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ctronic phase transition and
quantum transport signatures in epitaxial bismuth
films on silicon substrates

Jicheng Zhao, Yuxiang Dai, Chang Gao* and Yang Qi *

Bismuth (Bi), a canonical semimetal with giant spin–orbit coupling, is a prime candidate for hosting exotic

topological phases of matter. Strain engineering offers a powerful pathway to manipulate its electronic

ground state, yet systematic experimental validation remains elusive. Here, we demonstrate a strain-

driven electronic phase transition in epitaxial Bi films grown on Si substrates via molecular beam epitaxy

(MBE). A combination of in situ electron diffraction and ex situ X-ray diffraction reveals that coherent

compressive strain, induced by lattice mismatch, systematically relaxes as the film thickness surpasses

a critical value of approximately 150 Å. In the highly strained regime, the films exhibit a quasi-insulating

behavior, consistent with the theoretically predicted strain-induced opening of a bulk band gap–a key

prerequisite for a topological phase transition. As the strain relaxes, the system reverts to its intrinsic

semimetallic state. This transition is directly mirrored in the electronic transport properties, where the

evolution of a low-temperature resistivity anomaly provides a clear signature of weak localization,

reflecting changes in electronic coherence and disorder. Our work establishes a direct correlation

between epitaxial strain, electronic structure, and quantum transport phenomena in Bi, providing

a comprehensive experimental framework for exploring strain-engineered topological states in quantum

materials.
Introduction

Bismuth (Bi), a semimetal with a unique topological electronic
structure, is regarded as a highly promising silicon-compatible
thermoelectric material due to its high carrier mobility and
excellent Seebeck coefficient.1–6 However, due to the signicant
lattice mismatch between Bi and Si, epitaxial growth of Bi lms
on Si substrates introduces in-plane stress.7–10 This profoundly
alters their intrinsic electronic properties, presenting both
challenges and opportunities for device applications.11–13

To fabricate high-quality Bi polycrystalline lms, continuous
optimization of the fabrication process is essential.14–16 Among
the critical factors inuencing Bi lm growth are substrate
temperature and lm thickness. Lattice mismatch, as a core
physical parameter in heteroepitaxial growth, is one of the
decisive factors regulating the microstructure and macroscopic
properties of bismuth lms.16–22 As a semimetal, Bi exhibits
a unique band structure that is highly sensitive to changes in
lattice constants.23–27 Lattice mismatch with the substrate
induces compressive or tensile stress, signicantly altering the
relative positions of its valence band maximum (VBM) and
conduction band minimum (CBM).28–33 This stress-induced
, Northeastern University, China. E-mail:
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y the Royal Society of Chemistry
band modulation can cause the electronic properties of Bi
lms to transition between semimetallic, semiconductor, and
even topological insulator states.34–38 The magnitude of lattice
mismatch directly inuences the critical thickness of the lm,
which determines its crystalline quality, surface morphology,
and grain orientation.39–42 Therefore, a deep understanding and
precise control of lattice mismatch are crucial for achieving
high-performance applications of bismuth lms.

D. Meyer et al.43 demonstrated a technique using spot prole
analysis low-energy electron diffraction (SPA-LEED) to precisely
measure the strain state in situ during the epitaxial growth of
Bi(111) lms on Si(001) substrates. By utilizing two non-
equivalent integer-order diffraction points originating from
the two Bi sublattices, their method allows for high-precision
determination of the lm's lattice parameters, enabling the
tracking of strain evolution during growth. Other studies have
explored mismatch effects in different material systems. P. A.
Gabrys et al.,44 for instance, grew heteroepitaxial colloidal lms
using DNA-modied nanoparticles as programmable ‘atomic
equivalents’, nding that more exible and compliant building
blocks better accommodate mismatches and the resulting
strains. Their study also demonstrated that the lms exhibit
markedly different relaxation behaviors in positive (tensile)
versus negative (compressive) lattice mismatch regimes. In the
context of functional oxides, Li et al.45 investigated the effect of
mismatch stress on the domain structure and domain wall
Nanoscale Adv.
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(DW) conductivity of lithium niobate thin lms. Their results
indicated that while the mismatch strain did not change the
overall domain structure, it signicantly affected the polariza-
tion intensity. Moreover, they showed that the DW conductivity
could be effectively enhanced through careful engineering of
the mismatch stress. Despite these advances, systematic
investigations of compressive stress in Bi lms on Si substrates
are still lacking. Most existing studies have been limited to
conrming the presence of stress or measuring a static critical
thickness. Consequently, a clear physical picture supported by
direct experimental evidence—detailing how the dynamic
process of stress relaxation as a function of thickness continu-
ously modulates the electronic transport properties—remains
elusive.

