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Abstraet--Bi2Te2.85Se0.15 crystals doped with Cu, Cd, In, Ge, S, or Se were grown by the floating-crucible 
technique. The effective segregation coefficients for the dopants were determined. The thermoelectric power, 
electrical conductivity, and thermal conductivity of the samples were measured in the temperature range from 
77 to 350 K. The effects of the dopants studied on the temperature dependences of the electrical properties and 
thermoelectric figure of merit were examined. The bending strength of the doped crystals was measured. 

INTRODUCTION 

Bi2Te2.asSe0.15-based thermoelectric materials of 
n-type are used in various coolers operating in the tem- 
perature range from 200 to 350 K [1]. Doping of 
B i2Tez.asSe0.15 with elements of various groups makes it 
possible to elaborate materials having a high thermo- 
electric figure of merit in a wide temperature range, 
which allows one to attain lower temperatures by Pelt- 
ier cooling. Doping also increases the mechanical 
strength of Bi2Te2.asSe0.15 [2-7]. 

Since data on the longitudinal dopant distribution 
over ingots are of great practical interest, we deter- 
mined the effective segregation coefficients Keff for var- 
ious dopants in BiETe2.85Se0.15. Besides, it was of inter- 
est to assess the electrical activity of various dopants as 
a function of the alloy composition and doping level. 

In this work, we present our results on the doping of 
Bi2TeE.85Se0.15 with various elements with the aim of 
enhancing its thermoelectric figure of merit, Z. 

EXPERIMENTAL 

Undoped and doped Bi2Te2.ssSe0.15 single crystals 
with various carrier concentrations were grown by the 

floating-crucible technique in the [1010] direction. 
The crystals had the following compositions: 
Bi2Te2.85Se0.15 doped with Cu to 0.05-0.3 at. %, Ge to 
0.2-1.0 at. %, CdTe (0.5-3.0 mol % in the charge), 
In2Te 3 (0.2-5.0 mol % in the charge), and InESe 3 (0.1- 
0.3 mol % in the charge); BiETe3_zSz (z = 0.06, 0.09); 
and BiETe3_y_zSeySz (y = 0.09, z = 0.06; y = 0.09, z = 
0.09). Since Kef f depends on growth conditions, all the 
crystals were grown under identical conditions. The 
dopant concentrations in the growth charge, melt, and 

floating crucible after separation of the crystal were 
determined by atomic absorption analysis, using proce- 
dures fitted for each dopant [2-5]. The sulfur concen- 
tration was determined by IR spectroscopy [8]. 

The thermoelectric power ix, electrical conductivity 
~, thermal conductivity ~:, and Hall coefficient were 
measured by standard compensation methods. 

Bending tests were performed on an Instron 
machine by the procedure described elsewhere [9], 
with the load applied along the c axis. 

RESULTS AND DISCUSSION 

Table 1 lists the values of Kef f and octahedral cova- 
lent radii ro~t for the dopants studied. There is some cor- 
relation between Kef~ and root. At the same time, Keff 
depends not only on ro~t but also on the dopant solubil- 
ity and the character of the forming bonds. 

The dopants substituting on Te and Bi sites act as 
donors (Se, S) and acceptors (Cd, Ge), respectively. In 

the latter case, Cd~i and Ge~i acceptors are formed 
[11, 12]. In Bi2Te2.ssSe0.15 doped with CdTe, each Cd 
atom captures one conduction electron; i.e., increasing 
the Cd content decreases the electron concentration. 
Moreover, upon doping with CdTe, charged Te vacan- 
cies form, which increases the hole concentration [ 11 ]. 
Ge in Bi2Te2.85Se0.15 acts as an amphoteric impurity. At 
Ge concentrations less than 0.1 at. %, Ge interacts with 
antisite defects, decreasing their concentration and act- 
ing as a weak donor. At a Ge content above 0.1 at. %, 
Ge acts as a weak acceptor [12]. The likely reason is 
that a fraction of the Ge atoms substitute on Bi sites, 
while the rest enter van der Waals gaps and are not ion- 
ized [13]. There is no general agreement regarding the 
state of indium in the solid solution. According to Pan- 
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Table 1. Effective distribution coefficients for dopants in 
Bi2Te2.asSeo.15 

