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Introduction

Topological insulators (TIs)—a newly discovered quantum 
class of materials with topological order—have attracted 
intensive study in last few years [1–6]. TIs host spin-polarized 
surface/edge states, which are not allowed to backscatter due 
to constraints of time-reversal symmetry and are thus very 
desirable for spintronics and other applications [7–9]. The TIs 
show unique quantum properties that come from strong spin–
orbit coupling, such as magnetic monopole [8], Majorana 
fermions [7], anomalous quantum Hall effect [10] and spin 
related novel phenomena [11]. Topologically protected by 
time-reversal symmetry, the one-dimensional (1D) edge states 

in 2D TIs (also called quantum spin Hall system) and the 2D 
surface states (SS) in 3D TIs are helical Dirac fermions and 
immune to backscattering by nonmagnetic impurities [12]. 
The Bi2(Te,Se)3 family members are confirmed as typical 3D 
TIs due to their simple single surface Dirac cone and rela-
tively large bulk energy gap [6, 13]. Although quite a few 
compounds have been found to be 3D TIs [3, 4, 6, 14], up 
to now only HgTe/CdTe and InAs/GaSb quantum wells have 
been both theoretically proposed and experimentally demon-
strated as 2D TI systems [1, 2], while strong evidence of topo-
logical edge states have been given for 1BL Bi(1 1 1) [15, 16].

Ultrathin Bi(1 1 1) film has recently drawn exceptional 
attention by the prediction that it belongs to another category 
of 2D TI with much shorter edge-state penetration length 
scale compared to that of the HgTe/CdTe quantum well 
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Abstract
The electronic state evolution of single bilayer (1BL) Bi(1 1 1) deposited on three-dimensional 
(3D) Bi2SexTe3−x topological insulators at x  =  0, 1.26, 2, 2.46, 3 is systematically investigated 
by angle-resolved photoemission spectroscopy (ARPES). Our results indicate that the 
electronic structures of epitaxial Bi films are strongly influenced by the substrate especially 
the topmost sublayer near the Bi films, manifesting in two main aspects. First, the Se atoms 
cause a stronger charge transfer effect, which induces a giant Rashba-spin splitting, while 
the low electronegativity of Te atoms induces a strong hybridization at the interface. Second, 
the lattice strain notably modifies the band dispersion of the surface bands. Furthermore, our 
experimental results are elucidated by first-principles band structure calculations.
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[17–20]. Experimental attempts to fabricate 1BL Bi(1 1 1) on 
the Si(1 1 1) surface failed below 6BL thickness [21], and suc-
cessful growth of the 1BL Bi(1 1 1)/Sb(1 1 1) on Bi2Te3(1 1 1) 
has been recently reported [15, 22–25]. The results show 
that the single BL Bi is strained assuming a pseudomorphic 
growth relationship to the substrate. Accordingly, the band 
structure is affected and Bi undergoes a topological phase 
transition [26]. Investigation into the influence of strain effect 
and interface interaction between substrates and ultrathin Bi 
bilayer in terms of electronic structure evolution is a direct 
way to inspect the nature of the two factors.

Bi2Se3 and Bi2Te3 has a layered crystal structure, made 
up from Se1(Te1)–Bi–Se2(Te2)–Bi–Se1(Te1) quintuple layers 
(QLs) (see figure  1(a)). The QLs are perpendicular to the  
c-axis and weakly bonded together mainly by van der Waals 
(vdW) forces [27]. Thus the compounds are easily cleaved 
and the (Se1/Te1) sublayer is easily exposed. It has, more-
over, been found by thermal and x-ray powder analysis that 
Bi2Te3 and Bi2Se3 form a complete solid solution in any pro-
portion, and the solid solution (Bi2Se3−xTex) has the same 
crystal structure as Bi2Te3 [28]. With this knowledge we 
propose that deposition of a 1BL Bi atom on the x varied 
Bi2SexTe3−x substrate surfaces should lead to modification 
of the surface electronic structure as a result of electronega-
tivity and atomic radius changes by the Te/Se ratio variations 
[29]. To the best of our knowledge, no work on the elec-
tronic structure evolution during growth of the 1BL Bi on 
Bi2SexTe3−x substrates with changing Te/Se ratio has been 
reported.