This study systematically investigates the complete evolution
process of the critical thickness, rather than focusing solely on
a single thickness point. By integrating reection electron
diffraction (RHEED), X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), resistance–temperature (R–T), and Hall
measurement data, a mutually corroborating chain of evidence
has been established. The study provides an in-depth elucida-
tion of the stress relaxation mechanism and its regulatory effect
on electronic properties.
Experimental

The bismuth evaporation process was conducted in an ultra-
high vacuum (UHV) molecular beam epitaxy (MBE) system
employing a boron nitride crucible as the thermal source
container. A resistance-heated beam source furnace provided
precise thermal control for the evaporation process. Prior to
deposition, Si(100), Si(110), and Si(111) substrates were ultra-
sonically cleaned and then inverted on a molybdenum sample
holder to ensure optimal thermal contact. C-axis-oriented Bi
epitaxial lms were synthesized under UHV with a base pres-
sure below 1 × 10−7 Pa and operational pressure maintained at
5 × 10−7 Pa. The deposition rate was precisely regulated
between 0.6 and 1.9 Å min−1 through computer-controlled
shutter operation, while substrate temperatures were main-
tained within the 70–130 °C range using a PID-regulated heat-
ing stage. Film thickness calibration was achieved through
a dual measurement protocol: real-time monitoring using
a quartz crystal microbalance followed by post-deposition veri-
cation with a Dektak3 surface prolometer. Structural char-
acterization was performed using a Rigaku-D/max-A X-ray
diffractometer equipped with Cu Ka radiation, conrming the
crystalline orientation and phase purity of the lms. Surface
morphology analysis was conducted using a Nanoscan Easy2
atomic force microscope operating in intermittent contact
mode. X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a Shimadzu AXIS Supra+ spectrometer. The
transport properties were characterized using a physical prop-
erty measurement system (PPMS, Quantum Design,
DynaCool-9) equipped with a high precision rotator and the
magnetic eld up to 9 T.
Nanoscale Adv.
Results and discussion

Fig. 1a, c and e shows the XRD patterns of Bi lms deposited on
Si(100), Si(110), and Si(111) substrates at a substrate tempera-
ture of 70 °C and a deposition rate of 1 Å min−1, within
a thickness range of 90 Å to 240 Å. The hexagonal structure was
indexed in this study, with the standard PDF card number 05-
0519 and lattice constants a = 4.546 Å, b = 4.546 Å, and c =

11.86 Å. The 2q diffraction peaks of the Bi lm on the three
substrates appear at 22.480°, 45.889°, and 71.468°, corre-
sponding to the (003), (006), and (009) crystal planes of Bi,
respectively. Comparison with the standard PDF reveals no
signicant peak position shis. The intensity of the (001) crystal
plane diffraction peak increases with lm thickness, indicating
that the Bi lm exhibits a highly preferred orientation. On
Si(100) and Si(110) substrates, when the lm thickness reached
240 Å, the XRD pattern exhibited a (012) plane at 27.165°,
though its intensity was lower than that of the (003) plane. The
competitive growth of the (003) and (012) planes is crucial for
bismuth lms. The emergence of the (012) plane occurs because
the lm exceeds the critical thickness, releasing in-plane stress
and shiing the growth mechanism from substrate-dominated
to lm-energy-dominated. Aer growing along the (012) plane,
the lm cannot undergo reconstruction, resulting in prominent
unit cells on the lm surface.

To investigate the effect of lm thickness on crystallinity in
Bi lms grown on three substrates, statistical analysis was
performed on the full width at half maximum (FWHM) and
grain size of the (003) plane diffraction peak in the XRD
patterns, as shown in Fig. 1b, d and f. The FWHM of the (003)
plane decreased with increasing lm thickness, indicating
enhanced crystallinity. Conversely, the grain size exhibited
opposite behavior, showing a marked increase as the lm
thickness increased from 90 Å to 240 Å. Based on the differing
slopes of the curves, lm growth can be divided into two stages:
stage I: the lm thickness between 90 Å and 150 Å. The grain
size rapidly increased during this stage, with grains coarsening
quickly. The improved crystalline quality of the lm led to
a rapid decrease in the FWHM. Stage II: spanning lm thick-
nesses from 150 Å to 240 Å, where the growth rate of the grain
size decreases. At this point, grains have already reached
a considerable size, and the driving force for the system to
reduce total energy through grain boundary migration is less
pronounced than that in the rst stage. Although grains
continue to grow slowly, the rate is signicantly reduced. The
difference in grain size growth rates reects the change in the
lm growth mechanism.

