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a b s t r a c t   

Successful applications of a topological insulator (TI) in spintronics require its bandgap to be wider then in a 
typical TI and the energy position of the Dirac point in the dispersion relations to be away from the valence 
and conduction bands. In this study we grew Bi1.1Sb0.9Te2S crystals and examined their elemental com-
position, structural, optical and electronic properties as well as the electronic band structure. The high 
structural quality of the grown crystals was established by X-ray diffraction and Raman spectroscopy. 
Angular resolved photoelectron spectroscopy demonstrated a near parabolic character of the valence and 
conduction bands and a direct bandgap of 0.36 eV. The dispersion relations also revealed a Dirac cone, 
confirming the topological insulator nature of this material, with the position of the Dirac point being 
100 meV above the valence band maximum. Far infrared reflectivity spectra revealed a plasma edge and two 
phonon dips. Fitting these spectra with theoretical functions based on the Drude-Lorentz model allows 
determination of the high frequency dielectric constant (41.3), plasma frequency (936 cm−1) and the fre-
quencies of two infrared phonons (177.7 cm−1 and 77.4 cm−1). 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

A novel quantum state of matter has been discovered in a 
number of materials called topological insulators (TIs). The bulk 
regions of TIs have insulator-like properties whereas strong spin- 
orbit coupling produces topologically protected surface states (SSs) 
with a Dirac-type dispersion cone [1]. TIs have exotic electronic 
properties and high potential for use in low power spintronics [2] 
and quantum electronics [3]. Exploration of the electronic properties 
in TIs is at an early stage and new experimental studies of TIs are 

expected to reveal novel physical effects opening new horizons for 
the application of these materials. 

Successfully exploiting and studying the SSs independently from 
the contribution of the bulk states require the bandgap to be wider 
than in a typical TI, along with a Dirac point isolated from the bulk 
states, low concentrations of bulk charge carriers as well as the 
ability to reproducibly grow high-quality materials. The binary tet-
radymites such as the Bi-chalcogenides Bi2Se3 and Bi2Te3, are widely 
considered as model examples of TIs. However, in both these com-
pounds the bulk exhibits a metallic behavior due to high populations 
of intrinsic defects and, furthermore, their Dirac points are buried in 
the valence band (VB) [4,5]. 

One of the strategies for shifting the Dirac point closer to the 
center of the bulk bandgap is alloying Bi2Te3 with Bi2Se3 or Bi2S3 to 
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produce the ternary crystals Bi2Te2Se [6] and Bi2Te2S [6,7], respec-
tively. Amongst these Bi2Te2S is especially attractive since the high 
electronegativity of S decreases the absolute energy of the VB 
maximum [8]. However, the difference in the ionic radii of S and Te 
produces strain [9], which makes Bi2Te3-Bi2S3 alloys rather unstable. 
On the other hand, another binary topological insulator, Sb2Te3, has 
some significant advantages over the Bi-based tetradymites in 
having its Dirac point shifted away from the bulk band edges. 
Therefore, a route to shifting the Dirac point is to explore be the 
Bi2−xSbxTe3−ySy quaternary solid solutions. The simultaneous partial 
substitution of Bi and Te by Sb and S, respectively, can convert n-type 
conductivity in native Bi2Te2 to p-type in Bi1.1Sb0.9Te2S [6] and shift 
the Dirac point deeper in the bandgap and away from the bulk bands  
[10]. Such an approach could be very promising for the development 
of TIs for spintronics devices. 

The majority of recent studies of TIs are concerned with non- 
trivial properties. However, their bulk electronic properties can also 
be rather unusual [11,12]. The interest in bulk properties of these 
materials is also driven by their high performance in thermoelectric 
devices [6–8]. Parameters of the electronic structure of the bulk can 
be found in the literature mostly for binary TIs (like Bi2Se3, Bi2Te3 

and Sb2Te3). However, very little has been reported for some more 
recently discovered derivatives from these binary compounds [6,13]. 

In this paper we report on the growth of Bi1.1Sb0.9Te2S crystals, 
prove their topological insulator nature using Angular Resolved 
Photoelectron Spectroscopy (ARPES), examine elemental composi-
tion, structural and electronic properties using energy-dispersive X- 
ray (EDX) analysis, X-ray diffraction (XRD), Raman spectroscopy and 
far-infrared (FIR) reflectivity. 

