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In recent decades, the growth of ultrathin epitaxial bismuth (Bi) films on various substrates has
garnered interest due to their unique electronic properties. We report upon the growth and
electrical transport properties of epitaxial Bi (111) films in the thickness range of 5-32 nm
deposited directly on GaAs (111) substrates, without a buffer layer. The quality of Bi films is
found to depend on conditions for substrate treatment using Ar" ion-milling and annealing.
Substrates milled at low ion beam currents display poor surface reconstruction after annealing,
which hinders the growth of high-quality films. In contrast, substrates milled under optimized
conditions led to reconstructed surfaces upon annealing, resulting in epitaxial Bi films with
predominantly single-domain orientation. Although epitaxial films formed in both cases, transport
measurements indicated significantly higher conductivity for films grown on optimally treated
substrates. Measurements at low temperatures suggest that the transport properties are dominated
by a surface state with high mobility electrons. Magneto-transport measurements suggest that
conductivity and mobility improve progressively with increasing film thickness. For the thinnest
5 nm film, a hole-like state emerges, presumably as the electron-like state is gapped out. These
results provide a robust methodology for growing high-quality epitaxial Bi films on GaAs (111)

and offer insights into their unique transport properties, and our ability to tune them.
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Elemental bismuth (Bi) is a unique semi-metal with notable characteristics such as a very low
carrier density, small effective mass, and long mean free paths for charge carriers. Bi has a
rhombohedral unit-cell and its electronic structure consists of three small ellipsoidal electron
pockets at the L-points and one small hole pocket at the T-point in the Brillouin zone'2. However,
it is known that in Bi films in the ultra-thin limit, the reduced dimensionality gaps out the bulk
states due to quantum confinement®, and entirely distinct structural and electronic properties can
emerge in the 2D limit, including the quantum spin Hall effect?, ferroelectricity’, and the potential
for ideal 2D topological insulators®. Therefore, there is increasing interest in the development of
high-quality crystalline thin films of bismuth, which has led to efforts to grow them on various
substrates, including sapphire’, pyrolytic graphite®, InSb?, glass'®, mica!!, Ge (111)'2, and different
reconstructed surfaces of Si (111)!'113:14 Of particular interest are thin films of Bi (111)
(rhombohedral indexing, equivalent to Bi (0001) in hexagonal indexing), Fig. 2(a)), whose spin-
split surface states have been studied extensively for their fundamental properties!>24, and which
in the limit of a single Bi bilayer? are predicted to host quantum spin Hall edge states with a large
bulk gap?®. In thicker films and bulk single crystals, the two branches of the spin-split surface
states of Bi (111) lead to a hexagonal electron pocket around the I'-point, six teardrop-shaped hole
pockets along the I' — M direction, and six needle-like electron pockets near the M-point. For
films with thickness in the range of a few nanometers, angle-resolved photoemission spectroscopy
(ARPES) measurements have shown that bulk states are progressively gapped away from the
Fermi surface with reduced thickness?’. Furthermore, the degeneracy between the spin-split states
near the M -point, or lack thereof, has been the subject of several studies, and the possible
topological nature of these states is still debated?!*2?7. However, achieving the correct structural

phase in large area epitaxial Bi (111) films in the 1-50 nm thickness range on insulating substrates



remains challenging, as the growth kinetics often do not favor the desired phase, leading instead
to island-like morphology and the presence of secondary phases like Bi (110) crystallites’ ( Bi

(1012) in hexagonal indices).

In this study, we present a technique for growing high-quality epitaxial Bi films on GaAs (111)
substrate at room temperature using molecular beam epitaxy. Our results demonstrate that
thorough Argon ion milling to remove native oxide layers combined with high-temperature
annealing of the substrate is essential for achieving the correct phase of the epitaxial Bi films.
When the substrate’s surface reconstruction is carefully optimized, the grown Bi films exhibit
smooth surfaces with large, preferentially unidirectional domains, leading to high-quality epitaxial
structure. These films show significantly enhanced mobility and higher magnetoresistance
compared to those grown on poorly reconstructed substrates. For Bi films with thickness in the 15
-32 nm range (1bilayer = 0.39 nm) grown on optimized substrates, a high mobility electron pocket
dominates transport properties at low temperatures, while for films in the 5-10 nm thickness range,

a dominant hole-type carrier contribution is observed.

