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Abstract: A misfit layer sulfide (BiS)1.2(TiS2)2 with a natural superlattice structure has been shown to 
be a promising thermoelectric material, but its high carrier concentration should be reduced so as to 
further optimize the thermoelectric performance. However, ordinary acceptor doping has not 
succeeded because of the non-parabolic band structure. In this paper, we have successfully doped 
chromium ions into the Ti sites, which can maintain or even enhance the high effective mass of 
electrons so as to effectively improve ZT value. X-ray diffraction analysis, coupled with X-ray 
photoelectron spectroscopy, shows that chromium has been substituted into titanium sites in TiS2 layers 
and confirms its ionic state. The chromium doping has successfully reduced the carrier concentration 
with the subsequent reduction of electrical conductivity. Unlike other acceptor dopants (alkaline earth 
metals), chromium also enhances Seebeck coefficient and the effective mass, which can possibly be 
attributed to the formation of additional resonant states near Fermi level. Though the power factor 
does not improve, the significant reduction in the electronic part of the thermal conductivity leads to a 
measurable improvement in ZT. 
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1  Introduction 

Thermoelectric (TE) materials, which convert waste 
heat into electricity, are considered a promising way to 
save energy. The performance of thermoelectric 
materials is evaluated by a dimensionless parameter— 
the figure of merit ZT, which is given by ZT  

2 /S T  , where T, S,   and   are the absolute 
temperature, Seebeck coefficient, electrical conductivity 
and thermal conductivity, respectively. Finding 
promising low-cost thermoelectric materials with high 
ZT value, which are naturally abundant and able to 
operate well beyond room temperature, has been a 
challenge for thermoelectric researchers [1–3].  

TiS2 is a narrow-band-gap semiconductor with 
metallic conduction properties. It consists of layers of 
face-sharing TiS6 octahedra with strong covalent 
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interaction and weak van der Waals forces between 
TiS2 layers. TiS2 has shown its potential as a promising 
thermoelectric material through its high power factor 

2( )S   at room temperature [4]. However, its TE 
performance is limited by its high thermal conductivity, 
so ZT value is not optimal [5–8]. The intercalation of 
bismuth sulfide (BiS) as a phonon barrier layer in van 
der Waals gaps to form (BiS)1.2(TiS2)2 had become an 
effective way of reducing the thermal conductivity. 
However, reducing the thermal conductivity in this 
manner does not increase the value of ZT; electron 
transfer from BiS layers to TiS2 layers increases the 
carrier concentration, thereby increasing the electrical 
conductivity and electronic thermal conductivity. As a 
result of this phenomenon, Seebeck coefficient 
decreases and the power factor cannot be optimized; 
moreover, the total thermal conductivity is not 
sufficiently suppressed [9,10]. 

In our previous work, we have substituted several 
electron acceptor dopants of alkaline earth (AE) into 
the titanium sites in TiS2 layers and the bismuth sites in 
BiS layers [11]. All dopants effectively suppressed 
carrier concentration, greatly decreasing the electrical 
conductivity. However, unexpectedly Seebeck 
coefficient decreases despite of the reduction of carrier 
concentration, which we attributed to the lower 
effective mass and non-parabolic band structure. In this 
work, we have successfully found an acceptor dopant, 
chromium, which can enhance the effective mass and 
Seebeck coefficient, while decreasing carrier 
concentration. Though the power factor did not 
improved as a result, the significant reduction in the 
electronic part of the thermal conductivity led to a 
measurable improvement in ZT value.  

2  Experiment  

The sample preparation procedure has been reported in 
our previous work [11]. All pellets obtained from spark 
plasma sintering (SPS) have relatively high density of 
over 96%. We measured thermoelectric properties 
along the direction perpendicular to the pressure 
applied during the sintering process. XRD 
measurements helped to analyze the phase composition 
(RINT-2100, Rigaku). The ionic state of chromium was 
analyzed via XPS (JEOL, Al Kα source). The electrical 
conductivity and Seebeck coefficient were measured 
simultaneously by a four-probe method and a 
conventional steady-state method, in an Ar atmosphere 

(RZ-2001K, Ozawa Science). The thermal diffusivity 
and heat capacity were measured by laser-flash method 
(TC-9000V, ULVAC-RIKO) and differential scanning 
calorimetry (DSC-2910, TA Instruments), respectively. 
We also carried out Hall effect measurement in order to 
verify the carrier concentration by van der Pauw 
method (ResiTest 8300, Toyo Technica). Finally, the 
speed of sound was measured by ultrasonic pulse-echo 
method (Model 5800 PR, Olympus) at room 
temperature.  