Experiments

Our experiments were performed in an ultra-high vacuum 
(UHV) system which combined a molecular beam epitaxy 

(MBE) growth chamber, Helium lamp (hν  =  21.218 eV)-
based ARPES system and synchrotron radiation Beamline 
4B9B in Beijing synchrotron radiation facilities (BSRF). The 
base pressure of the system was better than 2  ×  10−10 Torr. 
X-ray photoemission spectroscopy (XPS) (hν  =  500 eV) was 
measured for every stage of the sample preparation and Au 
4f7/2 photoemission was recorded for the purposes of checking 
the photon energies, the energy resolution was better than 
0.2 eV at room temperature (RT). All the ARPES measure-
ments were performed at 78 K, the energy and angular resolu-

tion were better than 20 meV and 0.02 Å−1 respectively.
An n-type Si (1 1 1) wafer (P-doped, 1–10 Ω·cm at RT) was 

used as substrate. The Si (1 1 1) was repeatedly cleaned by 
resistive heating at 1523 K until a sharp 7  ×  7 LEED pattern 
appeared. High purity Bi (99.999%), Se (99.999%) and Te 
(99.999%) were evaporated from Knudsen cells and the fluxes 
were calibrated by a quartz microbalance flux monitor. 10QLs 
films of binary Bi2Se3, Bi2Te3 and three ternary Bi2SexTe3−x 
with x  =  1.26, 2, 2.46 were grown by Bi co-evaporation 
either with, respectively, Se, Te or Se  +  Te setting the K-cells 
and substrate temperatures at adequate points [30–32]. The 
x values in the ternary systems are regulated through the Se 
evaporation time by controlling the K-cell shutter. LEED pat-
terns of the 3D Bi2Se1.26Te1.74 substrate and that of 1BL Bi/
Bi2Se1.26Te1.74 are shown in figures 1(b) and (c), respectively. 
The clear LEED patterns indicate the 1  ×  1 periodicity of the 
Bi2SexTe3−x (1 1 1) and 1BL Bi(1 1 1) / TI surface and also the 
formation of high-quality epitaxial films.

To better understand the experimental ARPES results, we 
also carried out first-principles DFT calculations to study the 
electronic structures of 1BL Bi/Bi2TexSe3−x heterostructures as 
a function of x. The calculations are carried out with the Quantum 
Espresso package [33] using norm conserving pseudopoten-
tials. The Perdew–Burke–Ernzerhof exchange-correlation 

Figure 1.  (a) Schematic illustration of single bilayer Bi and quintuple layer crystal structure for Bi2Se3. LEED patterns of the (b) 1  ×  1 
Bi2Se1.26Te1.74 (1 1 1) and (c) 1BL Bi/Bi2Se1.26Te1.74 at 59 eV.
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functional was used throughout this work. The lattice constant 
of the substrate are taken from experiments, and the calcul
ations are performed with a plane-wave cutoff of 400 eV on an 
11  ×  11  ×  1 k-point mesh. The alloy substrate is modeled by a 
slab of 6 QL. We also employ the virtual crystal approximation 
(VCA) where Se and Te atoms are substituted by one effec-
tive type of atom of intermediate nuclear and electronic charge. 
It is generally valid when the scattering effect of disorder is 
weak, as may be expected here because Se and Te have the 
same valence electrons, same crystal structure, similar lattice 
constant, and do not participate in the localized states. In doing 
so, we effectively assumed a uniform Se and Te distribution in 
the BiSexTe3−x substrate. In general, the VCA approach allows 
calculation of disordered systems to be carried out at the same 
cost as calculations for ordered structures. It assumes that on 
each potentially disordered site there is a virtual atom which 
interpolates between the properties of the actual components. 
The VCA ignores short range order such as local distortions, 
but gives a good description of the overall long-range alloy 
properties, such as band-structures [34, 35], so it is ideally 
suited for our purpose here.