Experimental detail, results and discussion

28-32

Crystalline elemental films play an important role in modern technology as well as in

fundamental explorations3-*

of quantum matter. On an appropriate substrate, a rule of thumb for
growth of crystalline elemental films is that the growth temperature (in K) is about 0.25-0.5 of the
melting point of the element, though there are exceptions®>. In this study, we reported the layer-
by-layer growth of elemental Bi (111) films, at room temperature on top of GaAs (111)A (Ga-

rich) substrates. /n-situ annealing of the epi-ready GaAs(111)A substrates (MTI Corporation) at

600 °C does not produce sufficiently sharp RHEED patterns, indicating incomplete or poor surface



reconstruction. This behavior is likely associated with the formation of a native oxide layer when
GaAs is exposed to air 337 and therefore, we believe that our ion-milling followed by annealing
steps effectively remove this oxide and promote a smooth, well-reconstructed surface. The detailed

substrate preparation and growth process are outlined below.

The treatment of the substrate prior to Bi growth is particularly important, as it significantly
enhances the magneto-transport properties. The GaAs (111) substrate is first sonicated in acetone
and then in isopropanol, each for 5 minutes, before being placed in the ion milling chamber to
remove the native oxide layer and achieve a smooth surface. Two substrates (S#1 and S#2) were
milled separately, using different ion beam currents in a background pressure of Argon gas of
approximately 1.4 x 10™* Torr. The Ar" ion beam is incident at approximately 45°, with Vpeam =
600 V and Vacc =48 V. Sample S#1 was first milled with an ion beam current of 16 mA for 90
seconds. After this initial milling step, the ion beam was turned off for 90 seconds to prevent excess
heat buildup on the surface. Milling was then resumed for an additional 90 seconds. Sample S#2
followed the same protocol but with higher ion beam currents of 17 mA for the first 90 s and 18

mA for the second 90 s period.

Once the ion milling process was complete, we immediately transferred the milled GaAs (111)
substrate to a vacuum chamber (‘prep’ chamber, connected to the MBE system) with a base
pressure of 5 x 10 Torr to minimize exposure to air. We observed that if the milled substrate was
exposed to air for more than 15 minutes, it resulted in films with poor crystalline quality with high
surface roughness or even polycrystalline films, likely due to the substrate's high sensitivity to
oxidation. To mitigate this, the next step involved degassing the substrate in vacuum at 220°C for

45 minutes to 1 hour, which helps remove contaminants such as water, hydrocarbons, and oxygen,



creating a clean surface. Following degassing, the substrate was transferred in vacuum to the MBE
chamber (base pressure < 5 x 10°'° Torr) and annealed at 600°C for 5-6 minutes to eliminate any
remaining organic residues, smoothen the surface, and promote the desired surface reconstruction.
This process is believed to enhance nucleation and adhesion, leading to high-quality thin films
with improved properties. During the annealing, we monitored the reflection high-energy electron
diffraction (RHEED) pattern of the substrate using a 10 kV acceleration voltage for the electrons.
For S#2, we observed the first signs of RHEED streaks around 500°C, with the majority of streaks
becoming visible at 550°C. At 600°C, after maintaining the temperature for 5-6 minutes, half-
order streaks were observed, consistent with a 2 x 2 surface reconstruction (see Fig. 1)°%3
However, for S#1, no RHEED streaks were detected up to 550°C. Upon reaching 600°C, only the
integer order streaks appeared after a 5-7 minute wait, as shown in Fig. 1(a), with no visible half-
order features. Further annealing at 600°C led to a decrease in the intensity of these streaks, and

increasing the annealing temperature did not result in any improvement.

After annealing, the substrate is cooled down rapidly to room temperature by shutting power to
the substrate heater. The substrate was typically allowed to cool further overnight with the
manipulator held at 19°C. Bi films are then deposited in a typical base pressure < 1.5 x 1071 Torr
in the chamber. The deposition rate, monitored by a quartz crystal microbalance (QCM), was

approximately 0.013 A/sec for all films in this study.

