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Controlling the Polarity of the 
Molecular Beam Epitaxy Grown 
In-Bi Atomic Film on the Si(111) 
Surface
Cho-Ying Lin1, Chia-Hsiu Hsu2, Yu-Zhang Huang1, Shih-Ching Hsieh1, Han-De Chen1, 
Li Huang2, Zhi-Quan Huang3, Feng-Chuan Chuang   3 & Deng-Sung Lin   1

Synchrotron radiation core-level photoemission spectroscopy, scanning tunneling microscopy (STM), 
and first-principles calculations have been utilized to explore the growth processes and the atomic 
structure of the resulting films during the two-step molecular beam epitaxy (MBE) of In and Bi on the 
Si(111) surface. Deposition of 1.0-ML Bi on the In/Si(111)-(4 × 1) surface at room temperature results in 
Bi-terminated BiIn-(4 × 3) structures, which are stable up to ~300 °C annealing. By contrast, deposition 
of In on the β-Bi/Si(111)-(√3 × √3) surface at room temperature results in three dimensional (3D) In 
islands. In both cases, annealing at 460 °C results in the same In-terminated In0.75Bi/Si(111)-(2 × 2) 
surface. Our DFT calculations confirm that the surface energy of In-terminated In0.75Bi/Si(111)-(2 × 2) 
system is lower than that of Bi-terminated Bi0.75In/Si(111)-(2 × 2). These findings provide means for the 
control of the polarity of the MBE In-Bi atomically thick films.

Two dimensional topological insulators (2D TIs) have attracted much interest in the last decade for their fasci-
nating fundamental physics and possible applications in spintronic and quantum computing devices due to much 
reduced elastic electron scattering1–4. 2D TIs, also known as quantum spin hall insulators, are atomically thin lay-
ered materials that exhibit time-symmetry-protected metallic edge states with an insulating interior5,6. Compared 
to the surface states in the 3D TIs, the edge states in 2D TIs are more robust since the only available backscattering 
channel is forbidden. In search of new and robust 2D TIs with large band gaps, many possible material systems 
have been experimentally and theoretically surveyed, including the binary combinations of group III (B, Al, Ga, 
In, and Tl) and group V (N, P, As, Sb, and Bi) elements in the buckled honeycomb structure7.

The III-V compound films on the Si(111) surface are compatible to current silicon-based integrated-circuit 
technology and have attracted much attention8–11. In particular, one or two-bilayer thick films of GaBi and 
two-bilayer thick films of both pristine and hydrogenated AlBi, GaBi, InBi, TlBi, and TlSb are predicted to be 
topological insulators with sizable band gaps8,9. For the case of In/Bi on Si(111), Denisov et al. employed MBE 
to co-deposit In and Bi with various ratios on the Si(111) surface and following annealing with temperature in 
the range between 250 and 500 °C. Three type structures of InBi on Si(111) were observed. The atomic models 
are also simulated to be Bi0.43In0.86-(√7 × √7), Bi0.75In-(2 × 2), Bi0.48In0.56-(5 × 5)10. The (5 × 5) and (√7 × √7) 
structures are proposed to be one-atomic-layer thick systems, in which the Bi and In atoms reside nearly on the 
same plane above the bulk-truncated Si(111) substrate. The (2 × 2) structure is modelled to be a Bi-terminated 
two-atom-layer system with three Bi atoms per (2 × 2) unit cell forming trimer in the top layer and four In atoms 
in the bottom layer on bulk Si(111).

The lack of inversion symmetry in the <111> directions of III-V compounds gives rise to a difference in 
various of physical, chemical, and metallurgical properties of the A (group-III terminated) and B (group-V termi-
nated) surfaces12. If the substrate effect is insignificant, the differences in the electronic structures and topological 
properties for the A and B surfaces are small in the 1-bilayer (1BL) system, but become notable in the 2-bilayer 
(2BL) system with increasing strain8,9. For example, the 1BL InBi-Si(111) film possesses a trivial topological 
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insulator phase, while a nontrivial phase is predicted for the 2BL film. It is thus important to distinguish the 
polarity of the III-V compound film. To address this issue, we employ core-level photoemission spectra, STM, 
DFT to study the MBE grown InBi-Si(111) system. It is found that the A surface is energetically more favorable, 
but the B surface can also be obtained in the two-step growth method.

Experimental Details
The STM measurement was carried out in an UHV chamber with a base pressure below 2.0 × 10−10 torr. The 
Si(111) substrate was cut from silicon wafer with a size of 2 × 10 mm2. After 12 hours outgassing at about 500 °C, an 
atomically clean Si(111) surface was obtained by DC heating to ~1150 °C for a few seconds. The indium and bis-
muth atomic beams were generated by e-beam evaporators located about 7 cm away from the Si(111) substrate. The 
deposition rates are ~0.17 ML/min, where 1.0 ML is 7.84 × 1014 atoms/cm2 for the Si(111) unreconstructed surface.