XPS is one of the few techniques that gives an unam-
biguous measure of the elemental composition at surfaces  

[36, 37], and one can evaluate the concentration of the atomic 
species in the surface layer from its peak intensity. To make 
sure the results are credible, wide scan spectra with binding 
energies ranging from 21 eV to 60 eV that include Se 3d, Te 
4d and Bi 5d core-levels have been measured (see figure 2(a)). 
Each spectrum was normalized relative to the Bi 5d intensity, 
thus the relative intensity of Se 3d and Te 4d reflects the abso-
lute variation in the atom ratios. We establish an equation to 
estimate the x values based on the theoretical result [36]:

( )/ [ ( )]σ σ σ σ σ= − + +X I I I I I I I3 3 3Te Te Bi Te
2

Te
2

Se
2

Se
2

Bi Te Te Se Se

where ITe (ISe) denote the Te 4d (Se 3d) photoemission intensi-
ties, and σTe(σSe) is an element related factor which contains 
the asymmetry parameter, the total photoabsorption cross sec-
tion, the density of element, etc. The value of σTe(σSe) can 
be calculated from our Bi2Te3(Bi2Se3) samples: ISeσSe  =  IBi, 
ITeσTe  =  IBi. By peak fitting with the Shirley background we 
determine the x values (with about 10% error): x  =  0, 1.26, 
2.0, 2.46, 3.0, so the stoichiometry of the five samples is 
Bi2Te3, Bi2Se1.26Te1.74, Bi2Se2Te1, Bi2Se2.46Te0.54, Bi2Se3.

Substitution of the less electronegativity and larger atomic 
radius Te by Se leads to strengthening of chemical bond with 

Figure 2.  (a) Se 3d, Te 4d and Bi 5d core-level XPS of the Bi2SexTe3−x samples for x  =  0, 1.26, 2.0, 2.46 and 3.0 measured at photon 
energy 500 eV. (b) Bi 4f7/2 binding energy variation versus x; it shows nearly a linear relation. Inset is the Bi 4f7/2 peaks in the five samples 
shown in different colors. (c) The Bi 4f7/2 peak relative intensity variation of the Bi2Te3 substrate and that of overlayer Bi with the Bi 
deposition coverage. The deposition rate is carefully controlled by measuring one set of XPS every two minutes until the two peaks reached 
equal heights.

(a) (b)

(c)
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Bi and the valence electron tends to move the Se site at some 
level, so the Bi 4f core-level shows a slight shift towards 
higher energy [38]. Figure 2(b) clearly shows such trends in 
five samples with the measured binding energies of the Bi 
to be 4f7/2 as 157.71, 157.78, 157.82, 157.92 and 158.00 eV. 
More importantly, the peaks in the inset in figure 2(b) appear 
with good uniformity without any sign of shoulder, and the 
FWHM of the ternary compounds Bi2Se1.26Te1.74, Bi2Se2Te1 
and Bi2Se2.46Te0.54 show no deviation from that of the binary 
compounds Bi2Se3 and Bi2Te3. This demonstrates that all the 
Bi atoms are in a similar chemical environment. The samples 
are grown phase homogeneously and the Se, Te atoms dis-
tribute uniformly.

The growth rate of the Bi bilayer has been precisely con-
trolled through the film thickness estimation by in situ XPS 
measurement. Figure  2(c) demonstrates the Bi 4f7/2 peaks’ 
relative intensity variations in substrate Bi and overlayer Bi 
along with the coverage. For the layer-by-layer growth mode, 
the substrate signal should be attenuated according to I  =  I0 
exp (−t/λcosθ) [36]. In the 1BL Bi/Bi2SexTe3−x systems, 
1BL Bi and 1QL Bi2SexTe3−x contain the same number of Bi 
atoms, then the Bi 4f7/2 in two different chemical states have 
the same emission intensity without considering the photo-
electron attenuation. Hetero-epitaxial film in atomic-scale 
structure had been investigated by SXRD and LEED analysis 
[39, 40], and the inelastic-mean-free-path of the Bi 4f7/2 pho-
toelectron at kinetic energy 338 eV was estimated to be ~9 Å 
[41]. With these initial conditions a series of photoelectron 
attenuation values for the two chemical environments can be 
estimated using the peaks’ intensity and then eventually the 
Bi coverage can be obtained [42]. Specifically, when the two 
peaks have nearly equal intensity the deposited Bi reaches 
a single bilayer, which is also cross-checked by the quartz 
microbalance flux monitor.