3  Results and discussion 

Figure 1 shows that pure (BiS)1.2(TiS2)2 has a natural 
superlattice structure, in which double TiS2 layers and 
one BiS layer stack alternatively in the c-axis direction. 
Cr3+ (0.63 Å) was intended as a substitute at the Ti4+ 
(0.68 Å) site, rather than the Bi3+ (0.96 Å) site. XRD 
patterns of the pellets were observed in the direction 
perpendicular to the applied pressure during the 
sintering process and are shown in Fig. 2(a). Several  

 
Fig. 1  The natural superlattice structure of 
(BiS)1.2(TiS2)2 misfit layer sulfide. 

   
Fig. 2  (a) XRD pattern; (b) XPS spectra for 
(BiS)1.2(Ti1xCrxS2)2 (x = 0, 0.025, 0.05 and 0.1). 
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strong peaks demonstrate that all the samples have 
high degree of (00l) orientation [9]. The peaks of 
chromium-doped misfit layer sulfides (x = 0.025, 0.05, 
0.1) correspond to those of the undoped (x = 0) sample, 
proving that the chromium-doped misfit layer sulfide 
(BiS)1.2(Ti1xCrxS2)2 has a crystal structure related to 
that of (BiS)1.2(TiS2)2. No substantial changes were 
observed in the XRD pattern of the 
chromium-substituted compound, with only a slight 
shift to higher angles at around 27° (0010), indicating 
that the layer spacing c in the doped misfit layer 
sulfide was shortened linearly from 16.9665 Å to 
16.6849 Å, as the doping level x increased from 0 to 0.1. 

Furthermore, we have performed XPS measurement 
to identify the ionic state of the chromium dopant. 
Figure 2(b) shows the XPS spectra of all doped 
samples. As a reference standard for Cr3+, we also 
measured Cr3+ sulfide (Cr2S3); its XPS spectrum is 
shown in the lower part of the figure. The Cr 2p3/2 
spectrum is shown for reference, at a binding energy 
(BE) of 573 eV. The peak positions of samples with 
chromium concentrations of x = 0.05 and 0.1 are quite 
similar to that of Cr3+ in Cr2S3, which implies that the 
chromium is nearly trivalent [12,13]. This proves that 
Cr3+ has been successfully substituted into Ti4+ 
octahedral sites in TiS2 layers. 

Figure 3 shows that chromium doping into titanium 
sites in TiS2 layers significantly reduces the electrical 
conductivity in the whole temperature range studied. 
The decrease in electrical conductivity is in agreement 
with the increase in chromium doping levels. 
Furthermore, all compounds depicting this kind of 
change in electrical conductivity are metallic 
conductors [14–16]. The electrical conductivity of a  

 
Fig. 3  The electrical conductivity of 
(BiS)1.2(Ti1xCrxS2)2 (x = 0, 0.025, 0.05 and 0.1). 

material is determined by its carrier concentration and 
mobility. Therefore, we have carried out Hall 
measurements to examine carrier concentrations, so as 
to clarify the decrease in electrical conductivity. The 
carrier concentration of all samples decreased, as 
shown in Fig. 6. These results confirm that chromium 
doping reduces carrier concentration, which is 
consistent with the change in electrical conductivity of 
the samples. 

Figure 4 shows the temperature dependence of Hall 
mobility. The mobility for x = 0 has a temperature 
dependence proportional to T 

−1.445, indicating the 
dominance of electron scattering by acoustic phonons 
[17–19]. However, increasing the chromium doping 
amount leads to a decrease in the dependence of Hall 
mobility on temperature. This implies that, in addition 
to acoustic phonon scattering, ionized impurity 
scattering or alloy scattering also takes place [20,21]. 