Figure 1.  Schematic illustration of the side view for various structures obtained by the DFT calculations. The 
height difference is 2.28 Å between these two structures of (a) and (b). The height difference is 2.72 Å between 
these two structures of (c) and (d).



www.nature.com/scientificreports/

3ScieNtific REPorTS |           (2019) 9:756  | DOI:10.1038/s41598-018-37051-2

The photoemission spectra were taken at beamline 24A1 at Taiwan’s National Synchrotron Radiation Research 
Center from a 1.5 GeV storage ring. The photoelectrons were collected by a 125-mm hemispherical analyzer 
at take-off angle of ~10° with an acceptance angle of ±8° in a µ-metal shielded UHV chamber, and the overall 
energy resolution was better than 120 meV with the photon energy of 70 and 130 eV.

The first-principles calculations were carried out within the generalized gradient approximation of the 
Perdew-Burke-Ernzerhof (PBE) to the density functional theory using projector-augmented-wave (PAW) poten-
tials, as implemented in the Vienna ab-initio simulation package (VASP)13–17. The kinetic energy cutoff was set 
at 250 eV. A periodically repeating slab consisting of four Si bilayers, a reconstructed layer, and a vacuum space 
of 20 Å was employed. The Si dangling bonds at the bottom of the slab were passivated by hydrogen atoms. 
Silicon atoms of the bottom bilayer were kept fixed at the bulk crystalline positions corresponding to the theo-
retical Si lattice constant. In order to obtain optimized atomic positions, the remaining Si, In and Bi atoms were 
relaxed until the residual force on each atom was smaller than 0.01 eV/Å, which is a general default value in 

Figure 2.  The filled state STM image for (a) the In/Si(111)-(4 × 1) surface and the same surface after depositing 
(b) 0.25-, (d) 0.50-, and (e) 1.0-ML Bi at RT. following by subsequent annealing of the 1.0-ML at temperature 
of (f) 400 °C and (g) 460 °C. Image width: 20 nm. Vs = −1.9 V; It = 200 pA; (c) empty image for (b) Vs = 1.9 V. 
The parallelograms each enclose a unit cell of local ordering as labelled. Inset in (g): zoom-in STM image 
superimposed with the atomic model in Fig. 1(b).
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surface calculation for VASP simulation. The criteria for convergence for self-consistent electronic structure set 
at 0.001 meV, much smaller than the default value 0.1 meV. The Γ-centered 6 × 6 × 1 Monkhorst-Pack grid was 
used to sample the surface Brillouin-zones (SBZ) for the 2 × 2 phase. Spin-orbit coupling (SOC) was included in 
band structure calculations18.

Results and Discussion
DFT calculations for In0.75Bi and Bi0.75In-(2 × 2) Structures.  In the III-V compound material, the 
(2 × 2) surface reconstructions for the (111) orientation are the common structures such as GaAs, GaP, GaSb, 
InAs19–24. In the commonly accepted “vacancy buckling model”, each (2 × 2) unit cell on the (111) surface has 
a missing cation atom, corresponding to a 1/4 monolayer of cation vacancy25. Both group-III terminated (A-) 
surfaces and group-V terminated (B-) surfaces have been found. Denisov et al. have observed the similar (2 × 2) 
reconstruction on Si(111) at 250−500 °C by co-deposition of Bi and In10. This process results in the In-rich 
(2 × 2) phase. They estimated the composition of the (2 × 2)-(Bi, In) structure consisting of 0.68 ± 0.05 ML of Bi 
and 1.0 ± 0.1 ML of In. A Bi-terminated two-atom-layer system (denoted as Bi0.75In/Si) was proposed, in which 
three Bi atoms per (2 × 2) unit cell on the top outmost layer and four In atoms in the second layer reside on the 
bulk-like truncated Si(111)-(1 × 1) surface as shown in Fig. 1(d). Our experiments elaborated in the next section 
show another (2 × 2) phase which is Bi-rich phase. Based on the above mentioned studies, similar vacancy-based 
model proposed here is that three In atoms per (2 × 2) unit cell on the top outmost layer and four Bi atoms in 
the second layer reside on the bulk-like truncated Si(111)-(1 × 1) surface as shown in Fig. 1(b). To understand 
the atomic structures of different growth stages, Fig. 1(a–d) show the atomic superstructures of β-Bi/Si(111)-
(√3 × √3), In0.75Bi/Si(111)-(2 × 2) (In0.75Bi/Si), In/Si(111)-(√3 × √3) and the Bi-terminated Bi0.75In/Si(111)-
(2 × 2) (denoted as Bi0.75In/Si), configurations, respectively.