Results and discussion

Figures 3(a), (c), (e), (g) and (i) shows the band structure of 
the bare Bi2SexTe3−x (x  =  0, 1.26, 2.0, 2.46, 3) systems near 
the Fermi level around the zone center (Γ-point), the spectra 
are taken along the Γ  −  K  direction. Red lines mark the Dirac 
cone-like surface states, and blue lines the bulk valence bands 
(BVB). The films thickness is nearly the same (~10 QL) and 
this thinness guarantees the ARPES spectrum represents the 
intrinsic TIs for the films largely decoupled from Si (1 1 1) 
[43]. The states with strong intensity below the Fermi level 
(EF) near the Γ-point is of bulk conduction bands (BCB) [30]. 
Such phenomenon is due to the fact that the Se is a vola-
tile element with a relatively high vapor pressure so that Se 
vacancy (VSe) and substitutional SeBi defects are easily formed 
[44]. Linearly dispersive energy bands from surface states 
form a Dirac cone at the Γ-point which are well separated 
from bulk bands. Known from previous ARPES studies and 
first-principles calculations [6, 45], the Dirac point of Bi2Te3 
is hidden by the ‘M’-shaped BVB [46], while for Bi2Se3 the 
Dirac point is above the ‘reverse U’-shaped BVB [47]. In the 
current systems, the Dirac point can be located at ~0.3 eV and 
~0.4 eV below the Fermi level. For the ternary compounds 

Bi2SexTe3−x (x  =  1.26, 2.0, 2.46), the band dispersion of the 
BVB deforms from the ‘M’-shape to ‘reverse U’-shape gradu-
ally with the increase of x as marked with blue lines in fig-
ures 3(c), (e) and (g). DFT-calculated band structures overlaid 
with the experimental results show good agreement.

The electronic band structure changes dramatically when a 
single Bi (1 1 1) bilayer is grown on the substrates (figures 3(b), 
(d), (f), (h) and (j)). A pair of states marked by a1 and a2 (green 
dotted lines) show upwards dispersions from k‖ ~  ±0.5 Å−1  
at ~0.6 eV below EF and crossing at k‖ ~  ±0.25 Å−1. This is 
a result of splitting of the spin-degenerate band of Bi(1 1 1) 
bilayer due to symmetry breaking at the interface [22]. The 
band a1 crosses the Fermi surface at k‖ ~  ±0.18 Å−1, while 
the a2 turns into a wavelike band in the region from  −0.2 Å−1  
to  +0.2 Å−1 below EF. Although the band a1 is nearly 
unchanged for all the systems underneath the EF, the a2 band 
shows a higher volatility with the Se content increasing and 
intersects with a1 at Γ-point (labeled by ‘D2’). At the same 
time, two sets of linearly dispersive bands (the upward-dis-
persing band marked by b and downward one by c) cross at 
Γ-point (labeled as D1 in figure 3(b)). In the Bi/Bi2Te3 system, 
the single bilayer Bi intrinsic band a2 is strong hybridiza-
tion with the Bi2Te3 substrate due to close energy proximity, 
and the crossing point for band c situates slightly at above 
0.2 eV and that for b slightly below 0.2 eV, and a nondisper-
sive feature between them with an energy width of ~50 meV 
was observed [23]. While in the Bi/Bi2Se1.26Te1.74 system, the 
crossing moves slightly upward to 0.15 eV and the linear dis-
persive bands are no longer observed (figure 3(d)). For the Bi/
Bi2Se2Te1 system, band b continues to shift upward, but at 
the crossing point its dispersion evolves from linear to high-
order bent line and crosses with c at the Γ point, consistent 
with previous calculations. This tendency is more obvious in 
the Bi/Bi2Se2.46Te0.54 and Bi/Bi2Se3 systems, as shown in fig-
ures 3(h) and (j) [48]. It means that the Fermi group velocity 
of Dirac fermions near the Dirac point is changed, which orig-
inates from the hybridization between the Bi(1 1 1) BL and 
Dirac surface states [49]. At the same time, the spin splitting 
of the a1 and a2 band becomes more obvious, and D1 is formed 
by intersection of the band b and c. The D2 originates from the 
hybridization of a2 and b bands and the two bands evolve into a 
giant Rashba-split state in the Bi/Bi2Se2.46Te0.54 and Bi/Bi2Se3 
systems [50]. These findings show that with the same single 
Bi bilayer on the similar and closely related Bi2SexTe3−x sub-
strates, the electronic structure can have a large modulation.

