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We report the molecular beam epitaxy of Bij_xSby thin films (0 < x < 1) on sapphire (0001) substrates using a thin
(Bi,Sb),Tes buffer layer. Characterization of the films using reflection high energy diffraction, x-ray diffraction, atomic
force microscopy, and scanning transmission electron microscopy reveals epitaxial growth of films of reasonable struc-
tural quality. This is further confirmed via x-ray diffraction pole figures that determine the epitaxial registry between the
thin film and substrate. We further investigate the microscopic structure of thin films via Raman spectroscopy, demon-
strating how the vibrational modes vary as the composition changes and discussing the implications for the crystal
structure. We also characterize the samples using electrical transport measurements.

I. INTRODUCTION

The Bi;_xSby alloy first garnered significant attention in the
field of semimetals and narrow bandgap semiconductors due
to its electric, magnetic, and thermal properties [[1H6]]. While
much of this past work focused on the growth and proper-
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FIG. 1. (a) Schematic of the Bij_xSby crystal structure along the
[100] direction and the [001], growth direction of the film. Violet and
dark yellow correspond to Bi and Sb atoms respectively. (b) RHEED
patterns of both the Bip59Sbg4; layers and the (Big.95,Sbg.gs)2Tes
buffer layer, the electron beam is directed along the 101 orienta-
tion of sapphire. (c) AFM image of the Bijs9Sbg4; film over a
5 um by 5 um region.(d) HAADF-STEM image of Big4Sbg. 16 on
(Big.95,Sbg.05)2 Tes buffer layer grown on sapphire substrate with the
atomic structure of the film along the [100] directions as seen in the
model in (a), and with a 15 —20° in-plane rotation in a different grain.
Both show the atomically smooth interface and epitaxial growth of
the layers.

ties of bulk single crystals, the use of molecular beam epitaxy
(MBE) had also been explored, demonstrating the growth of
Bi;_xSby thin films on BaF, and CdTe substrates [7,8]]. It has
long been recognized that the energy bands of this alloy invert
as a function of composition leading to an unusual gapless
state at the crossing point [9} [10]. This was later understood
to lead to topological surface states that were first predicted by
Kane and Mele [11] and then experimentally realized in bulk
single crystals [12l[13]. Recently, there has been renewed in-
terest in thin films of Bi;_xSbx grown by both MBE [14, [15]
and sputtering [[16], motivated by the prospect of exploiting
the spin-momentum correlation in the topological Dirac sur-
face states for spin—orbit-torque (SOT) devices. The high
electrical conductivity of Bi;_xSby thin films coupled with
a potentially large spin Hall angle makes them attractive for
realizing energy efficient SOT memory devices [[17]. Large
spin Hall angle ~ 52 and magnetization switching at ultralow
current densities have been reported in Bij_xSby films inter-
faced with the metallic ferromagnet, MnGa [18]], while inter-
facing with the ferromagnetic semiconductor, (Ga,Mn)As, has
shown giant unidirectional spin Hall magnetoresistance [19].
These studies motivate the further exploration of MBE growth
of high-quality, single-crystal Bi;_Sby films on different sub-
strates. As mentioned above, attempts to grow high struc-
tural quality Bi;_xSby thin films on BaF; and CdTe (111) sub-
strates using MBE date back to the late 1990s [8]. More re-
cent studies of MBE-grown single crystal Bij_Sby thin films
have used GaAs (001) as a substrate, yielding Bij_xSby (012)
growth of either polycrystalline or textured nature, with lim-
ited structural characterization details [14, |15, [18]. The re-
newed interest in Bij_Sby thin films for topological spintron-
ics provides a strong motivation for exploring, understanding,
and improving the epitaxial growth of single crystal thin films
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FIG. 2. (a) Out-of-plane 260-@w XRD measurements of 10 nm-thick
Bi;_4xSby films of varying composition grown on sapphire (0001)
substrates (samples A-E, as described in Table I). Peaks from the
Bi;_«Sby layer, (Bigo5,5bg.05)2Tes; buffer layer and the substrate
layer are detected. (b) A rocking curve of Bipg4Sbg 6. (c) Lattice
constant ¢ extracted from the 26-w XRD spectrum plotted against
composition. The dotted line indicates the trend suggested by Veg-
ard’s law.

of this material on different substrates.