XPS characterization determined the elemental composition
of the Bi lm. The peak positions of the Bi 4f core levels were
calibrated using the C 1s spectrum, with the standard based on
the 284.8 eV binding energy of C 1s, as shown in Fig. 2a. Fig. 2b
displays the spin–orbit doublet of Bi 4f in the Bi lm. The XPS
spectra of the Bi 4f core level exhibit binding energies of
156.9 eV at Bi 4f7/2 and 162.2 eV at Bi 4f5/2, characteristic of the
Bi–Bi bond. No characteristic signals for Bi–Bi bond oxidation
were observed in the XPS spectrum. To directly probe the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of Bi films on Si(100) substrates with varying film thicknesses. (b) FWHM and out-of-plane grain size of Bi films on Si(100)
substrates. (c) XRD patterns of Bi films on Si(110) substrates with varying film thicknesses. (d) FWHM and the out-of-plane grain size of Bi films on
Si(110) substrates. (e) XRD patterns of Bi films on Si(111) substrates with varying film thicknesses. (f) FWHM and the out-of-plane grain size of Bi
films on Si(111) substrates.
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modulation of the electronic structure in Bi lms by compres-
sive stress relaxation, XPS valence band spectra with a reference
Au Fermi edge were acquired for representative thicknesses (90
Å and 210 Å), as shown in Fig. 2c. A systematic evolution of the
valence band spectrum was observed as the lm thickness
increased from 90 Å to 210 Å. The most prominent feature is the
distinct shi of the VBM. Using rst-derivative analysis for
precise localization, we determined the VBM positions for Bi
lms of 90 Å and 210 Å thickness to be 0.37 eV and 0.12 eV,
respectively. The 90 Å spectrum appears to exhibit an additional
shoulder-like structure around the Fermi energy. We interpret
© 2026 The Author(s). Published by the Royal Society of Chemistry
this near the Fermi energy spectral weight as arising from
surface states or quantum well states that are more prominent
in thinner lms. This interpretation is consistent with previous
angle-resolved photoemission spectroscopy (ARPES) studies on
Bi lms,36 which demonstrated that for lms below ∼120 Å, the
top and bottom surface states couple to form quantized sub
bands, some of which cross and contribute to the spectral
weight near the Fermi energy. The absence of this feature in the
210 Å lm can be attributed to the decoupling of the two
surfaces and the recovery of the bulk-like electronic structure.
The VBM shi indicates a reduction in the energy barrier for
Nanoscale Adv.
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Fig. 2 (a) High resolution XPS spectrum of C 1s of Bi films. (b) High resolution XPS spectrum of Bi 4f core levels of Bi films. (c) XPS valence band
spectrum of Bi films with thicknesses of 90 Å and 210 Å.
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hole excitation, directly corresponding to the increased carrier
concentration observed in Hall measurements. This suggests
that semimetallic properties are restored aer relaxation, with
an increased number of carrier states available for conducting
electricity. This trend is fully consistent with the enhanced
metallic behavior observed in the high-temperature region of
the R–T curve.

Fig. 3 shows the AFM surface topography of Bi lms with
different thicknesses on Si(100), Si(110), and Si(111) substrates,
with a scanning area of 2 mm × 2 mm. At 90 Å, the AFM image
reveals a surface composed of ne, dense, and interconnected
two-dimensional islands. The Bi lm exhibits low surface
roughness with shallow channels between islands. This indi-
cates that the lm follows a layered growth pattern, where Bi
atomic layers epitaxially grow under strong connement on the
Si substrate. Surface undulations primarily reect the coales-
cence process of initial nucleation islands. At 150 Å, the original
two-dimensional islands begin to fuse and bulge upward,
revealing irregular wrinkles oriented in various directions and
an increase in surface roughness. This provides direct evidence
of local buckling or slip occurring within the lm during stress
relaxation. At 210 Å, the AFM image of the Bi lm consists of
distinct, isolated large-sized grains separated by pronounced
deep grooves. The evolution of the AFM morphology provides
direct topographical evidence for stress relaxation with
Nanoscale Adv.
thickness. This evolution is highly consistent with results from
RHEED, XRD, and electrical transport measurements.