The RHEED pattern during Bi (111) film growth is shown in Figure 1. For S#1, 3D spotty RHEED
patches were observed for the first 5-8 nm of deposition (Fig. 1(b)), indicating island-like growth.
These islands are supposed to be Bi (110)!? as we have also observed in x-ray scans of films in

this range. As the deposition continues and the thickness increases, these islands coalesce,



eventually leading to the growth of an epitaxial Bi (111) film, where the peaks corresponding to
the (110) oriented phase are no longer visible in x-ray diffraction. After the deposition of 24 nm
Bi, the RHEED intensity was weak as shown in Fig.lc, requiring a higher emission current (-2.1
nA) for better visibility as shown in Fig. 1(d), indicating a relatively poor surface quality of the Bi
film. In contrast, S#2 exhibits clear 2D RHEED streak patterns at a much lower Bi thickness of
around 5 nm, even with significantly lower emission current (-0.6 pA). As the Bi deposition
continues, the intensity of the streaky RHEED pattern increases, and by 24 nm of film growth
sharp 2D diffraction spots are observed indicating®® nearly atomically smooth crystalline surfaces
(Fig. 1(f-h). Further examination of the surface quality was conducted using atomic force
microscopy (AFM) images, shown in Fig. 2. The triangular patterns in the AFM images confirmed
the Bi (111) with trigonal axis is perpendicular to the film surface. Notably, in S#1, the domains
were randomly oriented (Fig. 2b), while in S#2, the domains predominantly follow a preferential

direction (Fig. 2¢), which can be interpreted as a local absence of rotational twin domains?*37.

X-ray diffraction (XRD) measurements of the two films are carried out on a Bruker D8 system
with a Gobel mirror and the results are presented in Fig. 2d. The (111) and (222) peaks in the 2-
theta scans correspond to rhombohedral lattice constants of 4.750 A and 4.768 A respectively for
S#1 and S#2, slightly larger than the bulk value of 4.745 A, possibly due to the lattice mismatch
between the substrate and the film. Notably the (110) peaks are absent, consistent with a highly
crystalline single-phase Bi (111) film. For S#1, the rocking curve for the (111) peak has a full
width at half maximum (FWHM) of 0.157°, larger than that for S#2 of 0.098°, indicating a larger
mosaic spread in S#1 compared to S#2, as shown in Fig. 2(d). This difference highlights the

variation of crystalline quality with substrate preparation.



To further investigate the epitaxial relationship between the GaAs substrate and Bi films, we
performed X-ray reflectivity (XRR) and phi-scan XRD measurements on the Bi (121) and (221)
peaks ((0114) and (1015) in hexagonal indices) and (220) peak of the GaAs substrate, as shown

in Fig. 2e and 2f. The oscillations in the XRR curves of S#1 damped more rapidly than that of S#2,

despite both having nearly the same thickness (see Supplementary Materials Fig. S1). This
suggests that the surface and/or interface of S#1 is relatively rough compared to S#2. The in-plane
phi-scan of the Bi (121) peak reveals a total of twelve peaks, with six strong peaks and six weaker
peaks. For S#2, the intensity of the weaker peaks ~ 102 of the stronger peak, while for S#1 this
ratio is 107!, suggesting the presence of four sets of twin planes. Notably, the GaAs peaks are offset
by ~ 30° in ¢ from peaks corresponding to the majority Bi (111) domains and are thus at
approximately the same azimuthal orientation (within 0.3°) as the minority Bi domains.
Additionally, the intensity of the Bi peaks in S#2 is approximately 1.5 times stronger than in S#1,

signifying a better in-plane domain alignment in S#2 compared to S#1.

The Bi (111) films were lithographically patterned into six-probe Hall bar devices for magneto-
transport measurements. We first discuss our results from four samples, S#1and S#2 with thickness
24 nm, and also two other films of thickness 16 nm and 32 nm both prepared under conditions
identical to S#2. The Hall bar device width was 200 um, and the distance between the voltage tabs
was approximately 700 um (Fig. 3(a)), and the distance between the current leads was
approximately 2 mm. Pt/Au contact pads were deposited for wire bonding to the leads. The
magnetic field was applied perpendicular to the film plane for all measurements. The longitudinal
resistance and transverse Hall signals were measured by sweeping the magnetic field from +14 T
to -14 T, and to eliminate the effect of the magnetic field on the longitudinal component of the

resistivity contributing to the measured Hall voltage, we anti-symmetrized the Hall signal.