Our results of calculations for the β-Bi/Si(111)-(√3 × √3) (denoted as β-Bi/Si) and In/Si(111)-(√3 × √3) 
systems are consistent to those found previously26–28. In the β-Bi/Si system, the height difference between Bi and 
Si top-layer is 2.68 Å, and In0.75Bi is 4.93 Å higher than the Si top-layer as shown in Figs 1(a,b). For the two mod-
els Bi0.75In/Si (Bi-terminated and In-rich model) and In0.75Bi/Si (In-terminated and Bi rich model), the relative 
surface energy ΔEs is as following,

μ μΔ = − − Δ − Δ. .E E In Bi E Bi In N N A( ( ) ( ) )/ (1)s In In Bi Bi0 75 0 75

Figure 3.  Si 2p core level photoemission spectra (circles) for the 1.0-ML In/Si(111)-(4 × 1) surface (bottom), 
the same surface after 1.0-ML Bi deposited at RT (second to the bottom) and subsequent annealing at various 
temperature as indicated. Dashed lines are a guide to the eye.
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in which the surface area, A, of a (2 × 2) supercell is 4 times larger of (1 × 1) unit cell; μIn and μBi are the chemical 
potential of In and Bi at bulk phase, respectively. ΔNIn and ΔNBi represent the differences in number of In and 
Bi atoms between two models. The relative surface energy is estimated to ΔEs = −8.49 meV per (1 × 1) unit cell 
showing that the In-terminated model has a slightly lower surface energy than that with Bi termination.

Growth Processes of Bi on the In/Si(111)-(4 × 1) surface.  High-resolution X-ray photoemission spec-
troscopy can distinguish between atoms at nonequivalent sites and in different chemical bonding configurations, 
based on the atom’s bonding energies (BE). Following standard procedures29,30, the spectra were decomposed by 
least-squares fitting. Identical Voigt line shapes, each consisting of a pair of spin-orbit split (SOS) doublets, were 
used to decompose the core-level spectra into overlapping components. The fitting parameters are similar for all 
Si 2p spectra: SOS: 0.60 eV; Gaussian full width at half maximum (FWHM): 0.13 eV; Lorentzian width FWHM: 
0.37 eV FWHM. Bi 5d spectra: SOS: 3.10 eV; Gaussian width FWHM: 0.17 eV; Lorentzian width FWHM: 0.48 eV. 
In 4d spectra SOS: 0.87 eV; Gaussian width FWHM: 0.14 eV; Lorentzian width FWHM: 0.40 eV.

The In/Si(111)-(4 × 1) surface can be formed by the growth of 1.0-ML In on the clean Si(111)31–39. Figure 2(a) 
displays a well-ordered reconstructed (4 × 1) surface obtained by deposition of 1.0 ML In on the clean Si(111)-
(7 × 7) surface kept at ~400 °C. The structure of the In/Si(111)-(4 × 1)-In reconstruction has been deter-
mined using surface x-ray diffraction (SXRD)40, and other techniques28. The analysis of SXRD shows that the 
quasi-one-dimensional character in the image is given by zigzag chains of silicon atoms on top of an unrecon-
structed silicon substrate and four indium atoms per unit cell (1 ML) arranged in two zigzag chains in the gap 
between the silicon chains.

Figures 3 and 4 show the Si 2p, Bi 5d, and In 4d core level photoemission spectra of the In/Si(111)-(4 × 1) sur-
face (bottom), the same surface after 1.0-ML Bi deposition at RT (second to the bottom) and subsequent anneal-
ing at various temperatures as indicated. Only one rather broad component is visually identifiable in all the Si 2p 
core level spectra, suggesting that each of the Si atoms exhibit a similar charging state. The binding energy (BE) 
of the Si 2p shifts to the higher binding energy side by +0.46 eV upon the deposition of 1-ML Bi; this downward 
band bending of nearly half of the band gap indicates a formation of a dipole layer on the topmost Bi-In layer.

The bottom In 4d spectrum in Fig. 4 for the In/Si(111)-(4 × 1) surface can be decomposed into two 
spin-orbit-doublet components I1 and I2 with a BE difference of ~0.40 eV. They are attributed to two kind of In 
atoms on the (4 × 1) surface41. Upon deposition of 1.0 ML Bi, the intensity of the In 4d core decreases significantly. 
As will be discussed in the STM section that deposited Bi atoms reside on the topmost layer and no annealing here 

Figure 4.  Corresponding Bi 5d and In 4d core level photoemission spectra(circles) for those in Fig. 3. The 
black solid curves are results of the least-squares fit with three components Bi1 (blue), I1(purple) and I2(dotted 
orange). Vertical lines are a guide to the eye. BE Shifts upon 450 °C annealing are indicated.



