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Bismuth (Bi) films hold potential for spintronic devices due to strong spin-orbit coupling. Understanding the 
growth, surface states, and interactions with the substrate is key to their functionalization. Large-area high-quality 
(111) Bi ultrathin films were grown on InSb (111)B substrates by molecular beam epitaxy (MBE). Strong film-
substrate interactions epitaxially stabilize the (111) orientation and lead to nonequivalent interface potentials. 
Analysis of angle-resolved photoemission spectroscopy (ARPES) measurements, employed to characterize the 
evolution of the surface states with film thickness, indicate a crossing at the M̄ point, suggesting a topologically 
trivial phase in the thin film. The results show the presence of interfacial bonds to the substrate breaks inversion 
symmetry, preventing the semimetal-to-semiconductor transition predicted for freestanding bismuth layers, 
highlighting the importance of controlled functionalization and surface passivation of two-dimensional materials.
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I. INTRODUCTION23

Scientists have studied strain and quantum size effects in24

bismuth (Bi) films for decades, which provide a rich platform25

for tuning topological order [1], semimetal to semiconducting26

transitions [2], and quantum-well states (QWS) [3]. The low27

carrier density, long mean free path, large spin-orbit coupling,28

and spin-polarized surface states [4] make Bi films a promis-29

ing system for future spintronics applications [5]. Group-V30

semimetals crystalize in the rhombohedral A7 structure in31

bulk, but their two-dimensional (2D) variants can stabilize32

in additional phases [6]. Group-V 2D films have attracted33

interest in classical electronic and optoelectronic device ap-34

plications due to their high carrier mobility and potential35

band gap tunability [7]. In the field of topological materi-36

als, there is an ongoing effort to classify the Z2 invariant of37

Bi experimentally [8–11], which also proves challenging to38

calculate computationally [12]. One-dimensional (1D) helical39

modes were observed along the Bi (111) type A step edges40

[13,14], which are a key component in one proposed platform41

to construct Majorana zero modes [15].42

The synthesis of large-area single-domain ultrathin43

(<6 bilayers, BL) buckled Bi (111)r on conventional44

semiconducting substrates has remained a challenge, with 45

only planar bismuthene wetting layers on SiC [16] and GaAs 46

[17] reported thus far. On weakly interacting substrates, such 47

as highly oriented pyrolytic graphite, Bi nucleates typically in 48

the black phosphorus (BP)-like phase [18,19], and transforms 49

upon further deposition to the rhombohedral (111)r-oriented 50

phase. On Si (111) substrates, weak film-substrate van der 51

Waals (vdW) interactions [20,21] also lead to the nucleation 52

of nearly freestanding Bi layers, starting at the BP phase and 53

transforming to a (111)r orientation only after a 6 BL film 54

coalesces [6]. Ultrathin Bi (111) films were nucleated on the 55

topological insulator (TI) substrate Bi2Te3 [22–25], where 56

in-plane contraction [26,27] is suggested to stabilize a TI 57

phase. However, compressive strain and band hybridization 58

with the Bi2Te3 substrate, along with unclear correspondence 59

between the experimental data and the calculations at the 60

ultrathin limit [23], make it difficult to study the topological 61

classification of Bi and the semimetal to semiconducting 62

transition predicted for ultrathin Bi [28]. 63

Bulk Bi is a semimetal [Figs. 1(a) and 1(b)] with a valence- 64

band maximum at the time-reversal invariant momentum 65

(TRIM) T point (projecting to �̄ for the (111) surface) and 66

a conduction-band minimum at the L TRIM point (projecting 67

to M̄). The small direct band gap at L is only a few meV and 68

determines whether Bi is a strong TI (an inverted band gap at 69

L) or a higher-order TI (HOTI, no band inversion at L). Bi is 70

predicted to lie at the border of a topological phase transition 71

between the HOTI and TI phases [9]. Yet, despite the chal- 72

lenge of estimating the gap size at L, most density functional 73

theory (DFT) calculations predict a trivial band order, with 74
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FIG. 1. (a) Calculated band structure of bulk Bi showing the hole and electron pockets at TRIM points T and L, respectively. (b) The bulk
Brillouin zone and TRIM points projected onto the (111) surface Brillouin zone. (c), (d) Schematic drawings of two possible surface-state
(SS1 and SS2) dispersions and projected valence and conduction bands (VB, CB) along �̄ − M̄; EF is the Fermi energy. (c) A surface state gap
could indicate either a Z2 topologically nontrivial band structure for a semi-infinite crystal or interactions between surface states at the top and
bottom surfaces of a film. (d) Surface state degeneracy at M̄, indicating a Z2 trivial band structure. (e), (f) ARPES E-k dispersion of the surface
states at hv = 37.5 eV for a 200 BL Bi (111) /InSb (111)B. (e) Raw data and (f) curvature plot [31] of the raw data enhancing the dispersive
features.

