by using three different growth sequences. Sequence (i) entails
the growth of MBT thin film on epitaxial graphene with a Mn/
Bi flux ratio of 0.59, while sequence (ii) pertains to the growth
of MBT thin film on epitaxial graphene with a Mn/Bi flux ratio
of 0.35. Additionally, sequence (iii), which involves the growth
of Bi,Te, thin film on epitaxial graphene, is discussed in detail
in the Supporting Information. Each sequence starts with the
deposition of the film at near room temperature, followed by
successive post-annealing cycles with different annealing
temperatures. The room temperature deposition leads to
randomly distributed orientations. The post-growth annealing
procedure then allows these individual grains to merge and
reorient toward the free energy minima. Thus, the growth
procedure used in LEED analysis is similar to solid-phase
epitaxy (SPE). Note that the films are annealed under Te
vapor pressure to prevent the loss of Te atoms from the film.
Table 2 summarizes the deposition and annealing conditions in

Table 2. Growth and Annealing Parameters for MnBi,Te,
on Epitaxial Graphene and Bi,Te; on Epitaxial Graphene for
Investigating the Sample—Substrate Epitaxial Relationship

growth parameter anneal parameter
temy depaosition Mn/Bi tem anneal time
MnBi,Te, (*c time (min) flux ratio  (°C (min)
#1 )'I[sequence RT 30 0.59 217 60
1
#2 217 120
#3 250 60
4 273 60
#5 300 60
sequence 2 RT 45 0.35 257 60
growth parameter anneal parameter
tem deposition time tem anneal time
Bi;Te; (°C (min) e (min)
#1 j(sequence RT 30 250 60
3
#2 250 120
#3 300 60
#4 300 120

each sequence. Based on the graphene lattice constant of 2.46
A, Table 3 presents lattice match conditions for BT, MnTe,

Table 3. Lattice Mismatch between MBT, BT, MT and the
Epitaxial Graphene Substrate

lattice matching condition

with ag, = 246 A agsyr/1-75a, A/ \/3(18,
agr 438 A 1.017 1.028
Ay 413 A 0.959 0.969
Ay 433 A 1.005 1.016

and MBT against the graphene substrate along the 1 X 1
orientation (0° alignment), featuring a 7:4 coincidental lattice
match between MBT and graphene. Moreover, Figure 2d

visualizes the alignment along the +/3 X /3 R30° orientation
(R30° alignment), highlighting a nearly 1:1 lattice match
between MBT and graphene substrate.

Sequence (i) involves MBE-grown MBT film with a Mn/Bi
flux ratio of 0.59, followed by multiple post-annealing cycles.
After deposition at room temperature and immediate
annealing at 217 °C for 1 hour, the domains remain randomly
oriented, reflected by the nearly invisible diffraction pattern

(Figure 2e #1). Subsequent annealing at 250 °C for an hour
results in the emergence of two major domains (#3) along 0°
and 30° alignments. Figure 2f illustrates clearer diffraction
patterns for cycle #3 measured at 82 eV. The 0° domains
display an angular dispersion of oy = 13° while the R30°-
domains exhibit a much sharper angular dispersion of 6, =
3.7°. Additionally, the integrated intensity ratio between the
R30° and the 0° domains is 0.31, indicating that the population
of the R30° domains comprises about 30% of the 0° domains.
Annealing at an even higher temperature of 300 °C leads to
film decomposition (#5). The result of the annealing sequence
enables us to determine an optimal annealing temperature
range of 250—273 °C. The LEED images of the full sequence
(including #2 and #4) are shown in Figure S5a. In sequence
(i), we utilize a Mn/Bi flux ratio of 0.59 to ensure Mn
incorporation and identify the behavior when the sample
involves a substantial population of the MnTe phase. This
phase possesses a nontrivial lattice mismatch along either the
0° or R30° (3—4%) domains (Table 3). The presence of this
phase mixture is likely to impact the kinetics of the in-plane
alignment.