2. Experimental details 

Flat samples with sizes about 3 × 3 mm2 and a thickness of 
0.5 mm were cleaved perpendicular to the c-axis from a crystalline 
ingot (a cylinder of 5 mm diameter and 7 mm long), grown by the 
vertical Bridgman technique. 4 N and 5 N purity Bi, Sb, Te and S, were 
used as the source materials [14] and the growth process was carried 
out in a sealed, carbon coated quartz ampoule. 

The composition of the samples was measured by EDX analysis 
carried out using JEOL JCXA-733 at an electron beam current of 1 nA 
and an energy of 20 keV. The component inhomogeneity was ex-
amined by EDX measurements at several points across the surface of 
the samples. 

The structure of the grown material was examined using XRD 
measurements of powder and crystals carried out at room tem-
perature employing a DRON-3 Series X-ray Automatic 
Diffractometer with CuKα source (α1 ~1.54059 Å, α2 ~1.54439 Å) 
from 12° to 125° of the 2Θ angle with an increment of 0.02°. 

For the transport measurements the current flowed in the plane 
perpendicular to the c axis in the transverse geometry whereas the 
magnetic field B was always applied perpendicular to the applied 
current. 

Raman spectra were measured using a Renishaw micro-Raman 
spectrometer RM 1000 equipped with a thermoelectrically cooled 
CCD detector. All spectra were recorded in the backscattering con-
figuration from the crystal basal plane using an objective with 50× 
magnification. The “parallel” polarization geometry (with the po-
larization of scattered light parallel to the polarization of incident 
light, XX) and the “perpendicular” one (with the polarization of 
scattered light perpendicular to the polarization of incident light, 
XY) were both used. Lasers with wavelengths λ = 514 nm and 
λ = 532 nm were used for measurements at 10 and 300 K, respec-
tively, at a spectral resolution of 2 cm−1. The laser power was held 
below 1 mW to avoid heating of the sample. Edge filters were used 
with cutoff energies of 80 cm−1 (514 nm) and 40 cm−1 (532 nm) from 
the respective laser line. 

Reflectivity measurements were carried out in the frequency 
range from 0 cm−1 to 5000 cm−1 at 4.2 K using a Bruker IFS 66 v/S 
FTIR spectrometer with a Globar light source and a silicon bolometer 
as detector at the Laboratoire National des Champs Magnétiques 
Intenses in Grenoble, France. Near normal incidence reflectivity 
measurements were carried out on a square 3 × 3 mm2 area of the 
surface of a 0.5 mm thick sample. 

ARPES measurements were performed along the ¯ ¯ direction 
of the Brillouin zone at about 60 K and pressure below 4 × 10−10 mbar 
using a monochromated light beam from a Gammadata VUV 5010 
He lamp (hv = 21.2 eV) and Scienta SES 200 hemispherical electron 
analyser at the University of Würzburg. The samples were cleaved 
under vacuum (below 2 × 10−9 mbar) at room temperature. Low 
energy electron diffraction (LEED) was used to characterize the long- 
range crystalline order as well as to determine high symmetry di-
rections. 

3. Results 

3.1. Energy dispersive X-ray microanalysis 

The elemental composition, taken as the average of 20 EDX 
measurements in 20 different points with a statistical error of 2%, 
resulted in the following values: 22.0  ±  0.4 at% of Bi, 16.9  ±  0.3 at% 
of Sb, 40.3  ±  0.8 at% of Te and 20.8  ±  0.4 at% of S suggesting the 
chemical formula Bi1.10Sb0.85Te2.02S1.04. An excess of Bi over Sb can be 
presented by the element ratio [Bi]/[Sb] = 1.30  ±  0.05, whereas the 
content of sulphur is, within experimental uncertainty, half of that 
for tellurium [S]/[Te] = 0.52  ±  0.02. The elemental composition in-
dicates a 5% deficiency of the cations Bi + Sb] over the anions [S + Te]. 