Shown in Fig. 3(d) is the change in sheet resistance with decreasing temperature for S#1 and S#2
samples. The increase in resistance with decreasing temperature for both the samples suggests a
transition from semi-metallic to semiconductor-like behavior, driven by the bulk of the thin film
becoming insulating while the surface remains predominantly conducting. This contrasts with bulk
Bi crystals, which exhibit metallic behavior with resistivity decreasing with decreasing
temperature?®4%4! It is worth noting that the resistance in S#1 is higher compared to S#2. Fig. 3(b,
¢) and 3(e, f) showed the longitudinal magnetoresistance (MR) and transverse conductivity for S#1
and S#2 at different temperatures. The MR is defined as:

MR = Pxx(B)—Pxx(0)

Eq. 1
Pxx(0) q

where p  (B) and p, (0) are the resistivity with and without magnetic field B applied

perpendicular to the film plane at a given temperature. The longitudinal resistivity is defined as
P~ RcW.t | L, where W (200 um) and L (700 pm) are the width and length of the Hall bar,

respectively, and ¢ is the thickness of the Bi films, and p Xy (= Ryy-t) is the transverse resistivity,

. -p .
and this allows us to calculate gy, (B) = 55— and oy, = Lxx a5 a function of B for our films.
PxytPix PxyTPxx

The transport measurements shown in Fig. 3(g) and Fig. 3(j), reveal that the sheet resistance of the
16 nm Bi film is more than twice that of the 32 nm Bi film. The 32 nm film exhibited very large
MR of around 112% while the 16 nm film showed significantly lower values of 35%, suggesting
that thinner films have notably reduced mobility. In bulk Bi crystals, magnetoresistance (MR)

typically exhibits its highest values at low temperatures** 44

and gradually decreases with
increasing temperature. In contrast, Bi thin films in this study display an opposite trend, where MR

increases with temperature and reaches a maximum around 200 K for all samples (see Fig. 3). At



room temperature, MR becomes nearly linear, with a slightly reduced value compared to the peak
at 200 K. For the 16 nm, 24 nm (S#2), and 32 nm films, at low temperatures (5K) the MR rises

sharply at low magnetic fields and then more gradually at higher fields.

It is worth noting a few key differences in the magneto-transport of samples S#1 and S#2, (both
24 nm thick). In S#2, there is a relatively sharp rise in MR up to approximately +4T, followed by
a gradual increase, reaching 18.7% at +14T. In contrast, MR in S#1 shows a weaker response to
the magnetic field, with its value peaking up to 8.35% at +14 T (Fig. 3(c)). We attribute this to
higher scattering rates in S#1, as evident from lower MR and higher values of resistance vs
temperature, suggests that it has lower mobilities compared to S#2. We also plot the transverse
conductivity (g, ) of both samples, as shown in Fig. 3(c) and 3(f). The o, of S#2 at 5 K exhibited
a highly nonlinear inverted S-shaped curve with negative slope at low fields and a sharp min/max
at £1.3 T. As we shall see below, the negative slope at lower fields (from OT to 1.3T) and the
inverted S-shape observed in S#2 originates from high mobility electrons, as observed in bulk

single-crystals of other high-mobility semimetals*>-#®

. Beyond these extrema, o, decreases in
magnitude eventually crossing zero and changing sign at 9.6 T. On increasing the field further,
0y increases linearly in magnitude with a positive slope up to 14 T. This is due to the presence of
a relatively low mobility hole pocket coexisting with the high-mobility electrons. In contrast,
sample S#1 at 5 K showed a much weaker high mobility electron pocket feature in the low-field

region, and o,, has a positive slope with magnetic field over the entire range, indicating a
g xy p p g g g

dominant hole-type carrier.

As noted earlier, for films in the thickness range presented here, the bulk states of Bi are gapped

out and the density of states at the Fermi level is dominated by strongly spin-split Bi (111) surface



states, with an electron pocket at I, hole pockets (6) between /" and M and electron pockets (6)
near the M-point. We denote their carrier densities by nl, nj,, and n, and their carrier mobilities
by 4L, pp, 1. A multi-band model for the conductivity of these surface states would be given

by*:

Oxx(B) = X f(n;;;)z Eq. 2a

seni,uiz

axy(B) =ebB Zi 1+(1;B)2 Eq. 2b

where s = +/- for electrons/holes. We fit the expressions for o, and g, in Eq. 2 simultaneously

to the measured data to solve for the densities/mobilities of the different pockets. We tried a three-
band model (3BM) with two electron pockets and one hole pocket, and a two-band model (2BM)

with one electron pocket and one hole pocket.