Sequence (ii) is designed to address the impact of the Mn/Bi
flux ratio. In this sequence, a flux ratio of 0.35 is used. Instead
of interrupting the procedure and taking LEED sequentially,
we immediately anneal the film after the room temperature
deposition at the optimal condition of 257 °C (annealing
temperature) for 1 h. The resulting LEED pattern, shown in
Figure 2g, demonstrates dramatic improvement for both the
R30° and 0° domains, exhibiting an apparent 12-fold rotation
symmetry. The angular dispersion for the R30° alignment is
remarkably sharp, with oy = 2.6° a value comparable to o, =
2.0° for the single crystal. The angular dispersion for the 0°
domain is also significantly enhanced, yielding a value of g, =
4.5° In contrast, Figure 2f displays o5 = 13.0° for the 0°
alignment (#3). This dramatic improvement in the rotational
alignment for both domains suggests that flux optimization
enhances the epitaxial alignment on the van der Waals
substrate. Consequently, the R30°/0° domain population
ratio is improved to 0.46. We attribute the increased relative
population for the R30° domain is due to the residual lattice
mismatch of 1.6% along the V3 % /3 R30° direction.

Based on the LEED study, one can construct a free energy
landscape for the orientational alignment between MBT and
epitaxial BL-Gr as shown in Figure 2h. Along the +30°, +90°,
and +150° directions, there is a sharp and deep local free
energy minimum. On the other hand, along the +60°, +120°,
and +180° directions, the local free energy minimum is
shallower but broader. As this experiment starts with the thin
film being deposited at room temperature, followed by post-
annealing at 257 °C, one can assume that the initial nucleation
sites have randomly distributed orientations. The subsequent
annealing procedure drives them to local free energy minima.
Therefore, our results suggest that although the local minima
near 60° are shallower and broader and the local minima at 90°
are deeper and narrower, the barrier between them prevents an
effective reorientation to the sharp minimum. Furthermore,
using even higher annealing temperatures (nearly 300 °C) will
not help since it will lead to the decomposition of MBT. We
note that MBT thin films grown on both monolayer (ML)-Gr
and BL-Gr substrates exhibit similar orientational alignments
(Figure S6). In this LEED study, including the spot profile
analysis, nontrivial information is offered on the in-plane
alignment and the population ratio of different domains.
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Figure 3. STM, fractional step analysis. (a) STM topography (Vi;,, =4V, I, = 5 pA) of MBT/HOPG sample annealed at 200 °C. Corresponding
profile cut entailing fractional step heights largely distributed around 0.3 and 0.7 nm. Atomic images of SL (Vi;,, =1V, I, =20 pA) and QL (Vy,,
=1V, I, = 25 pA) terminated surfaces with signature defects. (b) Occurrence frequency of heights varying from 0.1 to 1.6 nm from sample
scanned in panel a. (c) STM topography (Vi = 2.5 V, L, = 1S pA) of the MBT/HOPG sample annealed at 220 °C. Corresponding profile
cutting through only containing mostly SL and QL. Inset represents SL termination atomic image (Vi =—0.8 V, I, = —25 pA). (d) Occurrence

frequency of heights varying from 0.1 to 1.6 nm from panel c.

Through these three sequences, we have gained important
understandings of how lattice match, the Mn/Bi flux ratio, and
the growth/annealing temperature collaboratively influence the
epitaxial quality of MnBi,Te, on graphene.

Optimization of Layer-by-Layer Growth. The diffrac-
tion techniques (LEED, RHEED, and XRD) provide
important information regarding crystallinity and crystal
orientations. However, they do not provide microscopic
information regarding the step height distributions or the
distributions of various defects. For these specific observations,
the in situ STM is a valuable tool for providing important
insight.

Figure 3a shows the STM image of an unimproved MBT
film with a nominal thickness of 5.8 SL grown at a substrate
temperature of 200 °C. The surface contains multiple steps
with various step heights, as seen in the line cut across the
topography. The surface is mostly covered by fractional steps,
and only a small portion of the surface contains terraces with a
complete quintuple layer (QL ~ 1 nm) or septuple layer (SL ~
1.35 nm) step height. Two inset atomic images in Figure 3a are
acquired on the terraces of a SL step height (top) and a QL
height (bottom). Interestingly, the STM images resemble
those obtained on cleaved MnBi,Te; single crystals where the
surface termination entails both terraces of QL height and SL
height.””~** On the QL terminated terrace, triangular dark
defects, indicative of a Mng; antisite defect, are observed. Here,