3.2. X-ray diffraction 

The experimentally measured powder XRD pattern for the grown 
Bi1.1Sb0.9Te2S, shown by open circles, a Rietveld refinement fit, the 
difference between them as well as standard set of Bragg reflections 
corresponding to the tetradymite structure (theR m3 space group 
symmetry) are presented in Fig. 1(a). Lattice constants a and b of 
4.186 Å as well as c of 29.937 Å were determined, giving a unit cell 
volume of 454.39 Å3. Fig. 1(b) shows the experimental XRD pattern 
of the Bi1.1Sb0.9Te2S crystal measured in the flat-plane reflection 
geometry. Each diffraction peak is attributed to scattering from a 
specific set of (0,0,l) parallel planes of atoms in the rhombohedral 
structure of tetradymite in accordance with the standard diffraction 

Fig. 1. XRD patterns of Bi1.1Sb0.9Te2S: (a) experimental data from powder (open cir-
cles), Rietveld fit (solid line) and the difference between them as well as a standard set 
of Bragg reflections corresponding to the tetradymite structure; (b) experimental data 
from single crystal; (c) CuKα1 and CuKα2 lines for the (0,0,30) and (0,0,33) diffraction 
peaks for single crystal. 
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data [6,15]. Fig. 1(c) shows well resolved doublets for the (0,0,30) and 
(0,0,33) diffraction peaks due to the CuKα1 and CuKα2 lines, high-
lighting the high quality of the crystal. 

3.3. Transport measurements 

Hall measurements at room temperature and 77 K confirmed p- 
type conductivity with hole concentrations (np) of 2.3·1019 cm−3 and 
3.5·1019 cm−3, mobilities (µ) of 190 cm2/(V·s) and 350 cm2/(V·s) and 
DC conductivities (σ) of 630 (Ω·cm)−1 and 1700 (Ω·cm)−1, respec-
tively. 

3.4. Raman spectroscopy 

Raman spectra were measured at 10 K and 300 K for the XX and 
XY geometries. To determine the Raman susceptibility χ”(ω), shown 
in Fig. 2, the spectra were divided by the Bose factor.  

[1 − exp(-ħω/kT)]−1·                                                                      

The 10 K spectra in Fig. 2(a) demonstrate two sharp lines at 
120 cm−1 and 183 cm−1. Increasing the temperature to 300 K, red-
shifts the spectral position of both lines to 116 cm−1 and 178 cm−1, 
respectively. The use of the cutoff filter with a lower frequency in the 
300 K measurements allowed the observation of two low-frequency 
phonons at 43 cm−1 and 69 cm−1 as shown in Fig. 2(b). The XX 
geometry spectra for both 10 K and 300 K also contain a broad fea-
ture near 150 cm−1. 

The symmetry group analysis of Bi1.1Sb0.9Te2S assuming the R m3
space group gives the irreducible representation:  

Гph = 2A1g + 2Eg + 3A2u +3Eu,                                                  (1) 

where A1g and Eg are Raman-active modes whereas the A1u and Eu 

modes are infrared-active ones. The Raman tensors of optical pho-
nons for the tetradymite structure allow the observation of both A1g 

and Еg phonons in the XX geometry, while only Еg phonons can be 
observed in the XY geometry. The experimental Raman spectra in  
Fig. 2 confirm this prediction: all A1g and Еg peaks are seen in the XX 
spectra but the XY spectra contain only Eg modes at 43 and 116 cm−1. 

3.5. Infrared spectroscopy 

A FIR reflectivity spectrum, measured at 4.2 K, is shown in Fig. 3. 
It reveals three prominent dips at 255 cm−1

, 151 cm−1 and 51 cm−1. 
The experimental reflectivity spectrum was fitted with the following 
frequency (ω) dependent theoretical function R ( ): 

=
+

R ( )
( ) 1

( ) 1
,

(2) 

where the complex dielectric function ε(ω) was calculated as a sum 
of Lorentz oscillators using the Drude-Lorentz model [16]: 

= + +
i

S
i

S

i
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( ) ( ) ( )
,p

2

2 2
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where ε∞ is the high frequency dielectric constant, the second term 
is a Drude-type oscillator with damping rate γ and unscreened 
plasma frequency of free carriers ωp. 

Expression (3) also includes two more oscillators representing 
low frequency TO phonons with frequencies ωα, ωβ, phonon spectral 
weights Sα, Sβ and damping rates γα, γβ for the α and β phonons, re-
spectively. The best fit, shown in Fig. 4 by solid line, allows de-
termination of ε∞⊥ = 41.3  ±  0.3, parameters of the Drude oscillator ωp 

= (936  ±  20) cm−1 and γ = (114  ±  5) cm−1 as well as frequencies for 
the two phonons ωβ = (177.7  ±  0.4) cm−1, γβ = (24  ±  1) cm−1, Sβ 

= (379106  ±  9590) cm−1 and ωα = (77.4  ±  0.7) cm−1, γα = (26.6  ±  1.6) 
cm−1, Sα = (661163  ±  25157) cm−1. 