quasiparticle self-consistent GW calculations yielding a gap75

of 13 meV compared to 86 meV in conventional DFT [1].76

The indirect T-L gap and the band gap inversion at L depend77

on electron density [29], biaxial and shear strain [1,9,23], and78

bulk alloying in Bi1−xSbx [30].79

Angle-resolved photoemission spectroscopy (ARPES)80

measurements of Bi films [8,32,33] have nonetheless shown81

surface states gapped at M̄ which in the past was attributed to82

a Z2 nontrivial band topology [Fig. 1(c)] based on the surface83

state band-counting criteria [30,33]. ARPES observations of84

surface state connectivity can be used to classify topological85

phases in quantum materials [34,35], but they are complicated86

by spectral weight variations and surface-bulk hybridization87

[36], and their energy and momentum resolution may be88

limited [37]. Moreover, in thinner films, the spatial overlap89

between the wave functions of surface states at the top and90

bottom interfaces could also open up a hybridization gap [12].91

In Bi (111), the surface states near M̄ penetrate into the bulk92

of the film by 100s of BLs [12,38,39]. Crosstalk between93

the surface states forms a hybridization gap even in 200 BL94

thick films [8], resulting in an inconclusive assignment of the95

topological phase [Fig. 1(c)] [12].96

Recent ab initio calculations [40] have predicted that in97

films with structural inversion asymmetry (SIA), one could98

more easily distinguish between the Z2 topologically trivial99

and nontrivial phases due to the emergence of degenerate100

surface states observed only from one surface, as schemati-101

cally portrayed in Fig. 1(d). SIA in Bi thin films was modeled102

in past publications using surface potentials/functionalization103

[40–42] or inter/intra-BL expansion and structural changes104

[12,42]. However, not all interface perturbations are sig-105

nificant enough to prevent the neighboring surface states106

from hybridizing. For example, small potential differences in107

weakly interacting substrates such as Bi/Bi2Te3 and Bi/Si108

still result in surface state hybridization. Thus, to study109

the true topological nature of Bi, a substrate/overlayer with110

strong bonding to Bi films is necessary to produce SIA with111

an energy difference large enough to prevent surface states112

from hybridizing and facilitate the topological phase assign-113

ment of Bi. In addition to experimental efforts to tune the114

external electric field across the Bi film thickness using sub- 115

strate chemistry and bias, further theoretical modeling of Bi 116

thin films is needed. This modeling should focus on iden- 117

tifying substrate-induced voltage phase transitions between 118

topologically trivial and nontrivial phases [43,44]. 119

In this work, we utilize a semiconducting substrate, InSb 120

(111)B, with strong film-substrate interaction, resulting in 121

two nonequivalent interfaces (substrate-Bi and Bi-vacuum). 122

Unlike previously explored substrates, these strong interac- 123

tions allow us to stabilize ultrathin large-area (111) Bi films 124

down to 1 BL in thickness while avoiding neighboring surface 125

state hybridization. Our first-principles electronic structure 126

calculations confirm the strong effect of the substrate on the 127

surface states of the Bi thin films. The results indicate a 128

complete decoupling of the top and bottom surfaces reflected 129

in the degeneracy of the surface states at the M̄ TRIM point, 130

indicative of a topologically trivial phase. However, con- 131

clusive determination of the topological phase of Bi/InSb 132

requires higher resolution of energy-momentum mapping of 133

the Fermi contour around M̄. Moreover, additional work is 134

needed to identify any presence of a critical SIA potential 135

driving the films between a trivial and a potentially nontrivial 136

phase. 137

II. RESULTS AND DISCUSSION 138

The Bi films are grown via molecular beam epitaxy (see 139

Sec. S1 [45]) on InSb (111)B wafers and are studied with 140

scanning tunneling microscopy (STM), reflection high en- 141

ergy diffraction (RHEED), and ARPES. Figure 2 presents 142

the nucleation of the Bi films grown on InSb (111)B. Fig- 143

ures 2(a) and 2(b) show the epitaxial relationship between the 144

zincblende InSb (111)B surface and the Bi film with a rhom- 145

bohedral crystal structure. The (111)r rhombohedral notation 146

of Bi can also be simplified using the (0001)hex quasihexago- 147

nal unit cell in Fig. 2(a), where 3 BL (BL = 3.95 Å) define 148

the hexagonal out-of-plane lattice parameter c0 = 11.862 Å, 149

with an in-plane lattice parameter a0 = 4.546 Å [46]. Each 150

Bi BL has a buckled structure separated by a vdW-like gap, 151

with intermediate coupling strength between the bilayers [47]. 152
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FIG. 2. Side and top-view models of (a) the Bi (0001)hex surface
illustrating intralayer covalent-like bonds and interlayer vdW-like
stacking and (b) InSb (111)B unreconstructed surface. (c) RHEED
patterns and epitaxial alignment of the (3 × 3) InSb (111)B substrate
and (1 × 1) Bi (0001)hex surface. (d)–(g) STM images of InSb and
ultrathin Bi films 400 × 400 nm2. (d) InSb (111)B substrate exhibit-
ing atomically flat terraces (bias voltage, Vb: 1.2 V). (e) 1 BL Bi film
(Vb: 3 V). (f) 2.6 BL Bi film (Vb: 3 V). (g) 5.4 BL thick film, showing
progressive film relaxation (Vb: 3 V).