Group Dopant 

I Cu 

II Cd 

III In 

IV Ge 

VI S 

VI Se 
VII I 

Type 
of dopant 

D Cu 

A CdTe 

D In2Te 3 
D-A Ge 

D Bi2S 3 

D Bi2Se 3 
D SbI 3 

r ~ 

r" i" Koff 
1.16 0.17 

1.38 0.21 

1.27 0.51 

1.36 0.13 

1.35 0.80 

1.45 1.30 

- 0.93 

cir et  al. [14], In atoms substitute on Bi sites and form 

neutral defects In~i. At low In2Te3 concentration, In 

acts as a donor. At In2Te3 concentrations from 2 to 
5 mol % (within the solubility limit), In acts as a strong 
donor due to the essential decrease in the concentration 
of antisite defects. To control the carrier concentration, 
we varied the concentration of SbI 3, the dopant ensur- 

ing n-type conductivity. Dopant atoms produce consid- 
erable lattice distortions, which contribute to the scat- 
tering of phonons, thereby reducing the lattice thermal 
conductivity, ~:l. Unlike the above dopants, the group I 
element Cu resides in interstices, mainly in van der 
Waals gaps [7]. Since the dopants under consideration 
occupy different sites, they have different effects on the 
properties of the solid solution. 

Table 2 summarizes the room-temperature electrical 
and mechanical properties of the best samples. 

The concentrations of Cu, In, Ge, S, and Se in the 
crystals were varied over a wide range corresponding to 
300-K values oftx from 190 to 280 ~tV/K. Since Cd acts 
as an acceptor, the CdTe-doped crystals had a low carder 
concentration corresponding to tx - 240-280 ~tV/K, with 
a maximum Z of (2.8-3.0) x 10 -3 K -1 in the range from 
220 to 300 K [3]. 

Thermoelectric measurements between 77 and 
350 K revealed that Z increased upon doping to a cer- 
tain level. For Cd, In, Ge, S, and Se, this is due to the 
decrease in ~:l (Table 2, Figs. 1, 2). Doping with small 
amounts of In2Se 3 (0.1--0.3 mol % in the charge) has 

Table 2. 300-K physical properties of undoped and doped Bi2Te2.85Seo.15 crystals 

Composition -~,  ~tV/K t~, S/cm ~q x 103, W/(cm K) lao, cm2/(V s) gx l03, K -l t~ b , MPa 

Bi2Te2.asSeo.15 

Bi2Te2.asSeo.15 + 0.05 at. % Cu 

Bi2Te2.asSeo.15 + 0.1 mol % In2Te 3 

Bi2Te2.85Seo.15 + 0.1 mol % InESe 3 

Bi2Te2.85Seo.15 + 0.5 at. % Ge 

Bi2Te2.a2Seo.09So.09 

Bi2Te2.85Seo.15 

Bi2Te2.85Seo.t 5 + 2 mol % CdTe 

206 

214 

214 

204 

204 

205 

273 

282 

1200 

1280 

1080 

1230 

1210 

1140 

440 

470 

10.7 

11.0 

10.4 

10.4 

10.1 

10.0 

11.4 

11.2 

275 

380 

250 

220 

260 

300 

280 

3.1 

3.4 

3.2 

3.2 

3.2 

3.1 

2.5 

2.8 

43 

49 

52 

65 

51 

48 

43 

50 

Table 3. Values ofo~, K o, m, and s in the ~ = Koln T, O ~ T -m, and K ~ T -s dependences for undoped and doped Bi2Te2.85Seo.15 