3.6. Angle-resolved photoelectron spectroscopy 

ARPES-measured energy dispersion curves of Bi1.1Sb0.9Te2S at 
60 K are shown in Fig. 4. One can clearly see the topological surface 
state with its Dirac point at a binding energy of EB = 230 meV, Fermi 

Fig. 2. The Raman susceptibility of Bi1.1Sb0.9Te2S obtained at two temperatures for the 
XX and XY geometries (points). Each spectrum was fitted with narrow peaks (dashed 
lines) and a broad continuum (solid lines). The vertical dashed lines show phonon 
positions at 10 K. 

Fig. 3. An experimental FIR reflectivity spectrum at 4.2 K (symbols) and Drude- 
Lorentz fit (solid line). 
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vector of (0.050  ±  0.004) 1/Å and corresponding Fermi velocity of 
(6.5  ±  1.5)× 105 m/s. The VB maximum is below the Fermi level by 
about 0.4 eV whereas the conduction band (CB) minimum visible at 
0.04 eV allows us to estimate a bulk bandgap of 0.36 eV. 

The inset to Fig. 4 shows the corresponding Fermi surface map 
revealing two characteristic spectral features. The outer ring corre-
sponds to the Dirac state, whereas the inner circular-shaped feature 
represents the bulk CB. 

4. Discussion 

The chemical formula of the studied Bi1.10Sb0.85Te2.02S1.04 crystal 
is close to the Bi1.1Sb0.9Te2S reported in [6]. Therefore, we can expect 
significant similarities of the structural, optical and electronic 
properties of these materials. The 5% deficiency of cations in the 
elemental composition encourages the formation of the vacancies of 
Bi and Sb, VBi and VSb, interstitials of S and Te, Si and Tei, as well as 
their defect complexes such as antisite defects. Some of these de-
fects are acceptors whereas others are donors inducing in the ma-
terial a degree of compensation. The charge carrier concentration 
and therefore the Fermi level position can be controlled by tuning of 
the cation to anion ratio. 

The experimental XRD pattern for the single crystal, shown in  
Fig. 1(b), demonstrates nearly equidistant diffraction peaks origi-
nated from the (0,0,6), (0,0,9), (0,0,12), (0,0,15), (0,0,18), (0,0,21), 
(0,0,24), (0,0,27), (0,0,30) and (0,0,33) crystallographic planes. The 
position of diffraction peaks is determined by the interplane spacing 
due to the Bragg’s law. The main diffraction peaks in Fig. 1(b) are 
very intensive and sharp suggesting the single crystalline nature of 
the sample. The experimental patterns reveal only reflections cor-
responding to the rhombohedral unit cell of tetradymite [6,15]. No 
other peaks associated with secondary phases can be seen demon-
strating a high structural quality of the crystals. Fig. 1(c) shows lines 
due to CuKα1 and CuKα2 for the (0,0,30) and (0,0,33) diffraction 
peaks, which also demonstrate the homogeneity of the crystal and 
its well-ordered structure. The full width at half maxima (FWHM) of 

the (0,0,6) diffraction peak in the single crystal pattern is 0.1° for 
different parts of the cleaved crystals. This also strongly supports the 
high phase purity and structural quality of the crystal. The values 
determined for the a, b and c lattice constants are close to those 
recently reported in [6] for the related Bi-tetradymite without Sb: 
Bi2Te1.8S1.4. It should be noted that in [6] these constants were de-
termined using only XRD peak positions for 2Θ below 50° whereas 
our values were calculated using XRD peaks for the much wider 
range of 2Θ from 12° up to 105°. Bi1.1Sb0.9Te2S has slightly smaller 
lattice parameters than those in Bi2Te2S (a = 4.32 Å, c = 30.5 Å) and 
Bi2Te3 (a = 4.38 Å, c = 30.5 Å) [17] because of the smaller atomic ra-
dius of Sb with respect to that of Bi. 

In order to improve the accuracy of the interpretation of the 
Raman spectra, the peaks in these spectra were fitted with different 
shapes. The best fit has been achieved using Lorentzians for all 
phonon lines except for the A1 g

1 phonon line, for which asymmetric 
Breit-Wigner-Fano (BWF) functions [18] were used. 

