
ARTICLE

�nATuRE CommunICATIons | 3:636 | DoI: 10.1038/ncomms1639 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Received 19 Aug 2011 | Accepted 9 Dec 2011 | Published 17 Jan 2012 DOI: 10.1038/ncomms1639

The three-dimensional topological insulator is a quantum state of matter characterized by an 
insulating bulk state and gapless Dirac cone surface states. Device applications of topological 
insulators require a highly insulating bulk and tunable Dirac carriers, which has so far been 
difficult to achieve. Here we demonstrate that Bi2-xsbxTe3-ysey is a system that simultaneously 
satisfies both of these requirements. For a series of compositions presenting bulk-insulating 
transport behaviour, angle-resolved photoemission spectroscopy reveals that the chemical 
potential is always located in the bulk band gap, whereas the Dirac cone dispersion changes 
systematically so that the Dirac point moves up in energy with increasing x, leading to a sign 
change of the Dirac carriers at x~0.9. such a tunable Dirac cone opens a promising pathway to 
the development of novel devices based on topological insulators. 
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The surface state of a three-dimensional topological insulator 
(TI) is characterized by a Dirac cone dispersion showing a 
helical spin structure1–4, which makes the Dirac fermions 

immune to backward scattering and robust to non-magnetic impu-
rities and disorder5,6. Experimental realizations of novel topologi-
cal phenomena expected for such helical Dirac fermions hinge on 
the dominance of surface transport, but a highly insulating bulk has 
rarely been achieved in prototypical TIs such as Bi2Se3 and Bi2Te3 
because of naturally occurring defects and the resulting carrier  
doping3,7–10. Furthermore, applications of TIs to a wide range of 
devices would require a means to intentionally manipulate the prop-
erties of the Dirac carriers (sign, density, velocity and so on.) while 
keeping the bulk sufficiently insulating. However, such a Dirac cone 
engineering has been difficult to achieve because of the lack of suit-
able materials.

Recently, it has been shown that the ternary tetradymite TI mate-
rial Bi2Te2Se, which forms the ordered Te–Bi–Se–Bi–Te quintuple 
layers, has a large bulk resistivity11,12 because of its chemical char-
acteristics suitable for reducing defect formations. In this regard, the 
tetradymite Bi2-xSbxTe3-ySey (BSTS) solid solution, which has the 
same crystal structure as Bi2Te2Se (Fig. 1a), is of interest because a 
series of special combinations of x and y have been known to yield 
a high resistivity13–15. Thus, in the insulating compositions reported 
here ((x, y) = (0, 1), (0.25, 1.1), (0.5, 1.3), (1, 2)), the y value is unique 
when x is specified (details are described in Methods (in the subsec-
tion Transport properties of BSTS)). Such a control of the material 
properties is an advantage of the solid–solution systems16–18 and 
makes the BSTS system an interesting platform for investigating the 
Dirac band structure while keeping the insulating nature of the bulk.

Here we report our angle-resolved photoemission spectroscopy 
(ARPES) experiments on BSTS, which elucidated the surface and 
bulk electronic states in the vicinity of the Fermi level (EF) respon-
sible for the peculiar physical properties. We show that simultane-
ous tuning of the Sb and Se contents in the BSTS crystal makes it 

possible to control the energy location of the Dirac cone in the bulk 
band gap (and the sign of Dirac carriers) while keeping the bulk 
insulating character. This result demonstrates that what BSTS offers 
is, at present, the closest to the ultimate goal of the Dirac cone engi-
neering, that is, being able to tune the Dirac band structure to have 
desired surface carrier properties without having to tune the chemi-
cal potential in bulk crystals.