In this manuscript, we present a comprehensive study of
a series of epitaxial Bij_xSbx thin films grown by MBE
on sapphire (0001) substrates after the deposition of a thin
(Big.95,Sbg.05)2Tes buffer layer. We explore the MBE growth
of Bij_xSby thin films over the entire composition range, char-
acterizing the microscopic structure, quality, and composi-
tion of these films with a comprehensive suite of techniques,
including transmission electron microscopy (TEM), x-ray
photoelectron spectroscopy (XPS), x-ray diffraction (XRD),
atomic force microscopy (AFM), electrical transport, and Ra-
man spectroscopy. The phonon modes in these thin films ob-
served using Raman spectroscopy provide insights into the ef-
fect of strain. Our results demonstrate the growth of epitaxial
Bi;_«Sby films over the full range of composition; the con-
trolled synthesis of such films is relevant for the systematic
exploration of spintronic devices based upon spin-charge in-
terconversion in this material [20]].

Il. METHODS

We grow our samples on sapphire (0001) substrates us-
ing a Scienta Omicron EVO50 MBE system. We first pre-
pare the sapphire substrates by heating up to 1160 °C in air
for 8 hours to produce an atomically ordered surface, dice it
from the back so it can be broken into smaller pieces for fu-
ture use, and clean it with a series of baths in acetone, iso-

2

[Sample | Growth Temperature (°C) [Bi/Sb Flux Ratio[Bi%[Sb%|

A 90 Pure Bi 1 0
B 160 34 0.84| 016
C 160 2.6 0.79(0.21
D 160 0.97 0.59(0.41
E 160 Pure Sb 0 1

TABLE I. Details of sample growth

propanol, DI water, Nanostrip and then DI water again. Once
pieces of the substrate are loaded into the MBE system (base
pressure < 107'0 mBar), they are outgassed at a substrate
heater temperature of 950 °C for 1 hour. We then proceed
to grow 3 nm of (Big.95,5bg 05)2Tes (in-plane lattice constant
0.437 nm) as a buffer layer by setting the flux ratio of Bi/Sb
to 19 with an overabundance of Te flux. The sample tem-
perature is set to 170 °C (as measured by an infrared ther-
mal camera, substrate heater temperature ~ 360 °C) at the
start and gradually increased to 200 °C. Finally, we grow 10
nm of Bij_4Sbyx with different Bi/Sb compositions by ad-
justing the flux ratio accordingly. A schematic of the crys-
tal structure is shown in Fig. 1(a). Bij_xSbx has a trigonal
crystal system and belongs to R3m space group, with lattice
constants a = b = 0.433 — 0.455 nm (depending on compo-
sition), leading to ~ 3% mismatch. The sample temperature
is set at 160 °C (90 °C for Bi) during the growth. The lower
growth temperature for pure Bi is chosen based on previous
work [17], which show epitaxial growth of Bi at lower tem-
perature. We use reflection high energy electron diffraction
(RHEED) to monitor the growth. A streaky unreconstructed
RHEED pattern is seen during the growth for both the buffer
layer and the sample layer (Fig. 1(b)), implying a relatively
smooth surface and good epitaxial growth.

We focus our discussion on five thin films with the same
thickness (~10 nm) and different composition as determined
by varying the Bi:Sb flux ratio; the sample composition is
verified post-growth using x-ray photoeelectron spectroscopy
(XPS) (Table 1). Unlike past work on Bij_xSby thin films
[7, 18, [15], we constrain our growth to very thin films since
our primary interest is to use these films eventually in SOT
devices. The thickness and surface topography of these sam-
ples are obtained using AFM, as shown in Fig. 1(c). For films
of ~10 nm thickness, the RMS surface roughness is ~ 1 —2
nm. We note that this is still somewhat above the requirements
for SOT devices, but comparable to our recent work on TaAs
thin films, which show giant SOT efficiency [21]. We use
high angle annular dark-field (HAADF) scanning transmis-
sion electron microscopy (STEM) imaging to study the film
structure from similarly grown films. Figure 1(d) shows the
atomic structure of a Bij_xSby film along the [100] direction
from different areas from the film, with the layered structure
of the (Big.95,5bg.05)2Tes buffer layer visible underneath. Fur-
ther, the HAADF images show an atomically smooth interface
between the Bi;_xSby and the buffer layer, confirming a good
epitaxial growth between the two.
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FIG. 4. (a) Schematic of the Ag vibrational mode of Bi-Sb crys-
tal. (b) Raman spectroscopy of Bij_4Sby films. (c) Peak location of
vibrational modes versus Sb composition. LR signified long-range
metal like vibration of Bi-Bi.