www.nature.com/scientificreports/

6ScieNtific REPorTS |           (2019) 9:756  | DOI:10.1038/s41598-018-37051-2

to provide enough desorption energy, the In 4d core electrons exhibit a very small intensity and therefore, suffer 
from very short escape depth, likely due to both large elastic and inelastic scattering by the topmost Bi layer on 
their way to vacuum. The bottom Bi 5d spectrum shows only one component Bi1. As will be further illustrated 
in the STM observation, the deposited Bi at RT remains on top of In chains; the Bi1 component is likely origi-
nated from the Bi atoms with the Bi-In bonding. Upon annealing at temperature at ≤400 °C, the line shape and 
intensities for all the Si 2p, In 4d, and Bi 5d core level spectra remains about the same, suggesting that the Bi/In/Si 
surface layers retain most of their bonding configurations. At 450 °C, the intensity of the In 4d recovers to 67% of 
that in the bottom spectrum while that of the Bi 5d core drops to 46%, suggesting that In atoms move above the 
Bi layer and the In 4d photoelectrons are not strongly scattered. The much reduced intensity of the Bi 5d core also 
indicates of partial Bi desorption from this surface. At the same time, the corresponding BE of the Si 2p spectra 
remains largely the same upon annealing up to ~400 °C and shifts to the lower BE side by −0.40 eV at 450 °C. This 
revered bend banding (upward) is consistent with fact that In atoms exchanges positions with Bi and becomes 
the topmost layer.

Scanning tunneling microscopy can obtain real-space atomic-resolved images for the surface and thin films, 
and thus provide complementary information to chemical compositions and bonding states by the core-level 
spectroscopy. To clarify the growth and annealing effects of Bi on the 1.0 ML In/Si(111)-(4 × 1) surface shown in 
the core-level spectra, we have deposited 0.25-ML Bi at RT first. Figure 2(b,c) show the filled-state and empty-state 
images, respectively. In the images, each of the scattered elongated bright protrusions appear on top of In atoms 
on one (4 × 1) unit cell on a In/Si(111)-(4 × 1) chain. Many protrusions in the same row are separated by two unit 
vectors, forming local (4 × 2) ordering. Further deposition of Bi gradually fill each of the In/Si(111)-(4 × 1) chain 
and the surface consists mainly of the rather ordered (4 × 3) adsorbate reconstruction at 1.0-ML coverage, while 
some short chains of the (4 × 2) ordering are discernible in Fig. 2(d). These images indicated that the base (4 × 1) 
In-Si structure is preserved upon the adsorption of Bi at RT and that Bi atoms form ordered bonding on top of 
the In atoms. The topmost Bi atoms also appear to exhibit a strong attenuation effect for photoelectrons from the 
In subsurface layers as the In 4d photoelectron intensity in Fig. 4 is markedly diminished. Since the silicon atoms 
in the substrate are deeper than In atoms and Si 2p photoelectrons in Fig. 3 are not attenuated strongly, the very 
short In 4d photoelectron escape depth is possibly due both to elastic and inelastic scattering by Bi on top42.

Figure 5.  The filled-state STM images of (a) the β-Bi/Si(111)-(√3 × √3) surface (β-Bi/Si), the same surface 
after the deposition of (b) 0.2-ML In at RT. (c) and (d) are obtained after annealing the sample of 1.0-ML In on 
the β-Bi/Si at 250 and 460 °C. In (a), the ad-islands having the same bi-layer step height of Si(111) and the same 
β-Bi/Si ordering are due to coalesce of adatoms on the Si(111)-(7 × 7). The z-range in (b) and (c) are 1.8 and 
10.3 nm, respectively. Vs = −2.5 V; It = 80 pA. size: (a, b) 40 × 40 (c) 120 × 120; (d) 20 × 20 nm2. Inset in (d): 
zoom-in STM image superimposed with the atomic model in Fig. 1(b).
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The 1.0-ML Bi/In/Si(111)-(4 × 1) surface remains largely the same upon annealing at ≤250 °C. Above 300 °C, 
the surface gradually becomes disordered. As Fig. 2(f) displays, after annealing at 400 °C, some negative islands 
of ~2.2 Å deep and local (2 × 2) units appear at the expense of the (4 × 3) and (4 × 2) surface structures. As men-
tioned in the last section, an annealing at around 450 °C causes a notable change in the core level spectra. The 
corresponding STM image such as Fig. 2(g) shows that honeycomb cells cover half of the surface. In between the 
honeycomb chains/areas are similar but disordered protrusions. The surface appears to be very similar to that 
(2 × 2) found by co-deposition of 0.68 ML of Bi and 1.0-ML In at RT and followed by 250–500 °C annealing10, 
however, the domains with honeycomb cells in Fig. 2(g) are smaller. The spectra of Bi 5d and In 4d after 450 °C 
annealing in Fig. 4 indicates that the amount of Bi and In has dropped from 1.0 ML to about 0.50 ML and 0.75 ML, 
respectively. The Bi/In ratio of 0.66 is close to that reported produced by the co-deposition. Thus, the (2 × 2) 
structure either from the co-deposition or two-step deposition described in this section are the same: ref.10 has 
proposed a two-atom-layer system with three Bi atoms per (2 × 2) unit cell forming trimer in the top layer and 
four In atoms in the bottom layer residing on the bulk-like truncated Si(111)-(1 × 1) surface. However, the recov-
ery of the highly attenuated intensity of In 4d core level in Fig. 4 suggests that the In atoms move atop of Bi upon 
450 °C annealing. The band bending showing in the Si 2p core level spectrum upon RT Bi deposition concurrently 
disappears, supporting the hypothesis that In atoms are on top.