The mismatch between the Bi bulk lattice constant and InSb153

< 110 > atomic spacing is relatively small, with only 0.8%154

biaxial tensile stress applied to the Bi film. RHEED patterns155

in Fig. 2(c) confirm the nucleation of smooth (1 × 1) unrecon-156

structed Bi film surface on a well-ordered (3 × 3) InSb (111)B157

surface reconstruction that is atomically smooth over a large158

area [Figs. 2(d) and S1(a) [45]].159

STM images in Figs. 2(d)–2(g) show the evolution of the160

ultrathin film morphology with Bi film thickness. Follow-161

ing the deposition of 1 BL, a fractal-like structure emerges162

[Figs. 2(e) and S1(b) [45]] which was recently reported for163

the same film-substrate system [48]. For 2 to 3 BL films, the164

fractal pattern transforms to nearly continuous coverage of Bi165

(111) with 1 to 2 BL steps formed by adatom/vacancy clusters166

[2], which in turn could lead to band broadening in the ARPES167

spectra. Future work optimizing the film roughness through a168

more extensive synthesis study could help reduce the surface169

roughness down to the atomic limit by mapping ideal nucle-170

ation temperatures and post-growth annealing conditions for171

each film thickness.172

In Fig. 2(f), we observe only a single domain orientation in173

our STM images, unlike the common rotational domains seen174

thus far for Bi films [21]. Coherent strain is maintained only175

up to 2 BL [49], after which the films partially relax and form176

a “ripplocation”/soliton network, a unique strain relief mecha-177

nism in vdW materials [50]. The relaxed soliton network is ev-178

ident in Figs. 2(g) and S1(c) [45] for a 5.4 BL film and was ob-179

served in Bi films only when grown on InSb [48,49]. The aver-180

age terrace area observed in the 5.4 BL thick film is compara-181

ble to the steps seen for the InSb (111)B surface in Fig. 2(d),182

and results from substrate vicinality. This indicates an early183

onset of full coverage of Bi on the InSb substrate (in com-184

parison with the much rougher nucleation on Ge/Si [6]), and,185

overall, a smooth surface of the Bi films at the ultrathin limit.186

ARPES measurements of the surface states and QWS187

in the Bi (111)/InSb (111)B films were conducted at the188

Advanced Light Source at 11 K (see Sec. S1 [45] for details). 189

The photon energies used in this work, hv = 37.5 and 20 190

eV, should correspond to being close to the bulk � and T 191

points, respectively, assuming an inner potential of 6 to 10 eV. 192

Figure 3(a) shows the Fermi surface of a 5.4 BL Bi film, 193

presenting three-fold symmetry as the surface states disperse 194

from the valence band at �̄ toward M̄, indicating a single 195

epitaxial domain orientation. In Figs. 3(b)–3(e), we follow 196

the evolution of surface states (SS1 and SS2) and QWS 197

as a function of film thickness near M̄, with wide energy 198

range scans provided in Fig. S2 [45]. An increasing degree 199

of broadening in the surface state spectra is observed at the 200

ultrathin limit (< 6 BL), that could be attributed to a rougher 201

surface, either due to corrugations from terrace steps, or 202

out-of-plane buckling of the thin Bi film due to the soliton 203

relaxation [49]. We do not observe in ARPES any of the InSb 204

valence band dispersions despite the ultrathin thickness of the 205

Bi films (< 6 BL), as confirmed by examining a reference 206