In situ reection high-energy electron diffraction (RHEED)
was utilized to monitor the epitaxial growth process and to
determine the specic epitaxial relationship between the Bi
lms and the Si substrates. The diffraction spots are clear and
bright, indicating a contamination-free substrate surface. The
lattice constants of the three substrates were calculated from
the diffraction fringe spacing and matched the room-
temperature lattice constants of the three substrates. Fig. 4d,
e and f present schematic diagrams illustrating the matching
congurations between Bi lms and Si(100), Si(110), and Si(111)
substrates. By rotating the sample stage during Bi lm growth
and observing changes in the RHEED patterns, the matching
modes between the three substrates and the Bi lms can be
determined. Based on the matching congurations of the three
substrates shown in the gure, the mismatch between the Bi
lm and the substrates was determined. The mismatch for
Si(100) is 1.36%, for Si(110) is 2.32%, and for Si(111) is 1.31%.

As shown in Fig. 5, by monitoring RHEED measurements of
Bi lms grown on Si(100), Si(110), and Si(111) substrates, we can
clearly trace the evolution of the in-plane lattice constant
gradually increasing with lm thickness. This phenomenon
directly reveals the kinetic mechanism of compressive stress
relaxation. On the Si(100) substrate, the lattice constants of the
Bi lm at thicknesses of 90 Å, 120 Å, 150 Å, and 180 Å were 4.511
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM images of Bi films fabricated at different film thicknesses on (a) Si(100), (b) Si(110), and (c) Si(111).

Fig. 4 RHEED diffraction pattern of the Si substrates: (a) Si(100); (b) Si(110); (c) Si(111). Matching model of Bi and Si substrates: (d) Si(100);
(e) Si(110); (f) Si(111).

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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Fig. 5 RHEED patterns of Bi films on Si(100) at: (a) 90 Å, (b) 120 Å, (c) 150 Å, (d) 180 Å; on Si(110) at: (e) 90 Å, (f) 120 Å, (g) 150 Å, (h) 180 Å; and on
Si(111) at: (i) 90 Å, (j) 120 Å, (k) 150 Å, (l) 180 Å.
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Å, 4.528 Å, 4.535 Å, and 4.546 Å, respectively. On Si(110)
substrates, the lattice constants for different Bi lm thicknesses
are 4.508 Å, 4.533 Å, 4.537 Å, and 4.546 Å. On Si(111) substrates,
the lattice constants are 4.513 Å, 4.529 Å, 4.535 Å, and 4.546 Å.
When the lm thickness is less than 150 Å, the lattice constants
are signicantly smaller than the bulk bismuth lattice constant
of 4.546 Å. This indicates that Bi lms on all three Si substrates
experience in-plane compressive stress, with greater stress
occurring at thinner lm thicknesses. As the thickness
increases, the RHEED patterns begin to exhibit systematic
changes. The spacing between diffraction fringes gradually
decreases. According to RHEED diffraction geometry, the fringe
spacing is inversely proportional to the interplanar spacing.
Therefore, the decrease in fringe spacing directly corresponds
to an increase in the in-plane lattice constant. This change
Fig. 6 Lattice constants of Bi films as a function of film thickness: (a) Si(

Nanoscale Adv.
indicates that beyond 150 Å, the in-plane stress in the lm is
released, allowing it to recover toward the equilibrium lattice
constant of its bulk material. It is worth noting that strain
relaxation and recovery of bulk-like transport are not synony-
mous. While the lattice constant recovers beyond the critical
thickness, the relaxation process inevitably introduces a “defect
legacy”—specically, grain boundaries and dislocations—that
persists even in thicker lms. These defects act as strong scat-
tering centers and reduce the carrier mean free path, which can
signicantly modify the transport behavior.