Results
Electronic states of Bi2Te2Se. We first demonstrate the ARPES 
data of an end member Bi2Te2Se (x = 0; y = 1). The photon-energy 
dependence of the band structure near EF is displayed in Figure 1b, 
where one can see several common features such as a prominent 
electron-like band centred at the Γ point (ky = 0) in the binding 
energy EB range of 0.0–0.3 eV and rather complicated band 
dispersions at EB > 0.3 eV. These features correspond to the surface 
state (SS) and the bulk valence bands (VB), respectively, judged 
from the analysis shown in Figure 1c, where the energy position of 
the SS is stationary with the variation in hν unlike that of the VB. 
A closer look at Figure 1c also reveals that the SS has an ‘x’-shaped 
dispersion with its Dirac point at ~0.3 eV, indicative of an electron-
doped character of the surface. The highest lying VB at ~0.4 eV 
exhibits an ‘m’-shaped dispersion and is located closest to EF at 
hν = 58 eV. We use this photon energy for comparing the electronic 
states at different compositions of BSTS and also for quantitatively 
estimating characteristic energies, as will be described later. One 
can see in Figure 1b that the signature of the bulk conduction band 
(CB) is completely absent in the ARPES intensity, confirming the 
insulating nature of the bulk. The two-dimensional contour plots 
of the ARPES intensity at various EB shown in Figure 1d signify the 
hexagonal warping of the SS band structure that gradually weakens 
on approaching the Dirac point, as commonly observed in other 
TIs4,8,19. Outside the SS, the VB feature is visible as a six-fold petal-
like intensity pattern at EB = 0.25–0.3 eV.
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Figure 1 | Photon energy dependence of the band structure in Bi2Te2Se. (a) Crystal structure of Bi2-xsbxTe3-ysey. Green, purple and yellow circles 
represent se, Bi/sb and Te/se atoms, respectively. (b) Photon energy dependence of the ARPEs intensity around the Γ  point for Bi2Te2se (x = 0, y = 1) 
measured at hν = 46, 50, 54 and 58 eV (top row) and 62, 66, 70 and 74 eV (bottom row) at T = 30 K. (c) Comparison of the band dispersions of the ss 
and the bulk VB in x = 0 for 3 representative photon energies hν = 50, 58 and 70 eV, as indicated by red, blue and green circles, respectively. The band 
dispersions were obtained by tracing the peak position of EDCs. Black dashed curves are guides to the eyes to trace the ss. (d) ARPEs intensity plots for 
x = 0 as a function of two-dimensional wave vector measured with hν = 58 eV, for various binding energies between EF and 0.3 eV. The intensity maps were 
obtained by folding the ARPEs intensity with the crystal symmetry taken into account.
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Evolution of electronic states in Bi2-xSbxTe3-ySey. Figure 2a–c 
show a comparison of the Fermi surface and the near-EF band struc-
ture at different compositions, all of which belong to the bulk insu-
lating phase as confirmed by the resistivity data shown in Figure 2d. 
Indeed, only the SS is present at EF in all the samples. Interestingly, 
the SS Fermi surface systematically shrinks on increasing x (Fig. 2a) 
accompanied by an overall upward shift of the SS (Fig. 2b,c). This 
demonstrates that increasing x (and the simultaneous increase in y)  
provides more acceptors, which is likely due to a slight change in 
the carrier compensation condition, while the bulk remains highly 
insulating as confirmed by the electrical resistivity data in Figure 2d; 
in particular, the resistivity for Bi1.5Sb0.5Te1.7Se1.3 (x = 0.5; y = 1.3) 
is very high for TIs, reaching 10 Ωcm at low temperatures, and pre-
vious magnetotransport studies elucidated the surface mobility to 
exceed 1,000 cm2 Vs − 1 for this composition14. An important indi-
cation of our data is a systematic compensation of Dirac carriers 
that can be seen in Figure 2a–c; this trend can also be confirmed 
in the momentum distribution curves (MDCs) at EF shown in  
Figure 2e, where the momentum separation of two peaks in the 
MDC, corresponding to the 2kF (Fermi vector) value, gradually 
decreases with increasing x. To quantitatively evaluate the evolution 
of the SS, we plot in Figure 2f the Dirac band dispersion determined 
from the peak positions of the energy distribution curves (EDCs) in 
Figure 2c. One can see that the energy shift of the Dirac band pro-
ceeds in a rigid-band manner, the bands for different x values essen-
tially overlap with each other when we plot its energy position with 
respect to the Dirac-point energy (EDP), despite the total chemical 
potential (µ) shift of as large as 0.3 eV as seen in Figure 2g. Intrigu-
ingly, the SS band dispersion below EF for x = 1.0 suggests that the 
Dirac point is located slightly above EF, which can also be confirmed 
in the plot of the 2kF values in Figure 2h, pointing to a sign change 
of Dirac carriers from n- to p-type at some x value between 0.5 and 
1.0. Another important indication in Figure 2 is that the bulk VB 
does not show a rigid-band shift relative to the SS, as inferred from 
the data in Figure 2b, where the lower hole-like branch of the Dirac 
cone for x = 1.0 is more clearly visible than in x = 0.