  
Fig. 4  Hall mobility of (BiS)1.2(Ti1xCrxS2)2 (x = 0, 
0.025, 0.05 and 0.1). 

The samples show negative Seebeck coefficients, 
meaning that electrons are the main carriers, as shown 
in Fig. 5(a). The samples with chromium doping show 
higher Seebeck coefficients. The general expression for 
Seebeck coefficient is as follows [2]: 

2/32 2
*B

2

8π π

3 3

k
S m T

eh n
   
 

             (1) 

where n  is the carrier concentration, *m is the 
effective mass of the carrier, Bk  is Boltzmann 
constant (1.381×10−23 J/K), h  is Plank constant 
(6.626×10−34 m2·kg/s), e is the electron charge 
(1.602×10−19 C), and T is the temperature (K). 

The increase in Seebeck coefficient with chromium 
doping is mainly due to the decrease in the carrier 
concentration n. Moreover, we should also point out 
that the effective mass shows a systematic increase  
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(a) 

 
(b) 

Fig. 5  (a) Seebeck coefficient; (b) power factor of 
(BiS)1.2(Ti1xCrxS2)2 (x = 0, 0.025, 0.05 and 0.1). 

with increasing doping levels, which further 
contributes to the increase in Seebeck coefficient, as 
shown in Fig. 6. This is different from our previous 
study, in which the alkaline earth metal doping 
((BiS)1.2(Ti0.95Mg0.05S2)2, (Bi0.9Ca0.1S)1.2(TiS2)2 and 
(Bi0.9Sr0.1S)1.2(TiS2)2) decreased the effective mass. It 
is believed that pure (BiS)1.2(TiS2)2 has a non-parabolic 
band structure, so the decrease in carrier concentration 
can reduce the effective mass [22,23]. In the case of 
chromium doping, however, the effective mass 
increases as the decreasing of the carrier concentration, 
which may be due to the formation of additional states 
near Fermi level. Further investigation is needed to 
prove this assumption. 

Figure 5(b) depicts the power factor calculated from 
their measured electrical conductivity and Seebeck 
coefficient. It shows that chromium doping cannot 
optimize the power factor due to the large decrease in 
electrical conductivity despite of the higher Seebeck 
coefficient. 

 
Fig. 6  The change in effective mass as a function 
of carrier concentration. 

The total thermal conductivity ( ) can be expressed 
as the sum of the electronic thermal conductivity ( e ) 
and the lattice thermal conductivity ( l ): e l    . 
The electronic thermal conductivity can be estimated 
from Wiedemann–Franz law, given by e LT  , 
where L is Lorentz number for free electrons 
(2.44×10−8/(J·C·K)2), T is the temperature in K, and σ 
is the electrical conductivity. Subsequently, l  can be 
calculated from   and e  [24,25]. Figure 7 shows  

 
(a) 

 
(b) 

Fig. 7  Thermal conductivity: (a) the total thermal 
conductivity; (b) the lattice thermal conductivity of 
(BiS)1.2(Ti1xCrxS2)2 (x = 0, 0.025, 0.05 and 0.1). 
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the thermal conductivity for all the samples with 
different chromium doping levels. Note that the total 
thermal conductivity of chromium-doped samples 
decreases in the whole temperature range. This 
significant decrease is mainly due to the decrease in 
electronic thermal conductivity, as shown in Fig. 7(a). 

Note that in the case of (BiS)1.2(TiS2)2, e  
contributes more to   than l . This is also the case 
for x = 0.025 sample. However, for the samples with 
x =

 0.05 and 0.1, the situation differs from that of the 
previous samples. Furthermore, chromium doping 
leads to different effects on the lattice thermal 
conductivity of the samples, as shown in Fig. 7(b). The 
samples with x =

 0.05 and 0.1 show an increase in 
lattice thermal conductivity. This enhancement is 
probably due to a new structural ordering as a result of 
eliminating of planar stacking faults [10]. The resulting 
ordered structure should have weaker phonon 
scattering than the disordered (BiS)1.2(TiS2)2 with 
planar stacking faults, and thus should have enhanced 
lattice thermal conductivity [26,27]. On the other hand, 

l  for the sample with x = 0.025 decreases due to the 
absence of structural ordering; as a result, this sample 
could have lower total thermal conductivity compared 
to the samples with x = 0.05 and 0.1.  