a Mn atom replaces a Bi atom on the first sublayer, causing the
three Te atoms to bond to it and appear in a dark depression.
However, it is difficult to discern specific defects on the SL
terminated terrace. One would observe complex defect
structures with an inhomogeneous background, similar to
those found on the SL terminated cleaved surface of
MnBi,Te,.”~*° This inhomogeneity reflects a mixture of
defects in different sublayers, including Biy;, and Biy, antisite
defects. Furthermore, the statistical distribution of step heights
is extracted from an ensemble of many topography images
(Figure 3b). The frequency distribution histogram shows a
particularly large concentration of the following step heights:
0.3—0.4, 0.5-0.8, and 1.0-1.1 nm. 1.0—1.1 nm can seemingly
be attributed to BT quintuple layers. However, fractional step
heights, 0.3—0.4 and 0.5—0.8 nm, are likely formed due to the
existence of uncombined MnTe layers as well as combinations
of a few layers of MnTe, BT, and MBT, as illustrated by the
cartoon images in Figure S7.

By iterating the growth parameters while utilizing the results
of STM investigations for feedback, we achieved the growth of
pristine MBT films at a substrate temperature of 220 °C.
Figure 3c shows an example of the STM image of an improved
film, where fractional steps are significantly minimized. The
surface is left primarily with SL steps but with a minor
presence of QL steps. Additional frequency distributions for
the optimized sample are shown in Figure 3d. This residual QL
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Figure 4. Identification of antisite defects on MBE-grown MnBi,Te, (a) Cleaved MBT single crystal surface imaged at V. = —1.2 V and I,,, =35
pA, showing 35 Mny; and 3 Bir,. MBE grown sample surface of MBT imaged at (b) V;,;,, =2.5V, I, =20 pA and (c) V;;,,=—05V, I, =—25pA
in different regions. (d) STM topography of MBE grown MBT surface, imaged at V},,, = —0.8 V and I, = —35 pA where Bi,, can be observed,
marked with a green dashed triangle. (e) Schematics of septuple layer crystal structure indicating the location where Biy, gets formed.

contribution indicates that the overall stoichiometry is still Mn
deficient. The main difference between the samples includes a
slightly elevated growth temperature by 20 °C as well as a post-
growth annealing process under a 33% higher Te vapor
background for 2/3 of the growth time (Figures 3a and 3c).
Moreover, at the same Mn/Bi flux ratio, the resulting
stoichiometry is subject to change when the substrate
temperature is adjusted. The inset of Figure 3c shows a
zoomed-in STM atomic image revealing the Te atomic lattice
on the surface where low-density Mng; antisite defects can be
found.

Interplay of Defects and Electronic Structure. There
are four types of antisite defects: (a) Mng;, (b) By, (c) Bir,
and (d) Tep;. Mny; and Bir, are p-type dopants, while Biy, and
Tey; are n-type dopants. As we discuss below, in our system,
the dominant defects are Mny; (p-type) and Biy, (n-type).
The formation energies of intrinsic defects, including these
four antisite defects, as a function of the Fermi level (varied
from the VBM to the CBM) in MnBi,Te, and MnBi,Te,
under Te-rich or cation-rich conditions, has been calculated
and reported.30 The calculation shows that the formation
energies of Mny; and Biy,, under the Te-rich condition (which
corresponds to our growth condition), are significantly lower
than those of other defects. Therefore, the Mng; and Biyy,
defects become more dominant. We first investigate the
validity of this theoretical prediction. Identification and
quantification of different point defects are important but
also challenging tasks. For UHV-cleaved MnBi,Te, single
crystals, several groups have reported the observation of Bir,
Mnyg;, and Biy, antisite defects using SR Figure 4a
shows an STM image of a cleaved MnBi,Te, surface. In this
image, the Bir, antisite appears as a bright protrusion (marked
by the blue dashed circles), while Mng; appears as a dark trimer
(marked by a dashed red triangle). In this 10 nm X 10 nm
image, one observes 3 Bir, (~0.5%) along with 35 + 5 Mny;
(~5.5%). In Figure 4b we show the same size STM image for
an MBE-grown sample. Here, 2 Biy, (~0.3%) and 18 + 2 Mn,