I1l.  RESULTS

We first discuss the characterization of our samples us-
ing XRD measurements. Figure 2 (a) shows out of plane
20 — w scans of all the five films. We identify the (003)
Bij_xSby peaks at 22°, (006) peaks at 45°-46°, and (009)
peaks at 70°-75°. We can also identify the (Big.95,Sbg.05)2Tes
(006) peak at around 18° and the (0 0 15) peak at around 52°
for pure Bi and Sb films, but these peaks are absent in the al-
loy samples (samples B,C, and D). The reason for this is not
understood. We also confirm good quality growth of our film
from the rocking curve, an example of which is shown in Fig.
2(b), showing full-width at half maxima of 0.22° The lattice
constant ¢ determined from these XRD scans shows a linear
relationship with x (the percentage of Sb) in Fig. 2(c), con-
sistent with Vegard’s law [22]. However, unlike past studies
of much thicker films such as Bij_xSby films on (111) BaF,
[8], we find the alloys have a lattice constant which is much
closer together compared to their pure counterparts. We will
discuss this in more detail later in the manuscript. We further
investigate these films using XRD pole figure measurements
to understand the epitaxial behavior of the growth. Pole fig-
ure measurements can be understood as multiple ¢-scans at
different y angles at a fixed 260 — @ angle. This allows us to
focus on non-out-of-plane peaks in different layers of the sam-
ple. This provides an understanding of how different layers in
the film are aligned with the substrate. Ideally, we want to se-
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FIG. 5. Electrical transport measurements in three Bij_4Sby films. Temperature dependence of the sheet resistance for three compositions of
Bi and Sb. (b) Normalized longitudinal magnetoresistance, and (c) Transverse magnetoresistance for the same films. The raw data for R,, and
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lect reflections in all the layers with the same Miller indices,
for example, (012), (104), or (110). Amongst these, (012) has
the strongest signal for the Bi;_xSbx layer. Thus, we mea-
sured the (012) peaks in the substrate, (Big.95,Sbg 95)2Tes, and
Bi;_,Sb, layers (see Fig. 3). Unsurprisingly, the signal from
3 nm buffer layer was too weak to be measured. Figure 3
shows that the Bij_Sby film and the substrate align on top of
each other with a broader ¢ spread in the sample layer. Twin-
ning in the sample layer is observed only on the alloy samples,
as shown in Figs. 3(a) and (b), with sample peaks 60° apart,
and is not observed in the pure Sb sample (Fig. 3(c)). These
pole figure scans confirm that the samples are epitaxial and
that the pure Bi and Sb films are of higher quality than the
alloyed Bij_xSby films.

For further understanding of the lattice dynamics, we inves-
tigate the vibrational modes of the films using Raman spec-
troscopy. Raman spectra of single crystals of Bij_,Sb, were
first investigated by Zitter and Watson [23]]. Lannin further
investigated sputtered Bij_xSby thin films in 1979 [24]. Both
results found five vibrational modes in Bi;_,Sby alloys: A,
and E; mode of Sb-Sb vibration, A, mode of Bi-Sb vibration,
Ag mode of Bi-Bi vibration, and long-range metallic-like Bi-
Bi vibration. The A, vibrational mode of the Bi-Sb is shown
schemtically in Fig. 4(a). The Raman spectra in our films are
shown in Fig. 4(b) and the wavenumber of different modes
is plotted against composition in Fig. 4(c). We identify the
long-range metal-like Bi-Bi vibration mode (blue diamonds)
at 73.3 cm~! in the pure Bi sample and 80 — 84 cm™! in
Bi;_xSby alloy samples; this mode shifts to higher wave num-
ber as Sb concentration increases. The A, mode of the Bi-Bi
vibration (blue triangles) is observed around 100 cm ™! for all
samples except in the pure Sb sample; this mode remains con-
stant as the Sb fraction changes in the alloy samples (samples
B, C, and D). The A; mode of the Bi-Sb vibration (orange
squares) is observed around 120 cm™! for all Bi;_,Sb, alloy
samples; this mode also remains at approximately the same
location as the composition is varied in the alloy samples.
The E, mode of the Sb-Sb vibration (black pentagon) is only
observed at 116.1 cm™! in pure Sb; this is most likely due
to the lack of enough Sb concentration in the alloy samples.
The Ag mode of the Sb-Sb vibration (red circles) is observed
at 152.8 cm~! in the pure Sb sample and at 145 cm™! in