Growth Processes of In on the β-Bi/Si(111)-(√3 × √3) surface.  In growing the III-V compound 
films, the polarity affects the crystalline quality and properties, and therefore, controlling the polarity is very 
important to obtain a desired film. In the previous section, the two-step growth has shown to be different than 
that found in the co-deposition approach. To investigate the effect of the deposition sequence, we first deposit 
1.0 ML Bi of the clean Si(111) surface following by 400 °C annealing for 1.0 min. As Fig. 5 display, this procedure 
typically produces the β-Bi/Si surface, where 1.0 ML Bi atoms form ordered trimers27.

Figures 5(b,c) show that In atoms from the evaporator apparently nucleate around ad-islands/defects into 
3D islands of various sizes and height. The height and base areas of these 3D islands increases in proportion to 
the amounts of In deposition. At 1.0-ML In coverage after annealing at 250 °C, the average size of the 3D islands 
is ~300 nm2 and the average height is 8.15 nm as shown in Fig. 5(c). The total amount of these In coverage is 
estimated to be ~1.1 ML on the surface, which is close to the expected value. This observation agrees with the 
corresponding photoemission analysis in Figs 6 and 7 as discussed in the following.

Figure 6.  Si 2p core level photoemission spectra (circles) of the 1.0 ML β-Bi/Si(111)-(√3 × √3) surface 
(bottom), the same surface after 1.0-ML of In deposited at RT (second to the bottom) and subsequent annealing 
at various temperature as indicated. Dashed lines are a guide to the eye.
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Figures 6 and 7 show the Si 2p, Bi 5d, and In 4d core level photoemission of the β-Bi/Si surface (bottom), the 
same surface after 1.0-ML of In deposited at RT (second to the bottom) and subsequent annealing at various 
temperature as indicated. Again, only one component is visually noticeable in all the Si 2p core levels, suggesting 
that the charge transfer to Si upon the adsorption In and Bi overlayers is small. The binding energy (BE) of the Si 
2p shifts to the lower binding energy side by −0.16 eV upon the deposition of 1.0 ML In. The BE shifts slightly to 
higher binding side upon annealing up to ~400 °C and shifts −0.64 eV again to the lower BE side relative to the 
bottom spectrum at 450 °C. In comparison to that in Fig. 3, this relative large shift in BE suggests an upward band 
bending by a formation of a dipole layer with In atoms residing on top of the Bi layer.

The bottom Bi 5d spectrum in Fig. 7 for the β-Bi/Si(111) surface consists a major spin-orbit-doublet compo-
nent Bi3 and another Bi4 component on its shoulder with a lower BE of ~0.46 eV and a smaller intensity of ~1/4. 
The Bi3 component is likely originated from the trimer structure. The origin of the Bi4 component is possibly 
emission from the defects and step edges seen in Fig. 5(a). After the RT growth of 1.0 ML In on the β-Bi/Si surface, 
the line shape of the Bi 5d spectrum remains about the same while its intensity drops by ~20%. Upon annealing 
the In/Bi/Si surface with increasing temperature, the line shapes of the Bi 5d spectra remain about the same while 
the intensity of the In 4d spectra drops by >98% at 400 °C. This observation is consistent with STM observation 
that the 3D In islands further coalesce into fewer but larger islands (not shown here). At 450 °C, the intensity of 
In increases more than 100 times while that of Bi 5d drops by ~17%. The relative binding energy of the Bi 5d and 
In 4d is reduced to be 6.84 eV, which is the same as that seen in Fig. 4. The corresponding STM image shown in 
Fig. 5(d) is similar (2 × 2) domains as that in Fig. 2(g). The apparent height of the (2 × 2) domains is higher than 
the β-Bi/Si areas by 2.0 Å, which is close to that found in the DFT calculation (Fig. 1(b)). All data strongly suggest 
that, upon annealing at ~450 °C, both In/Bi/Si and Bi/In/Si growth sequence lead to the same In-terminated 
In0.75Bi/Si(111)-(2 × 2).