InSb (111)B surface shown in Fig. S3 [45]. 207

Contrary to earlier reports for Bi (111) grown on other 208

substrates, such as Si(111) [3], Ge (111) [8], or Bi2Te3 (111) 209

[23,25], our data in Figs. 3(b) and 3(c) suggest a surface 210

state band degeneracy at M̄, consistent with the trivial surface 211

state assignment of Bi [Fig. 1(d)] and indicative of the surface 212

state bands avoiding crosstalk between the top and bottom 213

surfaces. For Bi films thinner than 10 BL, the surface state 214

hybridization gap at M̄ is expected to be at least a few 100s 215

of meV [28]; therefore, to observe the gapped surface states, 216

the photon energies used in our work would be sufficient. 217

However, for the thicker films, such as the 200 BL film, ad- 218

ditional studies measuring the same structure with a UV laser 219

source would provide an improved energy-momentum resolu- 220

tion needed to resolve the surface state crossing and rule out 221

very small gaps for hybridized surface states [10]. The lack of 222

anticipated gapped surface states, characteristic of a strong TI 223

phase, suggests the possibility of Bi (111)/InSb(111)B films 224

residing in the HOTI phase. In Figs. 3 and S1, we do not 225

detect the 1D edge state modes predicted for the HOTI phase 226

[13] (For a Bi (111) film, 1D states would serpentine along 227

〈1̄21̄0〉 edges (�̄ − K̄) [14,51]), likely due to their relatively 228

weak spectral weight [51]. 229

To elucidate the origin of the avoided surface state hy- 230

bridization from the top and bottom surface of the Bi layer, we 231

perform DFT calculations for two possible Bi film structures 232

with thicknesses varying from 1 to 6 BLs: (i) an inversion- 233

symmetric freestanding Bi slab [Fig. 4(a)] and (ii) a Bi/InSb 234

stack [Fig. 4(b)]. See Secs. S1 and S2 for details [45]. Our 235

band structure calculations for the freestanding layers in 236

Fig. 4(c) are consistent with earlier studies [28,52], predicting 237

a semimetal to semiconductor transition for 1 to 2 BL thick 238

films and surface states gapped at M̄ due to the crosstalk 239

between the top and bottom surfaces. In contrast, the Bi/InSb 240

stack in Fig. 4(d) shows a surface state degeneracy at M̄ and an 241

increasing separation in the surface state Fermi wavevectors 242

with film thickness. These results for the Bi/InSb (111)B 243

structure calculations agree with our experimental observa- 244

tions in Figs. 3(b)–3(e) and Fig. S2 [45]. 245

Surface state crossing in thin films, which should be 246

susceptible to surface state hybridization, can be explained 247

by strong Bi-InSb interfacial bonding causing symmetry 248
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FIG. 3. Bi (111) surface states (SS1, SS2) and QWS measured with ARPES at hv = 37.5 eV for various film thicknesses. (a) Fermi surface
of a 5.4 BL thick Bi (111) film at EF. The corresponding E–k cut along the �̄ − M̄ path in (b) and (c) is highlighted. (b) ARPES raw images and
(c) curvature plots [31]. The observed surface state band degeneracy at M̄ (k = 0.8 Å−1), marked by X, is attributed to SIA. (d) Momentum
distribution curves at EF. The surface state Fermi level crossings near M̄, highlighted by arrows in (c) and (d), decrease in separation as the
films become thinner. (e) Energy distribution curves at M̄ showing the energies of the QWS analyzed in Fig. 4(e).