Bi;_xSby alloy samples; this shows similar behavior as the
Ag mode of the Bi-Bi vibration, and remains approximately at
the same position in samples B, C, D, with the mode in the
pure Sb film observed at higher wave number. Furthermore,
we also identify an extra mode at 66.9 cm~! (purple stars) in
the pure Sb film. This mode does not correspond to any mode
previously observed in single crystal Bij_xSbx alloys. We
believe this corresponds to the A, mode from Sb,Tes, sug-
gesting the interdiffusion of Te from the (Big.gs,Sbg 0s5)2Tes
buffer layer. In previous studies, the wave number of the A,
modes had a linear relationship with the composition of the Sb
[23L124]]. In our study, we observe these modes to be located
at approximately the same wave number. Our alloy films have
a similar lattice constant c, as calculated from XRD measure-
ments (Fig. 2(b)). The A; mode vibrations are along the ¢
direction as shown in the schematic in Fig. 4(a), and thus the
wave number of the vibrations also correspond to the lattice
constant c¢. This can further be seen in Fig. 2(b), where sam-
ple C(79:21) has a slightly larger lattice constant ¢ compared
to sample B(84:16) and similarly we also observe a slightly
smaller wave number of the A, in sample C compared to sam-
ple B. We believe this is because presence of strain in our
sample [25]].

Finally, we investigate electrical transport in Bij_xSby thin
films of varying composition grown under similar condi-
tions. We carry out these measurements using mechanically
scratched Hall bars with channel dimensions 1 mm x500 yum.
The films show similar qualitative and quantitative behavior.
The sheet resistance (Ry,) vs. temperature (7') in all sam-
ples shows metallic behavior (Figs. 5(a)). Longitudinal mag-
netoresistance measurements at 7 = 4.2 K shows a positive
magnetoresistance whose field-dependence is consistent with
that expected from weak antilocalization (Figs. 5(b). The
carrier density (n) for all the samples is extracted using Hall
measurements (Figs. 5(c)). The samples are electron-doped
with n =~ 102 — 10?> cm™3. The mobility is calculated us-

(e}

ing yt = =, where o is the conductivity and e is the elec-

tronic charge. The Fermi wavelength (ky), calculated using
kp = (3n%n)3 is ~ 1072 m~! while the mean free path (),
calculated using /,, = phky /e varies between 1078 - 10" m.
k¢l varies between 10 — 25 in these films. The parameters
calculated from transport measurements are provided in Table



lSample\ n(cm™2) “,L (cm2/Vs)\kf 107 mfl)\ L, (m) \kflml
A [—2.48x 10T 1 9 52x 107107 4.7
B | —-1.9x107 12.7 3.8 32x1079 [12.3
C [ -57x10% 67.7 2.4 1.07x 1072[25.8
D |[-1.28x10% 2.2 7.18 1.04x107°[ 7.5
E | —-67x10% 514 2.7 9.1x1077 [24.8

TABLE II. Details of transport measurements

II. Note that the relatively low Hall mobilities extracted here
can be attributed to the thin nature of our films, where interfa-
cial defects which act as trapping-detrapping centers [26] and
grain boundaries from twinning as observed in XRD (Fig. 3),
can lead to enhanced scattering compared to thicker films: for
example, the MBE growth of Bi;_4Sby thin films of about 60
nm thickness on GaAs substrates also shows Hall mobilities
of order 100 cm?/(V.s) [13]].

IV. CONCLUSION

In conclusion, we used MBE to demonstrate the epitaxial
growth of a series of Bij_4Sby thin films over the entire al-
loy composition range on sapphire (0001) substrates with a
thin (Big.95,Sbg05)2Tes buffer layer. Detailed structural char-
acterization of the films via XRD and HR-TEM confirm high-
quality epitaxial registry with the substrate, while the compo-
sition of these films was verified using XPS. We also probed
the effect of strain (and possible interdiffusion) using Raman
spectroscopy and probed their electrical properties using low
temperature transport. Our growth protocol establishes sap-
phire (0001) as an attractive substrate for MBE growth of
Bi;_xSby and provides a route for systematic studies of the
spin-charge conversion and SOT devices by interfacing such
films with a ferromagnetic overlayer [20].
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