(~3%) are observed. In another region, shown in Figure 4c of
the MBE-grown sample, a higher number of Mng; antisite
defects, containing 28 in a region 10 nm X 10 nm
(corresponds to 4.5%), but no Biy, is observed. In this figure,
one can observe the three depressed atomic sites associated
with the three Te atoms that are bonded to the Mn
underneath. We notice that the defect concentration is more
homogeneous for bulk single crystal than that for the MBE-
grown sample. The scarcer frequency for the observation of
Bir, is consistent with a higher formation energy. Furthermore,
we note that STM observation of Teg; has been reported for
MBE-grown Bi,Te; under Te-rich conditions.”’ The Teg;
antisite appears as a dark trimer (similar to Mng;), but to a
larger spatial extent. The separation from the center of one
dark spot to another dark spot in the trimer is due to two
lattice constants for the Tep;. On the other hand, for Mng;, the
separation is one lattice constant. During our investigation of
the MBE-grown MBT sample, we never encountered any
features indicating the Tey; antisite defect. We thus can rule
out the interference of Tey; in our interpretation of dopant
compensation. Thus, based on the calculation of formation
energies and the STM visualization, we can safely conclude
that the main defects in MBE-grown MBT film under Te-rich
conditions would be Mny; and Biy, antisite defects.

Next, we discuss the Biy, defect located at the Mn layer of
the SL. Figure 4d shows an STM image (11 nm X 11 nm),
where one of the Biy, is marked by the green dashed triangle.
In this image, one can identify ~10 features that can be
attributed to the Biy, antisite defects, corresponding to only
1.5% concentration. However, it would be naive to assume that
all Biy;, defects in the central layer are identifiable in the same
manner. The main obstacle is that only those Biy, point
defects without other defects in the neighboring area can be
identified this way. An isolated Biy, antisite defect can
influence a more extended region of the surface Te atoms. It
has previously been reported that a Biy, defect will result in a
triangular protrusion, with 4 Te atoms on each side (namely, it
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Figure 5. Thickness and defect concentration dependent DP evolution relative to Eg. (a) Shift in Dirac point relative to E; can be observed in dI/
dV spectra on 3, §, 7, 10 SL MBT/HOPG, and bulk MBT single crystal (represented as 1000 SL for curve fitting). (b) ARPES spectra on 10 SL
MBT/BL-Gr, 10 SL MBT/Sj, and bulk MBT. (c) A plot of DP—E; extracted from STS as a function of thickness. The curve is plotted by fitting
STS data (blue squares). DP reading from the ARPES data set (red squares) overlays the fitting curve.

impacts 10 Te atoms on the surface).” Figure 4e illustrates the
Biy, defect embedded at the central layer of the SL, along with
the positions of other antisite defects. Considering that we
have, on average, 5% of Mny; antisite defects in each bismuth
sublattice and there are two bismuth layers in each SL, it
requires over 10% of Biy, antisite defects in the center Mn
layer to make the sample degenerate n-type. If we use only the
identifiable Bi,,, antisite features in the STM image, we will
grossly underestimate the concentration of Biy, antisite defects.
Thus, we believe that by using the Fermi level location relative
to the Dirac point and the measured Mng; concentration, we
will obtain a better estimate of the Biy, antisite concentration.

Evolution of Dirac Point and Fermi Energy. In an ideal
MnBi,Te,, the exchange interaction of the topological surface
states and the magnetic order leads to the formation of a Dirac
mass gap that underpins the novel quantum transport
properties such as QAHE. However, unambiguous exper-
imental observation of the Dirac mass gap has been
challenging. High-resolution, low-temperature ARPES meas-
urements on cleaved MBT single crystals have yielded rather
controversial results.”>~** Conversely, STS measurements on
cleaved MBT single crystals consistently report the absence of
a Dirac mass gap. However, interpretations regarding the
reasons for this absence vary significantly.'>”” Therefore, the
ability to grow nearly intrinsic MBT films offers an excellent
opportunity to tackle this issue. Our recent study has shown
the interplay of magnetic defects and the formation of the
Dirac mass gap by using the ultrathin regime (5 SL or less).*
The central discovery of this work leverages the observed
lateral inhomogeneity in the MBT film, where defect densities
vary from 2.5% to 9% across different probing regions. The low
defect density (<4% Mng; antisite) exhibits a clear Dirac mass

21155

gap at a low temperature (4 K), which then vanishes at 77 K.
On the other hand, when the Mny; antisite defect density is
large, the gap also vanishes below Neel temperature. These
findings have been reported in ref 35 and will not be repeated
here.