Five spectral lines can be seen in the Raman spectra, which ex-
ceeds the number of vibration modes allowed by the selection rules 
(four). This suggests a one-mode behavior of at least three low-fre-
quency lines in the phonon spectra of the Bi1.1Sb0.9Te2S crystal lattice 
with a monotonic change in the phonon frequency when Bi atoms 
are being replaced by Sb atoms. It is surprising that the substitu-
tional disorder, generated by such replacements, did not affect the 
linewidth of the high-frequency phonon A2

1 g at 178 cm−1. Such a 
phonon in the binary Bi2Te3 at 133 cm−1 has a FWHM of 9 cm−1 [19], 
which is comparable with that for our quaternary crystal. However, 
this replacement can probably explain the twofold increase of 
FWHM for the low energy phonons seen in our spectra (6–8 cm−1 in 
comparison with ~3 cm−1 in Bi2Te3 [19]). 

Similar to other Raman active lines, observed in our spectra, the 
A2

1g mode is not associated with the displacement of edge atoms 
(which are S in our case) in the rhombohedral unit cell. For Bi2Te2S, 
the calculated frequency of the A2

1g line is 157 cm−1, compared to an 
experimental value of 148 cm−1, whereas for Sb2Te2S the corre-
sponding frequencies are 189 and 168 cm−1, respectively [17]. Thus, 
the replacement of bismuth with antimony leads to a significant 
increase in the energy of the A2

1g mode. A similar increase was also 
observed after bismuth in Bi2Te2Se was substituted with antimony 
to give Sb2Te2Se [20]. 

The good match of the experimental spectra, presented in Fig. 2, 
with sums of individual Lorentzians clearly suggests the presence of 
a broad feature (continuum) at ~150 cm–1 in the XX geometry 
spectra. A broad continuum in the same frequency range was pre-
viously observed in the Raman spectra of Bi1.5Sb0.5Te1.8Se1.2 [21] and 
assigned to a defect mode with weak symmetry dependence. The 
observation of surface phonons which interact with the surface 
electron continuum was reported in [22] for the same frequency 
range of the Bi2Se3 Raman spectra. In our case, the continuum can be 
seen only in the parallel polarization geometry and has a rather large 
FWHM of 100 cm−1 at 300 K, which is even greater at 10 K. The 
Raman spectrum of tin-doped Bi1.1Sb0.9Te2S, reported in [10], is very 
similar to our spectra. This spectrum also shows the presence of a 
broad continuum in the indicated frequency range. The authors of  
[10] attributed the observed continuum to two-phonon scattering 
and a defect induced mode. 

The authors of [23] also observed an additional broad line at 
145 cm−1 in the spectrum of Bi2Te2Se. They attributed this line to a 
high concentration of the antisite defect Te-Se which induces a local 
mode that oscillates at its own frequency with strong damping. In 
our sample, antisite defects such as Te-S can also be present [24,25]. 
The presence of such defects is supported by the elemental com-
position of our samples. An inhomogeneous distribution of such 
defects can lead to the observed broad continuum constituting a 
number of local modes with slightly different frequencies, resulting 
in the appearance in the Raman spectra of features, which are 

Fig. 4. ARPES energy dispersion relations of Bi1.1Sb0.9Te2S along the ¯ ¯ direction at 
60 K. The inset displays the corresponding Fermi surface map. 
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broader than expected for conventional phonon modes. Further 
detailed studies (temperature, symmetry, resonance) are needed to 
confidently identify the broad continuum excitations. 

The energy of the high-frequency Eg and A1g phonons increases 
with decreasing temperature whereas their width decreases, which 
reflects typical anharmonic effects. In general, the observed features 
additionally confirm the phase purity and structure of tetradymite. 

A comparison of center frequencies of Raman-active phonons of 
TIs with theR m3 space group lattice symmetry with our results is 
presented in Table 1. It can be seen that the simultaneous sub-
stitution of Bi and Te in Bi2Te3 by the lighter Sb and S, respectively, 
shifts all the phonon modes to higher frequencies. Notably, with 
respect to the parent compounds Bi2Te2S and Bi2Te3 the A1g fre-
quency increase in Bi1.1Sb0.9Te2S is greater than that of Eg. 

The general shape of our reflectivity spectrum, shown in Fig. 3, is 
very similar to those reported for Bi2Se3 [27,28] where three dips 
were also observed although at different frequencies. Similar to the 
current report these features were assigned to the plasma edge 
minimum as well as to two phonons. The plasma frequency of ωp 

= 936 cm−1, determined here for Bi1.1Sb0.9Te2S, is close to the value 
832 cm−1 but greater than the 382 cm−1 reported in [29] and [28], 
respectively, for Bi2Se3. 