Conclusions
The polarity of the group III-V compound films of various atomic-thick layers can affect their electronic struc-
tures and topological properties and further growth into two and more atomic layers. It is thus preferable to be 
able to control the polarity of the first overlayer. Synchrotron radiation core-level photoemission spectroscopy, 
scanning tunneling microscopy (STM), and first-principles calculations have been utilized to explore the growth 
processes and the atomic structure of the resulting films during the two-step molecular beam epitaxy of In and Bi 
on the Si(111) surface. These techniques are complimentary and provide high resolution chemical information, 

Figure 7.  Corresponding Bi 5d and In 4d core level photoemission spectra for those in Fig. 6. Bi 5d and In 4d 
core level spectra (circles); the black solid curves are results of the least-squares fit with components Bi2 (cyan), 
Bi3 (olive), Bi4 (green). Vertical dotted lines are guides to the eye. BE Shifts upon 450 °C annealing are indicated.
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atomic-resolved real-space images, and theoretical calculations, respectively. Deposition of 0.5- and 1.0-ML Bi 
on the In/Si(111)-(4 × 1) surface at room temperature result in Bi-terminated BiIn-(4 × 2) and (4 × 3) structure, 
respectively. These two structures are stable up to ~300 °C. By contrast, adsorbed In atoms nucleate into 3D 
islands on the Bi/Si(111)-(√3 × √3)-β surface upon deposition at room temperature. Despite of the different 
growth modes, annealing at 460 °C results in the same In-terminated In0.75Bi/Si(111)-(2 × 2) in the above men-
tioned two growth sequences. DFT calculation confirms that the surface energy of the A (In-terminated) surface 
is slightly lower than that of the B (Bi-terminated) surface. The small energy gain could be the reason that the 
Bi-terminated surface is stable up to ~400 °C. Our findings provides a practical method to control the polarity of 
the atomic-thick In-Bi film on the Si(111) surface. The two-step MBE growth method is likely applicable to other 
possible III-V or II-VI compounds with heavier elements.

References
	 1.	 Kou, L., Ma, Y., Sun, Z., Heine, T. & Chen, C. Two-Dimensional Topological Insulators: Progress and Prospects. J. Phys. Chem. Lett. 

8, 1905–1919, https://doi.org/10.1021/acs.jpclett.7b00222 (2017).
	 2.	 König, M. et al. Quantum Spin Hall Insulator State in HgTe Quantum Wells. Science 318, 766 (2007).
	 3.	 Knez, I., Du, R.-R. & Sullivan, G. Evidence for Helical Edge Modes in Inverted InAs/GaSb Quantum Wells. Phys. Rev. Lett. 107, 

136603, https://doi.org/10.1103/PhysRevLett.107.136603 (2011).
	 4.	 Wu, S. et al. Observation of the quantum spin Hall effect up to 100 kelvin in a monolayer crystal. Science 359, 76 (2018).
	 5.	 Klitzing, K. V., Dorda, G. & Pepper, M. New Method for High-Accuracy Determination of the Fine-Structure Constant Based on 

Quantized Hall Resistance. Phys. Rev. Lett. 45, 494–497, https://doi.org/10.1103/PhysRevLett.45.494 (1980).
	 6.	 Kane, C. L. & Mele, E. J. Z_2 Topological Order and the Quantum Spin Hall Effect. Phys. Rev. Lett. 95, 146802, https://doi.

org/10.1103/PhysRevLett.95.146802 (2005).
	 7.	 Chuang, F.-C. et al. Prediction of Large-Gap Two-Dimensional Topological Insulators Consisting of Bilayers of Group III Elements 

with Bi. Nano Lett. 14, 2505–2508, https://doi.org/10.1021/nl500206u (2014).
	 8.	 Crisostomo, C. P. et al. Robust Large Gap Two-Dimensional Topological Insulators in Hydrogenated III–V Buckled Honeycombs. 

Nano Lett. 15, 6568–6574, https://doi.org/10.1021/acs.nanolett.5b02293 (2015).
	 9.	 Yao, L.-Z. et al. Predicted Growth of Two-Dimensional Topological Insulator Thin Films of III-V Compounds on Si(111) Substrate. 

Scientific Reports 5, 15463, https://doi.org/10.1038/srep15463 (2015).
	10.	 Denisov, N. V. et al. Bismuth–indium two-dimensional compounds on Si(111) surface. Surf. Sci. 651, 105–111, https://doi.

org/10.1016/j.susc.2016.03.031 (2016).
	11.	 Gruznev, D. V. et al. Two-Dimensional In–Sb Compound on Silicon as a Quantum Spin Hall Insulator. Nano Lett., https://doi.

org/10.1021/acs.nanolett.8b01341 (2018).
	12.	 Barber, H. D. & Heasell, E. L. Polarity effects in III–V semiconducting compounds. J. Phys. Chem. Solids 26, 10, https://doi.

org/10.1016/0022-3697 (1965).
	13.	 Hohenberg, P. & Kohn, W. Inhomogeneous Electron Gas. Physical Review 136, B864–B871 (1964).
	14.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Physical Review Letters 77, 3865–3868 