breaking. Note that Bi films grown on other substrates have249

not exhibited band degeneracy, which can be attributed to250

weak vdW-like interactions at the film-substrate interface251

[6]. Several experimental observations support strong Bi-InSb252

bonding. First, we note the epitaxial stabilization of ultrathin253

(111) Bi on InSb for films as thin as 1 BL in Fig. 2(e),254

and the formation of a unique fractal structure that requires255

strong Bi-InSb bonding [48]. Moreover, the nucleation of 256

tensile-strained and azimuthally aligned Bi films [49] to the 257

underlying InSb substrate suggests that the bonding energy 258

initially surpasses the elastic energy later gained when the 259

film relaxes. Finally, ultraviolet photoemission measurements 260

reveal a shift in both the In 4d and Sb 4d core levels upon Bi 261

deposition in Fig. S4 [45], indicating the formation of Bi-Sb 262

FIG. 4. Structure inversion symmetry in ultrathin Bi films. Schematics of stacks for (a) freestanding film preserving structure inversion 
symmetry and (b) film with broken inversion symmetry due to nonequivalent interfaces. DFT calculations for varying ultrathin film thicknesses 
for (c) freestanding Bi slab in (a), and (d) film with broken inversion symmetry in (b). In (d), all states with more than 60% of their spectral 
weight in the Bi film are marked in purple, and states with 0% of their weight in the Bi film (originating from the InSb layer) are marked in 
yellow. (e) DFT (green) and ARPES (yellow, blue, purple) QWS energy position at M̄ vs inverse film thickness, 1/N. Full solid lines are linear 
fits used for analyzing the total phase shift (described in Sec. S3 [45]), and the dotted lines are drawn as guides for the eye.
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bonds. Therefore, we conclude that breaking the inversion263