It is obvious that the interfacial interaction of the 1BL Bi 
and the substrate should be important in the very thin films 
[26]. Substitution of the Se for Te in Bi2SexTe3−x is not 
random and the substitution process prefers first to occupy 
the middle layer of the quintuple. It has been shown that the 
Se atoms preferentially to occupy site (2) (figure 1(a)) when 
x  ⩽  1, and the excess Se distributes randomly in site (1) after 
site (2) is fully occupied when x  >  1 [51]. In the latter situa-
tion, the portion of Te in the topmost layer next to the 1BL 
Bi counts (3  −  x)/2, which implies that in the Bi/Bi2Te3 and  
Bi/Bi2Se1.26Te1.74 systems the topmost layer in the substrates is 
almost completely composed of Te atoms. With the increasing 
Se content, the Te portion in the topmost layer, i.e. in site 
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(1), reduces to 50% for x  =  2.0, 27% for x  =  2.46 and 0 for 
x  =  3. To gain deeper insight into the growth mechanism and 
the interaction between 1BL Bi and Bi2SexTe3−x substrates, 
XPS of Bi 4f7/2 core levels was measured following deposi-
tion to determine the interfacial interaction between 1BL  
Bi and the Bi2SexTe3−x substrates. As seen from figure 4(a), 
there are separate Bi 4f7/2 core levels for the substrate and  
1 BL Bi. The fitted curves of the 1 BL Bi 4f7/2 on different sub-
strates for x  =  0, 1.26, 2.0, 2.46, 3 are shown in figure 4(b), 
and the read-off binding energy values 156.96(6), 156.97(8), 
156.97(2), 157.00(4) and 157.03(1) eV. We also calculated 

the amount of charge transfer from the Bi atom to substrate, 
shown in figure 4(c).

It is generally recognized that the core-level energy 
shift of a central atom correlates directly with the chemical 
environment of immediate nearest-neighbor atoms. The Bi 
4f7/2 binding energy increases from 157.71 to 158.00 eV 
with the substrate composition changing from Bi2Te3 to 
Bi2Se3, which reflects the difference in the Bi–Te and Bi–Se 
bonding nature. VdW interaction could also contribute to 
the core level shift, although its strength is weaker com-
pared to the interatomic chemical interactions [52]. In the 

Figure 3.  Experimental band dispersions along Γ  −  K  directions. (a), (c), (e), (g), (i) are the raw ARPES spectra of 10 QL Bi2SexTe3−x 
TIs at x  =  0, 1.26, 2.0, 2.46, 3.0, respectively; (b), (d), (f), (h), (j) are the ARPES for 1BL Bi grown on the Bi2SexTe3−x substrates, 
correspondingly. The red dashed lines mark the surface states and blue ones the valence bands. The green dashed lines a1, a2 and b are  
the intrinsic band states of the Bi bilayer, band c is the Dirac cone of substrates. DFT calculations are overlaid with the experiment results.
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current case, we observed the vdW force induced level  
shift through the 1BL Bi 4f XPS peak as seen in figure 4(c). 
The interaction between the bilayer and substrate in the 1BL 
Bi/Bi2SexTe3−x systems should be of vdW character similar 
to that in the QLs. The 1BL Bi deposition on the Bi2SexTe3−x 
surface reflects more or less the charge distribution in the Bi 
layer owing to its metallicity and higher electronegativity of 
the atoms in the substrate surfaces [48]. The core-level shift 
reflects the value of interfacial charge transfer from the Bi 
bilayer to substrate and the result shows the interfacial elec-
trical field induced by charge transfer is related to the sub-
strate. The results indicate that the interfacial electrical field 
stays nearly the same for the substrates with the Se atoms 
being distributed mostly at site (2), and it increases rapidly 
when distributed at site (1). The calculated charge transfer 
from the Bi bilayer to substrate as a function of the Se/ Te 
ratio is show in figure 4(c). Compared with Bi/Bi2Se3 and 