(1996).
	15.	 Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).
	16.	 Kresse, G. & Hafner, J. Ab initio. Physical Review B 47, 558–561 (1993).
	17.	 Kohn, W. & Sham, L. J. Self-Consistent Equations Including Exchange and Correlation Effects. Physical Review 140, A1133–A1138 

(1965).
	18.	 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Physical 

Review B 54, 11169–11186 (1996).
	19.	 Yang, J., Nacci, C., Martínez-Blanco, J., Kanisawa, K. & Fölsch, S. Vertical manipulation of native adatoms on the InAs(111)A 

surface. J. Phys.: Condens. Matter 24, 354008 (2012).
	20.	 Haberern, K. W. & Pashley, M. D. GaAs(111) A- (2 × 2) reconstruction studied by scanning tunneling microscopy. Physical Review 

B 41, 3226–3229 (1990).
	21.	 Nishizawa, M., Eguchi, T., Misima, T., Nakamura, J. & Osaka, T. Structure of the InSb(111)A-(2 root 3 × 2 root 3)-R30 surface and 

its dynamical formation processes. Physical Review B 57, 6317–6320 (1998).
	22.	 Eguchi, T. et al. Structures and electronic states of the InSb{1 1 1}A, B-(2 × 2)surfaces. Surf. Sci. 514, 343–349, https://doi.

org/10.1016/S0039-6028 (2002).
	23.	 Sung-Pyo, C., Jun, N., Nobuo, T. & Toshiaki, O. Direct observation of Au deposition processes on InSb{111}A, B - (2 × 2) surfaces. 

Nanotechnology 15, S393 (2004).
	24.	 Paszuk, A. et al. Controlling the polarity of metalorganic vapor phase epitaxy-grown GaP on Si(111) for subsequent III-V nanowire 

growth. Applied Physics Letters 106, 231601, https://doi.org/10.1063/1.4922275 (2015).
	25.	 Srivastava, G. P. Theoretical Modelling of Semiconductor Surfaces. 352 (World Scientific Publishing Co., 1999).
	26.	 Cheng, C. & Kunc, K. Structure and stability of Bi layers on Si(111) and Ge(111) surfaces. Physical Review B 56, 10283–10288 (1997).
	27.	 Kuzumaki, T. et al. Re-investigation of the Bi-induced Si(111)-(R3 × R3) surfaces by low-energy electron diffraction. Surface Science 

604, 1044–1048, https://doi.org/10.1016/j.susc.2010.03.022 (2010).
	28.	 Mizuno, S., Mizuno, Y. O. & Tochihara, H. Structural determination of indium-induced Si(111) reconstructed surfaces by LEED 

analysis: (R3XR3)R30 and (4X1). Physical Review B 67, 195410 (2003).
	29.	 Schnell, R. D., Himpsel, F. J., Bogen, A., Rieger, D. & Steinmann, W. Surface core-level shifts for clean and halogen-covered Ge(100) 

and Ge(111). Phys. Rev. B 32, 8052 (1985).
	30.	 Eriksson, P. E. J. & Uhrberg, R. I. G. Surface core-level shifts on clean Si(001) and Ge(001) studied with photoelectron spectroscopy 

and density functional theory calculations. Phys. Rev. B 81, 125443 (2010).
	31.	 Kim, H.-J. & Cho, J.-H. Driving Force of Phase Transition in Indium Nanowires on Si(111). Physical Review Letters 110, 116801 

(2013).
	32.	 Lee, G. et al. Absolute In coverage and bias-dependent STM images of the Si(111)4X1-In surface. Physical Review B 67, 035327 

(2003).
	33.	 Wippermann, S., Koch, N. & Schmidt, W. G. Adatom-Induced Conductance Modification of In Nanowires: Potential-Well 

Scattering and Structural Effects. Physical Review Letters 100, 106802 (2008).
	34.	 Park, S. J., Yeom, H. W., Min, S. H., Park, D. H. & Lyo, I. W. Direct Evidence of the Charge Ordered Phase Transition of Indium 

Nanowires on Si(111). Physical Review Letters 93, 106402 (2004).
	35.	 Shim, H. et al. Initial stages of oxygen adsorption on oxygen adsorption on In/Si(111)−4x1. Physical Review B 90, 035420 (2014).
	36.	 Uhm, S. H. & Yeom, H. W. Metal-insulator transition on the Si(111)4 × 1-In surface with oxygen impurity. Physical Review B 88, 

165419 (2013).
	37.	 Lee, G., Yu, S.-Y., Kim, H. & Koo, J.-Y. Defect-induced perturbation on Si(111)4 × 1-In: Period-doubling modulation and its origin. 