The determined high frequency dielectric constant of ε∞⊥=41.3 
for Bi1.1Sb0.9Te2S is close to the values of 64 and 42 from [29] for 
Bi2Te3 and Sb2Te3, respectively, also determined using the Drude- 
Lorentz model. However, a constant of ε∞ = 9, reported in [29] for 
Bi2Se3, is significantly smaller than our value. As shown in [29] 
neither reflectivity spectra of Bi2Te3 nor of Sb2Te3 reveal the phonon 
dips observed in our spectra for Bi1.1Sb0.9Te2S. These features in the 
reflectivity spectra of Bi2Se3 were assigned in [27] to relative 
transverse motion of charged Bi and Se ion modes with the Eu 

symmetry. Therefore, we can also assign the α and β dips in our 
reflectivity spectra to the E ( )u

1 and E ( )u
2 infrared phonon modes 

shown in Table 1. 
Unlike the ARPES-measured dispersion relations of Bi1.1Sb0.9Te2S, 

reported in [6], Fig. 4 shows the VB and CB. Both have parabolic 
shapes and demonstrate the direct bandgap nature of Bi1.1Sb0.9Te2S 
and provide an opportunity to estimate a bandgap of 0.36 eV at the 
Γ-point of the Brillouin zone at 60 K. This bandgap is significantly 
wider than the 220 meV bandgap in Bi2Se3 [30] and 175 meV in 
Bi2Te3 [31]. The dispersion relations clearly demonstrate that the 
Dirac point is located at the center of the bandgap, which is one of 
the necessary conditions for the application of a topological in-
sulator. Compared with Bi2Te3 and Bi2Se3, where Dirac points are 
buried in the bulk valence bands, as well as with Bi2Te1.85S1.15 and 
Bi2Te1.6S1.4, where such points are located above the VB maximum 
by approximately 20 and 30 meV, respectively [6,7], the Dirac point 
in our Bi1.1Sb0.9Te2S is above the VB maximum by more than 
100 meV, which makes it substantially better exposed. 

The Hall measurements, dominated by the bulk properties, 
confirmed the p-type conductivity for Bi1.1Sb0.9Te2S. However, ac-
cording to the ARPES data the Fermi level at the surface has been 
shifted into the CB, as shown in Fig. 4, suggesting n-type 

conductivity at the surface of the sample. This discrepancy can be 
explained by the band bending effect due to the n-type doping of the 
surface induced by the adsorption of residual gases during a lengthy 
experiment as reported in [32,33]. 

5. Conclusions 

In this study, the elemental composition, structural, optical and 
electronic properties as well as the electronic band structure of the 
topological insulator Bi1.1Sb0.9Te2S, grown by the vertical Bridgman 
technique, were examined. The XRD and Raman spectroscopy 
showed a high structural quality tetradymite lattice free from sec-
ondary phases. It had the R m3 space group symmetry with lattice 
parameters a and b of 4.186 Å, as well as c of 29.937 Å and unit cell 
volume of 454.39 Å3. A one-mode behavior of the phonon spectra of 
Bi1.1Sb0.9Te2S was found with a monotonic variation of the phonon 
energies at the substitution as Bi atoms were substituted by Sb. A 
broad feature in the Raman spectra at 150 cm−1 suggests the pre-
sence of an antisite disorder in the sample. This is also supported by 
the elemental composition data. Far infrared reflectivity spectra, 
measured at 4.2 K, showed a plasma edge at 255 cm−1 and two 
phonon dips. Fitting the experimental reflectivity spectrum with a 
theoretical function based on the Drude-Lorentz model allowed 
determination of the high frequency dielectric constant ε∞⊥ = 41.3, 
plasma frequency 936 cm−1 as well as frequencies of two infrared 
phonons 177.7 cm−1 and 77.4 cm−1. ARPES-measured dispersion re-
lations revealed a near parabolic character of the valence and con-
duction bands as well as a Dirac cone. The Dirac point lies well 
within the direct bandgap of 0.36 eV at 60 K and is positioned 
100 meV above the valence band maximum, confirming the topo-
logical insulator nature of this material. We have demonstrated that 
the Dirac point in Bi1.1Sb0.9Te2S is positioned well away from the 
valence and conduction bands. The Fermi level can be tuned from a 
near bandgap center position to the conduction band one by varying 
the cation to anion ratio from the ideal stoichiometry to an excess of 
anions. 
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