symmetry by having strong bonding between the Bi film and264

the substrate leads to a decoupling of top and bottom surfaces265

and the degeneracy of the surface state at the M̄ TRIM point,266

thus indicating a topologically trivial phase.267

To further understand the nature of bonding between Bi268

and InSb, and whether remnant tensile biaxial strain could269

lead to a trivial gap at L [1] and influence the topological phase270

assignment, we examined the degree of in-plane relaxation271

predicted by DFT calculations (Fig. S7 and Sec. S3 [45]).272

The unstrained Bi/InSb structure reproduces the experimental273

trend of early film relaxation from 2 BL [Fig. 2(f)] [49] and274

shows no significant change in the surface state or QWS275

dispersions. Thus, we propose that the trivial topological as-276

signment applies to Bi films grown on InSb with biaxial strain277

ranging from 0 to 0.8% tensile strain.278

It is important to note that SIA not only controls surface279

state hybridization but also can tune the 3D electronic struc-280

ture, potentially altering the band order and destroying band281

inversion. Additional work is needed to determine how the282

topological order of Bi with SIA may differ from that of Bi in283

a 3D single crystal without SIA, and whether the starting sub-284

strate, InSb, could also alter the topological order of Bi. Band285

structure calculations for quantum wells that maintain the Bi286

thin film inversion symmetry should be compared to results in287

Fig. 4 for SIA structures. Experimental work with dual-gated288

Bi structures, as recently demonstrated for other topological289

systems [53], could also help control the displacement field290

across the thin films.291

Another property affected by SIA and strain in ultrathin292

Bi films is the predicted band gap opening in a 1 BL Bi film293

[28,54]. According to earlier predictions, tensile-strained Bi294

films should undergo a semimetal to semiconducting tran-295

sition (indirect gap T-L), resulting in a valence-band edge296

displaced to higher binding energies and a lowered surface297

state minima at �̄ [1,23,25,28,32,52]. However, our Bi/InSb298

DFT calculations show that the surface state crossing at �̄299

moves closer to EF as the film thickness decreases [Fig. 4(d)300

and Sec. S2 [45]]. ARPES data in Fig. S5 [45] show that301

the surface state crossing energy at �̄ approaches EF with302

decreasing film thickness, similar to ultrathin Sb/InSb(111)A303

films [55]. Film-substrate interactions at the few-BL limit304

could drive the valence band energy shift. Substrate-film in-305

teraction in Fig. 4(d) also results in trivial surface states306

intersecting EF. Therefore, any 1D edge transport channel307

in the HOTI phase will coexist with trivial surface state308

conduction unless both interfaces are passivated. Our DFT309

calculations are consistent with ARPES measurements of a310

1.3 BL thick film (Fig. S6 [45]), showing the surface states311

traversing EF.312

Next, we analyzed the QWS in Figs. 4(e) and S2 [45] using313

a phase accumulation model [3,8,32], as detailed in Sec. S3314

[45]. At a thickness of 200 BL, QWS are not observed in315

Fig. 3(e) due to the small energy spacing, but thinner films316

display a larger QWS energy separation with decreasing film317

thickness. The binding energies at M̄ of the top three quantum-318

well bands (n = 1 being the surface state crossing point and319

n = 2, 3 the two following QWS) in the DFT calculations320

and ARPES measurements for varying Bi film thicknesses (N)321

are compared in Fig. 4(e), showing excellent agreement. For322

films thicker than 10 BLs, a linear-like region in Fig. 4(e) 323

describes the expected E−kz bulk-like film dispersion [8]. 324

Ultrathin Bi films < 10 BL do not obey the linear relationship 325

E ∝ 1
N , thus indicating a deviation from bulk-like dispersion 326

along X-L [see Fig. 1(a)], suggesting a transition to 2D-like 327

behavior. From the linear fits in Fig. 4(e), we extract the total 328

phase shift, �tot : �n=1
tot = 1.20π, �n=2

tot = 1.48π, �n=3
tot = 329

1.53π and the phase shift at the InSb-Bi interface (�Bi−InSb) 330

at a 0.15 eV binding energy: �n=1
Bi−InSb = 1.33π, �n=2

Bi−InSb = 331

1.61π, �n=3
Bi−InSb = 1.66π . �n=1

tot is close to the value reported 332

for Bi films grown on Si [3], indicating a similar confining 333

potential for the top surface state. 334

III. SUMMARY 335

In conclusion, we report the growth and evolution of sur- 336

face state dispersion for large-area, single-domain-oriented 337

ultrathin films of Bi (111) synthesized on InSb (111)B. We 338

find that strong film-substrate bonds stabilize ultrathin Bi 339

films in the (111) orientation, offering a new route for the 340

epitaxial growth and integration of other related topological 341

systems, such as compressive strained Bi films and Bi1−xSbx 342

2D layers on insulating III-V substrates. We observe a surface 343

state crossing at the M̄ point in agreement with the results of 344

DFT calculations, suggesting a topologically trivial phase in 345

the film. We also studied QWS through a phase accumulation 346

model and showed a transition to 2D-like behavior for films 347

< 10 BL. Contrary to previous predictions of confinement 348

[28] or strain-induced semimetal-to-semiconductor transition 349

[56] in freestanding Bi thin film, we find that for the inversion- 350

symmetry broken films, the surface states cross EF for all 351

thicknesses down to 1 BL. For an unambiguous determina- 352

tion of the Bi film topological phase, additional studies will 353

be necessary, targeting smoother films, additional film thick- 354

nesses, and incorporating state-of-the-art laser ARPES (with 355

an energy resolution < 5 meV). Further analytical studies are 356

also required, studying the role of SIA on surface state dis- 357

persion in 2D-like films of 3D TIs. Our work experimentally 358

demonstrates the possibility of tailoring topological and trivial 359

surface states in group-V 2D layers through heteroepitaxial 360

interfaces. Despite numerous theoretical studies on the surface 361

chemistry of buckled Bi films [40,41,57] and other elemental 362

2D materials [58], there are still few experimental reports on 363

inorganic or molecular functionalization [59,60]. Future at- 364

tempts to control surface terminations in 2D materials through 365

overlayer growth could aid in band structure engineering of 366

inversion-symmetric/asymmetric structures and in identifying 367

topological phases and their transport signatures. 368
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