In our fits to the 16 nm, 24 nm (S#2) and 32 nm samples, we found that o,, and o,, were
dominated by a single high-mobility electron pocket (this signature was much less prominent in
sample S#1). This electron pocket has a high enough mobility such that the measured o, from

these samples have prominent maxima/minima at all temperatures at B <5 T, which should occur

when the condition |u,B| ~ 1 is met, according to Eq. 2b. The slope of the Hall conductivity near

;y |p=o = Z;sen;u? (s = +/- for electrons/holes) is also dominated by the same high-

do.
zero field .

mobility electron-like pocket. This places strong constraints on the values of n, and p, for the

high-mobility pocket extracted from multi-band fits to the data. Specifically, using a 3BM to fit to

the data for sample S#2 (24 nm) at 5 K, we find u, = 6137 cm*V-'s™" and n, = 6.48 x10'' cm™

for this high-mobility electron pocket, while for a 2BM we find p, = 5847 cm*V-'s! and n, =

10



8.03 x10' cm™. Since the 3BM yields a better fit to the data (Fig. 4 (a,b), Fig. S2 (b-d)), we use
the fit parameters from the 3BM to describe our samples. As we will discuss below, these high
mobility electrons are most likely from the electron pocket near the M-point. We note that if the
remaining electron and hole pockets have relatively low mobility (4, B < 1), then according to Eq.
2b, each should make a quasi-linear contribution to the Hall conductivity i.e.
Oyy(B) ~ Y;sen;u?B. Each low-mobility pocket should also make a contribution to longitudinal
conductivity, with a quadratic dependence on field, o%,(B)~ Xen;u;(1 — y;2B?) =
20y, :(0)(1 — p;2B?). Indeed, if we calculate the contributions to conductivity from the high
mobility electrons using (1., i) from our 3BM fit (see Fig. 4 (c,d) for example), and subtract this

from our conductivity data, the remainder (¢') is consistent with this hypothesis. This leaves us

do.

d;y |g=0 > 0xx (0), and X;0,, ;(0)1;2, the coefficient of the quadratic

with three constraints for ¢':

term in oy, (B). However, for the two lower mobility bands in a 3-band model, we have four
parameters — two (n;, i;) for each band, and the fit is under-constrained, and the extracted values
have limited usefulness®. Correspondingly, for the 2-band model with only one low mobility
pocket, the fit is over-constrained, and the fits are inadequate. A third pocket is needed to fit to the
magnitude of the total longitudinal conductivity at zero field and the magnetoconductance. Thus,
while we obtain better fits using a 3-band vs a 2-band model, we cannot determine (n;, y;) uniquely
for the two low-mobility bands in the 3-band model, and we do not present these values here.
From our 3BM fit for sample S#1 we find a lower mobility for the ‘high-mobility’ electron pocket,
with p, = 2942 cm?V-'s’!, though the fits to the data using the 3-band model are not as discerning
because the high-mobility ‘inverted-S’ feature is much weaker. The carrier densities for the high

mobility e-pocket extracted from our 3BM fits are consistent with our estimates of n} from the
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Luttinger volume of the M-point pocket in the ARPES literature!”-!8235! | which are in the range

of 0.5 -2 x 10'%/cm?.

We note that for all samples, n, increases with increasing temperature (Fig. 4f). This suggests that
the very low carrier density in the high-mobility electron pocket that dominates o, at low fields
can change significantly due to thermal activation of carriers across a small gap. Thermal
excitation leads to higher carrier densities, particularly for electrons in the high mobility pocket,
resulting in higher conductivity. This is observed even in the relatively low-mobility S#1, where a
pronounced ‘inverted-S’ shape emerges in oy, at higher temperatures at low fields, accompanied
higher magnetoresistance (Fig.3 (b,c)). Table 1 summarizes the mobilities and carrier
concentrations of all the films studied. The mobility of our thin film is higher than earlier reports
on Bi films of similar thicknesses grown on different substrates. >32->3 We note that a more recent
study on high-mobility Bi films grown on hBN substrates>* observed Shubnikov de Haas (SdH)
oscillations in resistance. These samples had much higher carrier densities (>10'3/cm?) than our
films, and showed metallic behavior for the resistivity at all temperatures for similar thicknesses.
In another recent study, crystalline Bi (111) flakes were obtained by encapsulating Bi between
hBN layers®, where they observed SdH oscillations as well and inferred electron densities in the

2 x 10'?/cm? range from these. They also inferred a bulk gap from their transport measurements.