Band diagram of Bi2-xSbxTe3-ySey. Looking at Figure 2a, one 
notices that the Dirac point is buried in the bulk VB at x = 0, which 
means that the putative transport properties near the Dirac point 
would be strongly affected by the bulk-surface interband scattering. 
In contrast, one can see in Figure 2b that the Dirac point for x = 1.0 
is well isolated from the bulk, indicating a more ideal situation for 
applications. To depict a comprehensive picture of the evolution of 
the energy bands, it is necessary to determine the energy locations of 
the bulk-band edges. This requires the observation of the CB which 
becomes possible by ageing the sample surface20–22. The details of 
this ageing experiments are described in Methods (Surface ageing 
to observe the bulk CB). We have estimated ECB and EVB as well as 
the Dirac-point energy (EDP) by using the ageing technique for all 
compositions, and the obtained characteristic energies are shown in 
Figure 3a. While the magnitude of the band gap is almost independ-
ent of x, the Dirac-point energy relative to the VB top, EDP–EVB, is 
negative at x = 0 and turns to positive around the critical x of ~0.25. 
As illustrated in the schematic band diagram (Fig. 3b), the intrinsic 
transport properties near the Dirac point can be achieved in samples 
with x > 0.25, and, therefore, this composition range is particularly 
suited for realizing the topological phenomena to require the tun-
ing of µ to the Dirac point, such as the topological magnetoelectric 
effect23. Another important aspect is that µ at the native surface of 
our BSTS samples is located above the Dirac point in 0 ≤ x ≤ 0.5 and 
below it in x = 1.0. This suggests that a sign change in surface Dirac 
carriers takes place at x~0.9 (estimated from a linear interpolation 
in Fig. 2h), and, therefore, a p–n junction fabricated by a composi-
tion gradient in BSTS may be conceivable. In this regard, the Hall 
coefficient at low temperature is negative for x = 0.0–0.5, whereas 

it is positive for x = 1.0 as described in Methods (in the subsection 
Transport properties of BSTS), in good agreement with the ARPES 
data.

Discussion
The observed isolated nature of the Dirac cone at x = 1 as opposed 
to its buried character at x = 0 may be understood in terms of the 
difference in the Se/Te content: according to the previous ARPES 
studies, the Dirac point in Bi2Se3 (ref. 3) is well isolated from the 
bulk bands while that in Bi2Te3 is situated inside the bulk VB8.  
In BSTS, the Dirac cone is gradually isolated from the bulk band as 
the Se/Te ratio is increased from 0.5 to 2.0 (on which x changes from 
0.0 to 1.0), in accordance with the natural expectation from the dif-
ference in the electronic states in Bi2Se3 and Bi2Te3. This suggests 
the importance of controlling the orbital character of chalcogen-
derived bands for the Dirac cone engineering.

The experimental realization of both Dirac holes and electrons 
in the BSTS system demonstrated here points to the high poten-
tial of this material for studying the various topological phenomena 
requiring the access to the Dirac point. Moreover, it would provide 
an excellent platform for the development of novel topological 
devices to utilize a dual-gate configuration for the electric control of 
spins24 or p—n-junction configurations that are essential for vari-
ous applications, as in semiconductor technology. Another impor-
tant feature of this system is that the energy location of the Dirac 
point in the band gap can be tuned while keeping the bulk-insulat-
ing nature and a high surface mobility, allowing one to study the 
effect of the bulk-surface scattering channel on the surface carriers 
near the Dirac point. Furthermore, the availability of the Dirac cone 
engineering in bulk crystals is important for the topological magne-
toelectric effect, because it has been proposed that the energy gain 
in the bulk owing to the axion term can be crucial for realizing such 
an effect25. The present result provides an important step toward 
establishing the means to fully control of surface Dirac fermions in 
TIs to explore a variety of exotic physical properties proposed for 
this exciting class of materials.

Methods
Sample preparation. High-quality single crystals of BSTS were grown by sealing 
stoichiometric amounts of high-purity elements in evacuated quartz tubes and 
melting them at 850 °C for 48 h with intermittent shaking to ensure a homogeneity 
of the melt, followed by cooling slowly to 550 °C and annealing at that temperature 
for 4 days. X-ray diffraction analyses confirmed that all the samples have the same  
crystal structure (R 3m) with the desired chalcogen ordering as shown in Figure 1a. 
Transport properties were measured with Quantum Design PPMS using the stand-
ard AC four-probe method.