Fig. 6 shows the lattice constants of Bi lms with varying
thicknesses on the three different substrates, calculated using
RHEED. It can be observed that during the rst stage, between
90 Å and 150 Å lm thicknesses, the Bi lattice constant gradually
increases. The second stage occurs when the thickness exceeds
100); (b) Si(110); (c) Si(111).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Carrier density n and (b) mobility m of Bi films with different thicknesses on the three substrates at 300 K.
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150 Å, at which point the Bi lattice constant stabilizes and no
longer changes relative to bulk Bi. Based on the half-width and
grain size determined by XRD characterization, 150 Å is iden-
tied as the critical thickness for Bi/Si lms. From the lattice
constant variation curve, it can be inferred that, in the rst
stage, in-plane stress is the primary factor inuencing the
crystallinity of the Bi lm. The crystallinity of the Bi lm
increases rapidly with a steep curve slope, while the contribu-
tion from the grain size is relatively minor. In the second stage,
the in-plane stress in the lm is released, causing its contri-
bution to decrease rapidly, while the contribution from the
grain size gradually increases. However, the inuence of the
grain size is not signicant, resulting in a very small curve slope.

To verify the microscopic mechanism of carrier behavior,
Hall effect measurements were performed on Bi lms grown on
Fig. 8 Temperature dependent resistance curves of Bi films with differe
(e) 210 Å and (f) Ttop curve as a function of thickness for Bi films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
three substrates using the van der Pauw method, as shown in
Fig. 7. Both carrier concentration and mobility exhibited
thickness dependence, a variation closely related to the stress
release process. The three-dimensional electron (hole) density
is dened as n(P). Fig. 7a and b display the mobility and carrier
density of various carriers in a perpendicular magnetic eld for
the three substrates. As the thickness increases, the carrier
concentration and mobility of bismuth lms on the three
substrates exhibit a rapid growth trend before reaching the
critical thickness, followed by a saturation trend beyond the
critical thickness. Below 150 Å, compressive stress increases the
separation energy between light and heavy hole bands and may
slightly broaden the bandgap, signicantly suppressing
intrinsic carrier excitation. Beyond this thickness, the lattice
constant gradually recovers, enhancing the overlap of
nt thicknesses on Si(100). (a) 90 Å, (b) 120 Å, (c) 150 Å, (d) 180 Å, and

Nanoscale Adv.
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Fig. 9 Temperature dependent resistance curves of Bi films with different thicknesses on Si(110): (a) 90 Å, (b) 120 Å, (c) 150 Å, (d) 180 Å, and
(e) 210 Å and (f) Ttop curve as a function of thickness for Bi films.
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semimetallic intrinsic bands and exciting more intrinsic elec-
trons and holes. Aer 150 Å, carrier concentration further
increases to levels approaching those of bulk bismuth mate-
rials. The elevated carrier density in our lms, particularly in the
thicker samples, may indeed indicate an extrinsic contribution
beyond pure strain effects. One plausible mechanism is charge
transfer from the Si substrate or interfacial states. The Si/Bi
interface can act as a source of excess carriers, thereby doping
Fig. 10 Temperature dependent resistance curves of Bi films with differe
and (f) Ttop curve as a function of thickness for Bi films.