The sound velocity measurement was carried out to 
examine the effect of structural ordering formation on 
the lattice thermal conductivity. The misfit layer 
sulfide has three polarization modes of sound 
velocity—one longitudinal mode and two transverse 
modes. The longitudinal mode ( LV ) was measured 
along the pressure direction during densification; this 
mode has a correlation with the chemical bonding and 
the density of the samples. An increase in chemical 
bonding and density will decrease LV  and vice versa. 
The two transverse modes are along the y–z ( T1V ) and 
x–y ( T2V ) axes. T1V  is mainly determined by the 
interlayer bonding, while T2V  is determined by the 
intralayer bonding [9].  

Table 1 shows that LV  had different values for each 
doping level, attributed to the different values of 
density. T1V  and T2V of the samples with x = 0.05 and 
0.1 increased, while for the x = 0.025 sample they 
decreased. The increase of T1V  in the samples with x = 
0.05 and 0.01 was predicted to be due to the 
strengthening of the covalent bonding between 
chromium atoms and sulfur atoms within TiS2 layers. 

The increase in T2V  is thought to be due to the 
reinforced intralayer bonding, and as a result the lattice 
thermal conductivity is enhanced. On the contrary, T1V  
and T2V  of the x =

 0.025 samples decreased due to the 
softening of the interlayer bonding and the weakening 
of the intralayer bonding, and as a result, the lattice 
thermal conductivity decreased [26]. 

Table 1  Density, VL, VT1 and VT2 of (BiS)1.2(Ti1－x   

CrxS2)2 samples 

Sample  (g/cm3) LV (m/s) T1V (m/s) T2V (m/s)

x = 0 4.4 3596 1396 1660 
x = 0.025 4.2 3860 1375 1580 
x = 0.05 4.4 3515 1502 1693 
x = 0.1 4.3 3580 1698 1931 

 
Figure 8 shows the ZT value calculated from the 

measured electrical conductivity, Seebeck coefficient 
and thermal conductivity. All chromium-doped 
samples exhibit an increase in ZT of 0.24–0.3 at a 
temperature of 750 K. Although the chromium 
substitution did not result in higher power factor, its 
low total thermal conductivity contributed to an 
increase in ZT. 

 
Fig. 8  The dimensionless figure of merit ZT for 
(BiS)1.2(Ti1xCrxS2)2 (x = 0, 0.025, 0.05 and 0.1). 

4  Summary 

In this work, we have successfully improved the 
thermoelectric properties of (BiS)1.2(TiS2)2 misfit layer 
sulfide through the optimization of carrier 
concentration by chromium doping. The chromium 
ions substituted for the titanium sites reduced the 
carrier concentration and increased Seebeck coefficient. 
Unlike other acceptor dopants, chromium increased the 
effective mass, which further enhanced Seebeck 
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coefficient. It is assumed that additional resonant states 
may be formed near Fermi level which can account for 
the increase in effective mass. The electronic thermal 
conductivity was significantly reduced due to the 
decrease in electrical conductivity. Consequently, the 
overall ZT value was measurably improved, even 
though the power factor decreased slightly. 

It is still unclear why chromium doping can enhance 
the effective mass of (BiS)1.2(TiS2)2 misfit layer 
compound, while many other cationic doping such as 
alkaline earth elements and other transition metal 
elements even decrease it. It is assumed that the 
formation of impurity band or resonant states near 
Fermi level can be responsible for the increase of the 
effective mass in chromium-doped sample. We realized 
that further investigation, such as DFT calculation or 
measurement of low temperature heat capacity, is 
required to better understand the alteration of density 
of states (DOS). 
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