As the Dirac mass gap disappears, we find that the Dirac
point is located at ~50 meV below the Fermi level (Eg) in the
ultrathin regime. This indicates that the population of the p-
type dopant, Mng, is nearly compensated by that of the n-type
dopant, Biy,.”" Observation of the antisite defects using an
STM on the surface is relatively straightforward. However,
individual Biy, antisite defects can impact an array of surface
Te atoms extended across many lattice sites. Hence,
quantifying the local defect concentration is nontrivial due to
the interference of multiple defects. Therefore, the energy
difference between Ep and the DP may serve as a better
indicator for the density of the Bi,,, antisite defects. As the
MBT/HOPG film thickness increases, we find that the sample
becomes progressively more n-type, as observed in Figure 5a.
At a thickness of 10 SL, the energy difference between Eg and
DP reaches ~150 meV, entering the degenerate n-type regime.
As a comparison, we show STS measurement of the UHV
cleaved bulk crystal of MBT, where the DP is found to be
~280 meV below the Eg value (Figure Sa).

In addition to STS studies, we also used ARPES to
investigate the electronic structures of MBE films. Shown in
Figure 5b are the ARPES spectra of several MBT films
(nominally 10 SLs) grown on epitaxial BL-Gr and Si (111)
substrates, respectively. These spectra are acquired at room
temperature with hv = 21.2 eV. It has been shown previously
that at hv = 21.2 eV, states near the DP are difficult to resolve,
and the spectra always exhibit an apparent gap even when the
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Table 4. Growth and Annealing Parameters for MnBi,Te, on HOPG for the “Bad Growth” (Unimproved) and “Good Growth”
(Improved) for STM Study as Well as MnBi,Te, on Bilayer Graphene and Si (111) for ARPES Measurement

Mn source Bi source Te source
Ty o Ty @ Tha MR B T @b @n
MBT/HOPG 200 283 142 525 2.90 0.49 223 11.39 45 30
(unimproved)
MBT/HOPG (improved) 220 282 1.18 520 2.46 0.48 228 15.05 30 20
MBT/BLGr/SiC 239 279 0.99 525 2.90 0.34 227 14.23 120 80
MBT/Si(111) 255 277 0.88 525 2.90 0.30 224 12.04 120 80

surface is ga;:»less.‘q’2 Nevertheless, the DP location can still be
inferred from the ARPES spectra and roughly coincides with
the minimum of the energy dispersion curve (EDC) at the I"
point. The ARPES results for the 10 SL MBT film grown on
epitaxial BL-Gr show a DP at —190 meV (relative to Ejg)
(Figure 5b), indicating that the sample at this thickness is also
degenerate n-type. The result is close to the STS result of
—150 meV acquired on a nominal 10 SL film. We also note the
spectrum exhibits a lower signal-to-noise ratio in comparison
to the APRES data acquired on MBT film grown on Si (111)
surface. This is likely the result of the existence of two domains
for MBT films grown on BL-Gr, and one of them contains a
large in-plane angular distribution. Nevertheless, as the E vs k
near the I" point is nearly isotropic, identification of the DP
relative to the Eg is still possible. However, note that the
apparent DP position is a macroscopic average, and there
could be a large fluctuation in the DP position for individual
grains. Moreover, in this thickness regime, quantifying
thickness directly using STM is not feasible due to the loss
of reference substrate in the image (Figure S8). Thus, the
quoted thickness is estimated from the growth parameters. For
a similar thickness of MBT film grown on Si (111) surfaces,
the DP is located at —210 meV relative to Eg, also in the
degenerate n-type regime. In comparison, the ARPES
measurement of a UHV-cleaved MBT surface shows a heavily
degenerate n-type surface with the DP at —280 meV relative to
that of Ep.

The combined STS and ARPES studies of MBE-grown
MBT films on both Si (111) and epitaxial BL-Gr substrates
indicate that for thick films with thickness greater than 10 SLs,
the sample is degenerate n-type, similar to the case for the bulk
MBT crystal. These results indicate that thick MBT films host
large concentrations of Biy, antisite defects, which is
consistent with their bulk counterparts. The evolution of the
DP—E; as a function of thickness based on the STS
measurement is plotted in Figure 5c. As one can see, in an
ultrathin regime, the Eg is close to DP, suggesting that the n-
type and p-type dopants are nearly compensated. On the other
hand, as the film thickness increases, the sample rapidly
approaches degenerate n-type, indicating that the n-type
dopants (Biy, antisite) far exceed the p-type dopant (Mng;)
concentration. Note that below 5 SL, one can find the local
region that exposes the substrate, enabling a more precise
determination of the local film thickness. Above 10 SL, the
surface is fully covered with the MBT film with a typical 2—3
SL fluctuation. As the STS is measured in a local region, one
needs to be aware that there is an uncertainty in thickness of
~2 SL.