Bi/Bi2Te3, the charge transfer at the interface in the former 
is much larger than that in the latter. The overall trend agrees 
well with the experimental results of changing Bi binding 
energies except for x  =  2.0. The interfacial charge transfer 
affects the electronic structure of the single Bi bilayer as 
seen in ARPES. When the single Bi bilayer experiences a 
weaker electrical field (x  =  0, 1.26 and 2), the Bi intrinsic 
bands a1 and a2 show a relatively smaller Rashba spin split-
ting and have strong hybridization with the substrate due to 
close energy proximity; such effects are also consistent with 
the evolution of the electronic band structure as a function 
of the vertical distance between the superimposed Bi bilayer 
and the Bi2Se3 slab [48]. The Rashba spin splitting increase 
when stronger potential gradient was introduced to the 
bilayer (x  =  2.46 and 3) as see in figures 3(h) and ( j), this 
result agrees with previous APRES data and DFT-calculated 
projected band structure [23, 48].

Figure 4.  (a) Spectroscopic representation for the peak fitting results of the in-bilayer and in-substrate Bi 4f7/2 peaks. (b) Expanded  
peaks of the in-bilayer Bi 4f7/2 clearly show the peak position changes. (c) Binding energy positions of the 1BL Bi (left Y-axis) and  
the calculated charge transfer between Bi bilayer and substrates (right Y-axis) with increasing Se concentration.

(a) (b)

(c)
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It is known that the in-plane lattice parameter a of the 
Bi2SexTe3−x system decreases linearly with the increase of 
Se concentration, and the top 1BL Bi (1 1 1) in-plane lat-
tice constant is compressed to match the substrates [53, 54].  
The in-plane lattice constants of Bi2Te3 (1 1 1) and Bi2Se3 (1 1 1) 
were determined to be 4.386 Å and 4.138 Å, respectively  
[40, 55]. According to these parameters, the estimated corresp
onding lattice constants of the ternary alloys Bi2Se2.46Te0.54, 
Bi2Se2Te1, Bi2Se1.26Te1.74 are 4.183 Å, 4.221 Å, 4.282 Å, and 
these in-plane parameters of Bi (1 1 1) films correspond to 
compressive strain values of  −3.4%, −5.7%, −7.0%, −7.9% 
and  −8.9% for x  =  0, 1.26, 2.0, 2.46 and 3.0, respectively. 
First principles calculations for the single bilayer Bi show that 
the in-plane distortion has a great influence on the band struc-
ture [40, 56]. The original bands a1, a2 and b of the Bi(1 1 1) 
bilayer change significantly. Different from the changes 
induced by internal electric field in splitting the spin degen-
eracy of bands, the compressive strain gradually changes the 
band dispersion [56]. As mentioned above, the band b con-
tinues upward and gradually evolves in to ordinary Rashba-
split states that hybridize with a2, which can be attributed to 
the strain effects of in-plane contraction. In addition, there is 
a linear dispersive band of ~50 meV width in the Bi/Bi2Te3 
system, which disappears in the system of Bi/Bi2Se1.26Te1.74. 
We suggest this may be due to the upward shift of band b with 
the increased strain in the Bi/Bi2Se1.26Te1.74 system that fills 
the band gap. This agrees with the calculated band structure 
results in the freestanding single bilayer Bi with varying lat-
tice constants [40, 56].

Conclusion

In summary, we have systematically investigated a series 
of 1BL Bi/ Bi2SexTe3−x hetero-epitaxial films of which the 
film thicknesses are precisely controlled via MBE. The linear 
change characters of the lattice parameters in the Bi2SexTe3−x 
systems has been utilized to estimate the in-plane compressive 
lattice strain of the 1BL Bi film. Surface states and core-level 
changes are characterized by ARPES and XPS measurements. 
APRES results show an interesting evolution process in the 
surface states from Bi/Bi2Te3 to Bi/Bi2Se3, a larger Rashba 
splitting can be observed for the bands which are mainly con-
tributed by the 1BL Bi(1 1 1) and hybridize with bulk states of 
substrate, due to the combined effects of structural relaxation 
and interfacial charge transfer effect. We revealed the internal 
electric field at the interface region combined with the effects 
of structural relaxation reduces the band gap and gradually 
induces giant Rashba splitting states. Our work significantly 
advances fundamental knowledge and understanding of inter-
facial effects in the Bi2–Bi2SexTe3−x systems.
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