Physical Review B 70, 121304 (2004).
	38.	 Saranin, A. A. et al. Indium-induced Si(111)4 × 1 silicon substrate atom reconstruction. Physical Review B 55, 5353–5359 (1997).

http://dx.doi.org/10.1021/acs.jpclett.7b00222
http://dx.doi.org/10.1103/PhysRevLett.107.136603
http://dx.doi.org/10.1103/PhysRevLett.45.494
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1103/PhysRevLett.95.146802
http://dx.doi.org/10.1021/nl500206u
http://dx.doi.org/10.1021/acs.nanolett.5b02293
http://dx.doi.org/10.1038/srep15463
http://dx.doi.org/10.1016/j.susc.2016.03.031
http://dx.doi.org/10.1016/j.susc.2016.03.031
http://dx.doi.org/10.1021/acs.nanolett.8b01341
http://dx.doi.org/10.1021/acs.nanolett.8b01341
http://dx.doi.org/10.1016/0022-3697
http://dx.doi.org/10.1016/0022-3697
http://dx.doi.org/10.1016/S0039-6028
http://dx.doi.org/10.1016/S0039-6028
http://dx.doi.org/10.1063/1.4922275
http://dx.doi.org/10.1016/j.susc.2010.03.022


www.nature.com/scientificreports/

1 0ScieNtific REPorTS |           (2019) 9:756  | DOI:10.1038/s41598-018-37051-2

	39.	 Kraft, J., Ramsey, M. G. & Netzer, F. P. Surface reconstructions of In on Si(111). Phys. Rev. B 55, 5384–5393 (1997).
	40.	 Bunk, O. et al. Structure determination of the indium-induced Si(111)-(4x1) reconstruction by surface x-ray diffraction. Physical 

Review B 59, 12228–12231, https://doi.org/10.1103/PhysRevB.59.12228 (1999).
	41.	 Abukawa, T. et al. Core-level photoemission study of the Si(111)4 × 1-In surface. Journal of Electron Spectroscopy and Related 

Phenomena 80, 233–236, https://doi.org/10.1016/0368-2048 (1996).
	42.	 Zakharov, A. A., Lindau, I. & Yoshizaki, R. Photoelectron escape depth in Bi2Sr2CaCu2O8 + x. Physica C: Superconductivity 398, 

49–52, https://doi.org/10.1016/S0921-4534 (2003).

Acknowledgements
D.S.L. acknowledges the financial support from the Ministry of Science and Technology of Taiwan under grant No. 
MOST-106-2112-M-007-026 and from Center for Quantum Technology, Hsinchu, Taiwan. FCC acknowledges 
support from the National Center for Theoretical Sciences and the Ministry of Science and Technology of Taiwan 
under Grants No. MOST-104-2112-M-110-002-MY3. He is also grateful to the National Center for High-
Performance Computing for computer time and facilities. C.H. and L.H. acknowledges the support by the NSFC 
under Grant Nos 11704176, 11774142, and Science, Technology & Commission of Shenzhen Municipality under 
Grant Nos. JCYJ20170817105201098 and JCYJ20170817105132549.

Author Contributions
D.S.L. and F.C.C. conceived and initiated the study. C.Y.L., Y.Z.H., S.C.H. and H.D.C. performed the surface 
growth and STM measurement. C.H.H. and Z.Q.H. performed first principles calculations. C.Y.L., C.H.H., L.H., 
F.C.C. and D.S.L. performed the detailed analysis and contributed the discussions. C.Y.L., C.H.H., F.C.C. and 
D.S.L. wrote the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1103/PhysRevB.59.12228
http://dx.doi.org/10.1016/0368-2048
http://dx.doi.org/10.1016/S0921-4534
http://creativecommons.org/licenses/by/4.0/

	Controlling the Polarity of the Molecular Beam Epitaxy Grown In-Bi Atomic Film on the Si(111) Surface

	Experimental Details

	Results and Discussion

	DFT calculations for In0.75Bi and Bi0.75In-(2 × 2) Structures. 
	Growth Processes of Bi on the In/Si(111)-(4 × 1) surface. 
	Growth Processes of In on the β-Bi/Si(111)-(√3 × √3) surface. 

	Conclusions

	Acknowledgements

	Figure 1 Schematic illustration of the side view for various structures obtained by the DFT calculations.
	Figure 2 The filled state STM image for (a) the In/Si(111)-(4 × 1) surface and the same surface after depositing (b) 0.
	Figure 3 Si 2p core level photoemission spectra (circles) for the 1.
	Figure 4 Corresponding Bi 5d and In 4d core level photoemission spectra(circles) for those in Fig.
	Figure 5 The filled-state STM images of (a) the β-Bi/Si(111)-(√3 × √3) surface (β-Bi/Si), the same surface after the deposition of (b) 0.
	Figure 6 Si 2p core level photoemission spectra (circles) of the 1.
	Figure 7 Corresponding Bi 5d and In 4d core level photoemission spectra for those in Fig.