The evolution of the DP relative to Ej as a function of film
thickness highlights the interesting interplay between n-type
Biy, and p-type Mny; dopants. The progressively more n-type

characters with an increase in film thickness indicate that the
concentration of Biyy, defects is more than that is required to
compensate for the p-type Mny; dopants. From this behavior,
entropically mixing Mn in the Bi layer and vice versa is
expected. Why does the concentration of Biy, defects
positively correlate with the thickness? Previous reports have
suggested that there exists a thermodynamic driving force
toward the formation of high concentrations of Biy, antisites
defects.’™*® Since MnTe has a smaller lattice constant relative
to that of BT, the formation of Biy, antisite defects can
partially reduce the microscopic strain built up in the central
Mn layer, forming an ideal Te—Bi—Te—Mn—Te—Bi—Te
septuple layer. This thermodynamic driving force makes it
difficult to avoid degenerate n-type doping in bulk MBT.
However, such a microscopic strain is likely to be
accommodated better in the ultrathin regime. Moreover,
MBE growth is not a thermodynamic equilibrium process (in
comparison to bulk crystal growth). Both effects may play
important roles in causing nearly fully compensated doping in
the ultrathin regime. Such a conjecture could be tested in
future studies and could provide a strategy to grow
electronically homogeneous films over a macroscopic length
scale.

B CONCLUSIONS

In summary, we have investigated the MBE growth of MBT
thin films on Si (111), BL-Gr, and HOPG substrates. The
MBE growth is coupled with various in sifu surface
characterization techniques to gain insight into the atomistic
mechanism underlying the growth. By using spot profile
analysis of the LEED patterns, we map the free energy
landscape for the in-plane orientational alignment between the
epitaxial film and the substrate. In sifu STM investigations
allow us to observe the film topography and defect formations.
These atomic details provide timely feedback that we use to
optimize the growth parameters for high-quality thin films.
STS and ARPES are employed to investigate the evolution of
electronic chemical potential as a function of thickness, from
which we gain insight into the interplay between the p-type
Mny, antisite defects and the n-type Bi,,, antisite defects. In
thin-film device fabrication, factors such as defect concen-
tration, defect types, and domain boundaries significantly
impact the performance. Our discussion explores these aspects
in detail, proposing growth strategies that could be critical to
enhancing device performance, primarily using surface-
sensitive techniques. Our results provide a pathway to
investigate material characteristics and deepen the under-
standing of the underlying growth mechanisms. Moreover, this
approach extends beyond MBT, offering valuable insights into
the engineering of other trielemental thin films.
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B MATERIALS AND METHODS

MBE Growth of MnBi;Te; Films. MnBi,Te, thin films were
grown in a home-built MBE chamber with a base pressure of ~107'°
Torr. Highly ordered pyrolytic graphite (HOPG) and bilayer epitaxial
graphene substrates were outgassed at ~300 °C for 6 h before the
growth. Si (111) substrate was prepared with the standard procedure
of flashing via direct current heating up to ~1200 °C for an atomically
clean surface with a well-defined 7 X 7 reconstruction. High-purity
Mn (99.99%), Bi (99.999%), and Te (99.999%) were coevaporated
from standard Knudsen cells. Samples studied with ARPES are grown
at 240 °C (on graphene) and 255 °C (on Si) and post-annealed at the
growth temperature in an excess Te ambient. Samples studied with
LEED and RHEED were deposited at room temperature and
postannealed in an excess ambient Te. Detailed growth parameters
for the STM study are described in Table 4.

In Situ STM/STS and ARPES Measurements. Using a home-
built UHV transfer system with base pressure ~107'" Torr to
maintain the cleanness of the film, samples were transferred from the
MBE chamber to STM (base pressure ~107'" Torr) and ARPES
(base pressure ~107"" Torr) chambers without any exposure to air.
STM/S measurements were conducted at 4.3 and 77 K. The W tip
was prepared by electrochemical etching and cleaned by in sifu
electron-beam heating. STS dI/dV spectra were measured using a
standard lock-in technique with feedback off, whose modulation
frequency is 490 Hz. The ARPES measurements were carried out
using a helium lamp with a beam spot diameter of ~300 um using a
Scienta R3000 electron energy analyzer. The measurements were
done with He I (~21.2 eV) at room temperature.
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