In order to understand the origin of the high mobility electrons in our thin film samples, we
consider the limit where the bulk states are gapped out at the lowest temperatures, and the
conductivity is dominated by the surface states. We take k+p models for the electron pocket at 77,

hole pockets between I"and M°’, and the electron pockets near the M-point®® to O(k?) and compute
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the Hall conductivity due to the orbital field for each pocket, fitting parameters from the k+p model

to a tight-binding model®®*°. The Hall conductivity for each pocket is given by:

Nt

1+(01)2 Eq.3

e?
Oxy = an (m*vava)T

where e is the electronic charge, m* is the effective mass of the pocket, vg, and v, are the Fermi
velocities in the x and y direction — the major and minor axes of the ellipsoid that we use to model
the Fermi surfaces for these pockets. (we note for the e-pocket near I', v, = vp,, to O(k%)). We use
the relaxation time approximation, where 7 is the elastic relaxation time for all electron and hole
pockets, and 2 = eB/m” is the cyclotron frequency for each pocket. Using the fitted parameters
from the tight binding model, we compare the quantity 6, = m*vp,Vp, for each set of pockets,
taking note that there is one electron pocket centered at I', 6 hole pockets between I' and M, and
6 electron pockets near the M-points of the Brillouin zone. Using units A = 1, we arrive at
Oxye-m = 0.28€V; Gy, =.08eV; Gy = 0.11eV. We thus see that the contribution from the
electron pockets near the M-point dominate the Hall conductivity, due in large part to the electron
pockets away from I' having the largest effective mass, mM* > mj > mZL/. Thus, our hypothesis
is that in films where the thickness > 16nm, the high mobility electrons that give rise to the
characteristic ‘S’-shaped Hall conductivity originate in the electron pockets in the Bi (111) surface

state in vicinity of the M-point, with (n¥, u).

Through our optimized substrate treatment and annealing conditions, we also grew epitaxial Bi
(111) films down to thickness of approximately 5 nm. These films exhibit excellent stability in
ambient conditions, where the low temperature resistance decreased slowly by ~10% over a period

of 2 weeks, but the temperature dependence remained nearly the same. After three weeks, we
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noticed a marked change in properties (Fig. S4), The reasons for this are not known at this time.
The stability of our films enabled us to perform various ex-situ measurements, including atomic
force microscopy and x-ray diffraction and reflectivity, and transport measurements on patterned
devices (Fig. 5) (see SI Fig. S3 and Fig. S4 ). AFM analysis revealed a smooth surface with an
estimated root mean square (RMS) roughness of 0.41 nm. The (121) phi scan showed peaks at
similar positions to those observed in thicker films, albeit with significantly weaker intensities.
Additionally, resistivity measurements indicated an increase with decreasing temperature,
suggesting an insulating behavior in this ultra-thin film. Interestingly, similar resistivity trends
have been observed in ultra-thin bismuth layers (~0.39 nm) grown between a 6H-SiC substrate
and epitaxial graphene via confinement heteroepitaxy?. Furthermore, we note an increase in
resistance upon cooling to the lowest temperatures, starting at around 4.5 K. This behavior, also
observed in thin films of topological materials®’, could be due to electron-electron interactions.
Importantly, Hall measurements revealed sublinear hole-like R., vs B curves, at low temperatures
(Fig. 5d). As the temperature increases, hole-like carriers continue to dominate at higher
temperatures (Fig. S5 (a)), in contrast to the S#1 sample, which exhibited inverted S-shaped curves
due to the presence of both holes and high-mobility electrons at higher temperatures. This suggests
that in the ultra-thin 5 nm Bi film, the Hall signal is dominated by hole-like carriers, and the high
mobility electron pocket is gapped out to the extent that it does not get populated even at higher
temperatures. It is known from ARPES measurements'® and from theoretical calculations®’ that
the high-mobility electron pockets in the Bi (111) surface near the M-point are strongly hybridized
with the gapped Dirac like bulk states. Confinement effects push the bulk electron-like states near
the M-point further above the Fermi level'®, pulling the surface state electron pockets near the M-