ARPES experiments. ARPES measurements were performed with a VG Scienta 
SES2002 electron analyser with a tunable synchrotron light at the beamline BL28A 
at Photon Factory (KEK). We used circularly polarized lights of 36–116 eV. The en-
ergy and angular resolutions were set at 15–30 meV and 0.2°, respectively. ARPES 
measurements were also performed with a MBS A1 electron analyzer with a high-
flux Xe discharge lamp and a spherical grating monochromator (hν = 8.437 eV)26 at 
Tohoku University. Samples were cleaved in-situ along the (111) crystal plane in an 
ultrahigh vacuum of 1×10 − 10 Torr. The Fermi level of the samples was referenced 
to that of a gold film evaporated onto the sample holder. A shiny mirror-like  
surface was obtained after cleaving the samples, confirming its high quality.

Transport properties of BSTS. As was reported in ref. 15, the ‘intrinsic’ com-
positions in the solid–solution system BSTS were recently elucidated. At such 
compositions, acceptors and donors maximally compensate each other, and bulk-
insulating behaviour is observed. In the present ARPES experiment, we studied 
four combinations of (x, y) [ = (0, 1), (0.25, 1.1), (0.5, 1.3), and (1, 2)] that all belong 
to such intrinsic compositions. The crystals used in the present work are obtained 
after careful optimization of the growth conditions for insulating behaviour, as 
evidenced by the resistivity data (Fig. 2d) that present even higher values for all 
compositions compared with those reported in ref. 15.

To corroborate our claim that all the compositions studied here possess highly 
bulk-insulating nature, and to elucidate the sign of the surface charge carriers, 
the temperature dependences of the Hall coefficient RH for the four compositions 
were measured (Supplementary Fig. S1). The Hall measurements were done on the 
same samples as those used for the resistivity measurements. One can see that the 
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Figure 2 | Properties of Bi2-xSbxTe3-ySey for various compositions. (a–c) Comparison of (a) the Fermi surface of the ss, (b) the near-EF band 
dispersions, and (c) the EDCs in Bi2-xsbxTe3-ysey for four x values (x = 0, 0.25, 0.5 and 1.0) where y = 1, 1.15, 1.3 and 2, respectively. The ARPEs data were 
measured with hν = 58 eV at T = 30 K. Brown dashed curves in (b) are guides to the eyes to trace the ss. White arrows and red dashed lines indicate 
the energy positions of the Dirac point (EDP) and the VB top (EVB), respectively. (d) Temperature dependences of the electrical resistivity ρxx at the 
four compositions. (e–h) Composition dependences of (e) the mDCs at EF, (f) the band dispersions of the ss relative to the Dirac point, (g) the shift of 
the chemical potential (µ) relative to that for x = 1.0 when the Dirac point is taken as the reference point, and (h) the 2kF values along ky. kF values were 
determined by fitting mDCs at EF with two Lorentzian peaks. Blue, green, brown and red curves or dots in d–f are for x = 0, 0.25, 0.5 and 1.0, respectively. 
Error bars in (g) correspond to the experimental uncertainty in determining EDP, whereas those in (h) originates in the experimental uncertainty in 
estimating the peak position of mDCs.
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absolute values of RH at the lowest temperature are 400 cm3 per °C or larger, which 
indicates that the present samples are even better insulators than the Bi2Te2Se 
sample originally reported in ref. 13 (where |RH| at the lowest temperature was 
200 cm3 per °C).

Surface ageing to observe the bulk conduction band. To determine the energy 
location of the bulk CB that is located above EF in our insulating samples, we 
intentionally aged the sample surface in our vacuum chamber and doped electrons 
into the SS to enhance the surface band-bending effect, by following the ARPES 
studies of Bi2Se3 and Bi2Te3 (refs 20–22) and also a recent transport study of 
BSTS14. A representative result for x = 0 shown in Supplementary Figure S2 dem-
onstrates that the ageing leads to an overall downward shift of the spectral feature 
and, simultaneously, the appearance of the CB at EF. As shown in the right panel of 
Supplementary Figure S2, it is thus possible to estimate the actual locations of the 
bottom of the CB (ECB) and the top of the VB (EVB) by tracing the trailing/leading 
edges of the EDCs27. 
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Figure 3 | Characteristic energies and the schematic band diagram.  
(a) Plot of the three characteristic energies, the band gap Egap ( = ECB–EVB), 
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derived from the present ARPEs experiment. The top of the VB is aligned in 
this diagram for clarity.
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