Nanoscale Adv.
the Bi lm. The Hall effect clearly maps the evolution of physical
properties in Bi lms on Si substrates with increasing thickness.
Starting from a stress-constrained state characterized by low
carrier concentration, low mobility semiconducting behavior,
the lms undergo a critical thickness transition zone before
ultimately transitioning to a stress-released state marked by
high carrier concentration and high electron mobility semi-
metallic behavior.
nt thicknesses on Si(111): (a) 90 Å, (b) 120 Å, (c) 150 Å, (d) 180 Å, (e) 210 Å
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To further investigate the effect of mismatch stress on the
transport properties of Bi lms, the transport characteristics of
Bi lms with varying thicknesses on the three different
substrates were measured. Fig. 8 displays the R–T curves and
variation curves of the resistance peak Ttop for Bi lms of
different thicknesses on Si(100) substrates. Within the Bi lms,
the R–T curve exhibits a resistance peak in the low-temperature
region. This peak originates from Bi's unique semimetallic
band structure and carrier competition. As shown in Fig. 8a–e,
the R–T curves of Bi epitaxial lms exhibit three distinct trans-
port mechanisms: the high-temperature phase (blue curve)
displays semiconductor-like resistance, increasing linearly with
decreasing temperature. The low-temperature phase (black
curve) exhibits metallic resistance, decreasing linearly with
decreasing temperature. The intermediate competition phase
(red curve) shows mixed resistance behavior. It can be observed
that as the thickness increases, the metallic state characteristics
of the Bi lm gradually emerge while the semiconductor state
characteristics diminish. The resistivity peak in our thick lms
is interpreted as a combined effect of (i) the intrinsic semi-
metallic band structure (competition between light holes and
electrons), and (ii) extrinsic grain boundary scattering that
modies the temperature dependence. When the Bi lm is
subjected to compressive stress, the metallic state of Bi is sup-
pressed or even eliminated, causing it to exhibit semiconductor
state characteristics. Upon stress release, the Bi lm gradually
regains the metallic state characteristics of bulk-like bismuth,
with resistance showing a slight increase with rising tempera-
ture—a characteristic weak metallic behavior of the bulk Bi
material. Below the critical thickness, the Bi lm experiences
compressive stress, increasing the light/heavy hole band sepa-
ration energy and signicantly suppressing intrinsic carrier
excitation, causing the lm to exhibit semiconductor behavior.
As the thickness increases beyond the critical value, stress is
released and the lattice constant gradually recovers toward bulk
bismuth values. This macroscopically manifests as the previ-
ously suppressed metallic state becoming accessible. As shown
in Fig. 8f, as the thickness increases, Ttop increases from 49.5 K
to 90.5 K. This indicates that the lm thickness directly inu-
ences the transition between the metallic and semiconducting
states of the Bi lm. The shi of Ttop toward higher tempera-
tures with increasing lm thickness suggests that the transition
temperature for the metallic state gradually increases, the
metallic characteristics progressively strengthen, and the sem-
iconducting state occupies a smaller proportion in the compe-
tition. Fig. 9 and 10 show the R–T curves and Ttop curves for Bi
lms on Si(110) and Si(111) substrates, respectively. The R–T
curve exhibits the same trend as that observed for Bi lms on
Si(100) substrates. The Ttop of the Bi lm on the Si(110)
substrate increases from 41.9 K to 138.2 K with increasing
thickness. For Bi lms on Si(111) substrates, Ttop increases from
58.9 K to 101.8 K with thickness. At thin lm thicknesses, the
lattice mismatch between the substrate and lm induces
signicant internal stress. As the thickness increases, stress is
gradually released, altering Bi's electronic structure and shiing
Ttop toward higher temperatures. This stress release progres-
sively enhances the metallic state's competitiveness within the
© 2026 The Author(s). Published by the Royal Society of Chemistry
Bi lm. The three substrates Si(100), Si(110), and Si(111) exhibit
different mismatch ratios with Bi lms due to their varying
lattice orientations. Among them, Si(110) has the highest
mismatch and strongest initial strain, resulting in more
pronounced semiconductor behavior in the thin-lm layer and
a more pronounced recovery of metallic properties aer stress
relaxation. Si(111) exhibits optimal lattice matching due to its
hexagonal symmetry, resulting in minimal mismatch and the
most stable structural evolution with a narrower range of Ttop
variation; Si(100) lies between these two extremes. These
differences directly inuence the electronic transport evolution
pathways of the Bi lm by regulating stress states and their
release behavior, conrming the pivotal role of substrate engi-
neering in modulating the physical properties of topological
materials.
Conclusion

This study systematically characterized Bi lms of varying
thicknesses grown on Si(100), Si(110), and Si(111) substrates,
successfully revealing the regulation mechanism by which
mismatch-induced stress and its relaxation dynamics govern
the electronic structure and transport properties of epitaxial Bi
lms. RHEED and XRD results conrm the compressive stress
induced by lattice mismatch and its relaxation above a critical
thickness of∼150 Å, further determining the matching patterns
between Bi and the substrate. Below the critical thickness, the
Bi lm experiences compressive stress, increasing the light/
heavy hole band separation energy and signicantly suppress-
ing intrinsic carrier excitation, causing the lm to exhibit
semiconductor behavior. As the thickness increases beyond the
critical value, stress is released and the lattice constant gradu-
ally recovers toward bulk bismuth values. This macroscopically
manifests as the previously suppressed metallic state becoming
accessible. The Hall effect measurements show that the electron
concentration and mobility increase and approach saturation.
Ultimately, electrical transport properties transition from sem-
iconducting to metallic states, with R–T curves exhibiting
characteristic bulk-like bismuth behavior where Ttop shis
toward higher temperatures. The most signicant discovery of
this study lies in establishing a clear “stress–electronic struc-
ture–transport properties” correlation chain, demonstrating
that mismatch stress serves as an effective “tool” for precisely
controlling the physical state of topological semimetals. This
provides a solid theoretical and experimental foundation for
developing next-generation silicon-based thermoelectric and
spintronic devices.
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