point with them, causing them to get depopulated. Consequently, the transport properties become
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dominated by the relatively low mobility hole pockets with (n, ;) that lie along the 7-M direction,
as observed in the 5 nm Bi film. We also observed a cusp-like behavior, characteristic of the weak
antilocalization (WAL) effect, in the low-field region near zero in our longitudinal resistance. This
effect is typically observed at low temperatures in thin films of two-dimensional systems with
strong spin-orbit coupling (SOC), due to weak anti-localization®!. Similar cusp-like behavior is
also present in other thicker samples but is less pronounced in the 24 nm (S#2) and 32 nm films

and tends to vanish with increasing temperatures (see Fig. S5(b)).

In conclusion, for ultrathin epitaxial Bi films grown on GaAs (111) substrates, we found that argon
ion milling, annealing, and growth conditions significantly affect film growth and electrical
transport properties. For films grown on substrates prepared under conditions where the 2 x 2
reconstruction was not as evident, the films showed lower mobilities. In contrast, films on
substrates with optimized milling and annealing conditions where the 2 x 2 reconstruction was
evident exhibit smoother surfaces, larger unidirectional domains, higher conductivity, and larger
positive MR in perpendicular fields at low temperatures. Our theoretical models indicated that
these high-mobility electrons originate in the electron pocket near the M-point in the spin-split
surface states of Bi (111). Our findings provide a clear procedure for growing high-quality large
area Bi thin films on GaAs (111) substrates, where the electronic properties can be tuned by
varying the thickness. These films may have potential applications in spintronics and in

fundamental studies of the spin textured surface states of Bi (111).
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Annealed substrate

(e) Annealedsubstrate

Figure 1: (a) RHEED pattern of the GaAs (111) substrate for S#1 taken along the (112) azimuth
after annealing. Prior to annealing, the substrate was ion milled with an Ar" ion beam current of
16 mA. The ion milling process was performed twice, each time for 90 s with a 90 s gap between
the milling sessions. (b) A 3D spotty RHEED pattern indicating island growth of Bi in the initial
stages of growth. (¢, d) RHEED patterns of the 26 nm epitaxial Bi film at emission currents of -
0.9 pA and -2.1 pA, respectively. (e) RHEED pattern of the GaAs (111) substrate for S#2 taken
along the (112) azimuth after annealing, showing evidence for a 2x2 reconstruction. Prior to
annealing, the substrate was ion milled with ion beam currents of 17 mA and 18 mA for 90 s each,
with a 90 s gap between the milling sessions. (f-h) In this case, epitaxial Bi film started to grow in
an atomic layer-by-layer manner from an earlier stage, showing 2D RHEED patterns. The RHEED

images were captured at different Bi deposition thicknesses at a lower emission current of -0.6 pA.
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Figure 2: (a) Schematic diagram of rhombohedral Bi lattice (blue lines) in a hexagonal lattice (red
lines). Not all atoms are shown in the schematic. (b) AFM image of sample S#1. (¢) AFM image
of sample S#2. Different triangular domains are marked with different colors. (d) Both Bi films
peaks are denoted by (111) and (222) peaks of both the samples in the 2theta-theta XRD
measurements. (e, f) Phi-scan of the tilted (121) and (221) ((0114) and (1015) in hexagonal
indices) planes of S#1(purple) and S#2 (red) samples. The (220) plane of the GaAs substrate
shows the three-fold symmetry (black). The weaker intensity observed for the (221) plane of Bi
compared to the (121) plane is primarily attributed to a smaller structure factor, which reduces the

diffracted intensity despite similar measurement geometry.
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Figure 3: (a) Lithographically patterned Hall bar device. W and L represent the width and length
of the Hall bar, respectively. The scale bar corresponds to 500 um. (b, ¢) magnetoresistance and
Hall conductivity of S#1 at different temperatures. Note, S#1 was the only sample grown on a
GaAs (111) substrate that did not show the 2 x 2 reconstruction. (d) Sheet resistance vs
temperature curves for S#1 and S#2 samples, both 24 nm thick. (e, f) Hall conductivity and
magnetoresistance of S#2 at different temperatures. (g, h, i) Sheet resistance vs temperature,
magnetoresistance and Hall conductivity vs field at different temperatures for a 16 nm Bi film. (j,
k, 1) Sheet resistance, magnetoresistance and Hall conductivity with field at different temperatures

for a 32 nm Bi film.
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Figure 4 (a) Longitudinal conductivity o,,(B) and (b) Hall conductivity Oxy (B) at5K fora 16
nm Bi (111) film deposited on a substrate where the 2 x 2 reconstruction was clearly evident.
Fitting to a 3-band model was shown to work better than to a 2-band model, and both show
evidence for an electron pocket with high mobility. (c) Comparison of the contribution from the
high-mobility electron pocket (HMEP) to the change in longitudinal conductivity with field, and
(d) the Hall conductivity, using mobility and carrier density obtained from a 3-band model fit. (e,f)
Mobility and areal carrier density of electrons in the high mobility pocket as a function of

temperature, extracted from fitting a three-band model to o, (B) and o, (B).
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Thickness n, (300 K)

(nm) ' cm2

16 nm 4686 3.48 x 10M 1445 3.91 x 10"
24(#S1) 0294 3.97 x 10" 2182 7.46 x 102
24(#S2) 6137 6.48 x 10™ 2039 7.03 x 102

32 7277 1.02 x 102 2402 9.88 x 10"

Table 1 Properties of the high mobility electron pocket extracted from simultaneous fits to o, (B)

and oy, (B) at 5 K and at 300 K for different thicknesses.
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Figure 5: (a) Atomic force microscopy image of a 5 nm thick Bi film. (b) Azimuthal (phi) scan of
the Bi (121) peak in a 5 nm thick film. The inset shows the RHEED pattern after film growth. (c)
Sheet resistance vs temperature curves from 300 K down to 2 K. The sharp rise of resistance from
4.5 K is shown in the inset. (d) Sheet resistance Rs (red) and hall resistance R,, (blue) vs. magnetic

field at 2 K.
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The Supplementary Material has 4 figures, Fig. S1 — S4, describing various aspects of the structural and

transport properties of the films presented in the main text.
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Figure. S1: (a) X-ray reflectivity (XRR) of 24 nm Bi (111) films on GaAs(111) substrate. Sample S#2 (red)
exhibits a higher number of oscillations compared to S#1 (purple), indicating a smoother surface and/or
film—substrate interface in S#2.
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Fig. S2: (a-d) 3-Band and 2-Band fits to conductivity data for films of different thicknesses where g, is
shown in the upper panels and oy, in the lower panels. The 3-Band model yields a consistently better fit to
the data. (e-f) Comparing the calculated conductivity for the high mobility band using parameters extracted

from the 3-Band model to the measured data. The change in conductivity with B at all fields is dominated
by the single high mobility band.
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Figure. S3: (a) X-ray diffraction (2-theta scan) — note peaks are indexed in hexagonal notation (b) X-ray
reflectivity, and (c) Azimuthal (phi) scan using the (1015) peak for the 5 nm Bi film.
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Figure. S4. Resistance—temperature curves for a 5 nm Bi film measured at different times. (a-¢) An upturn
below 4.5 K is consistently observed in all measurements. Although the absolute resistance gradually
decreases by about 10% over two weeks, the overall curve shape remains similar. (¢) By the 5th
measurement, approximately 24 days after the initial measurement, a qualitatively different dependence is
observed, showing a decrease in resistance with decreasing temperature. A possible reason for this
evolution is the gradual oxidation of the Bi film over time. (f, g) 1st and 5th RT curves are presented here
for temperatures ranging from 2 K — 300 K.
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Figure. S5: (a) Hall resistance of a 5 nm Bi film measured at different temperatures: 10 K, 50 K, 100 K,
and 200 K. We note that the presence of multiple bands at the Fermi level does not allow us to extract
carrier densities from the Hall data. (b) Magnetoresistance (MR) of the 5 nm Bi (111) film showed a cusp-
like behavior with positive MR—indicative of weak anti-localization (WAL)—which is more pronounced
at low temperatures and gradually diminishes at higher temperatures. (c) At elevated temperatures (50 K
and 100 K), the MR curves showed a parabolic shape, characteristic of classical magnetoresistance.
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