Composition -ct, I~V/K K 0 m s 

Bi2Te2.85Seo.15 

Bi2Te2.85Seo.15 + 0.05 at. % Cu 

Bi2Te2.85Seo.15 + 0.1 mol % In2Te 3 

Bi2Te2.85Seo.15 + 0.1 mol % InESe 3 

206 

217 

220 

204 

129 

123 

126 

128 

1.35 

1.4 

1.25 

1.25 

Bi2Te2.85Seo.15 + 0.5 at. % Ge 

Bi2Te2.s2Seo.09So.09 

Bi2Te2.85Seo.15 

BiETe2.85Seo.15 + 2 mol % CdTe 

204 

205 

273 

282 

130 

127 

131 

132 

1.3 

1.3 

1.35 

1.05 

0.65 

0.65 

0.60 

0.60 

0.60 

0.45 

0.55 

0.55 
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Z • 103, K -1 
3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 i , J 

K I x 103, W/(cm K) 

20 L 

15 a ~  

10 

5 I I I 

50 150 250 350 

T,K 

Fig. 1. Temperature dependences of (a) Z and (b) ~:l for 
(1)Bi2Te2.asSeo.15, (2) Bi2Te2.asSeo.15 doped with 
0.05 at. % Cu, (3) Bi2Te2.ssSeo.15 doped with 0.5 at. % Ge, 
and (4) Bi2Te2.82Seo.o9So.o9. 

virtually no effect on K l or Z. Compared to the other 
dopants studied, sulfur decreases K: I more effectively 
because of the essential lattice distortions resulting 
from the large difference in ror t between Te and S (1.64 
and 1.35/~,, respectively) [ 10]. In the temperature range 
studied, the K~ of Bi2Te2.s2Seo.oaSo.09 is lower than that of 
Bi2TeE.asSeo.15 (Fig. lb). The increase in Zupon Cu dop- 

ing is due to the increase in carrier mobility go and, 
accordingly, a (Fig. 3, Table 2). One can see in Fig. la  
that, in the range from 250 to 340 K, the Cu-doped 
crystals exhibit the highest values of Z: (3.2-3.4) x 
10-3 K-I. 

The o~, KI, and a data (Table 3) show that increasing 
the concentration of Cu, Ge, Se, or S has no effect on 
the o~(T) and a(T) dependences, while the KI(T) depen- 
dence becomes weaker. Doping of Bi2Te2.ssSeo.t5 with 
CdTe and In~Te 3 leads to additional scattering from Cd 
and In atoms. As a result, !1o drops [ 11 ], and the expo- 
nent m in the power-law dependence o ~ T-" for the 
crystals doped with CdTe and In2Te3 (0.5-2 mol % and 
0.2-2 moi % in the charge, respectively) decreases from 
1.35 to 1.05 and from 1.35 to 0.7, respectively [3, 15]. 

The effect of doping on the mechanical properties of 
the crystals is illustrated in Table 2. At the dopant con- 
centrations studied, the crystals doped with In2Te 3, 
In2Se3, and CdTe retain some plasticity, while the 
Cu-doped crystals are brittle. The effects of In2Te 3 and 
Ge depend on the doping level: as the concentration of 
In or Ge increases, the bending strength t~ b rises consid- 
erably, then decreases, and increases again [5, 6]. In the 
concentration range studied (_<0.3 mol %), doping with 
In2Se 3 strengthens the crystals to a greater extent than 
does doping with InETe3. The strengthening is due to 
the elastic stresses developing as a result of the substi- 
tution. The anomalous concentration dependences of 
6b at low concentrations of In or Ge are attributable to 
deviations from stoichiometry, the formation of antisite 
defects, and their interaction with dopant atoms. We 
presume that the anomalies in the concentration depen- 
dences of mechanical properties are also related to the 
fact that In, as well as Ge, occupies different lattice 
sites at low and high concentrations. Similar concentra- 
tion dependences of t~ b would be expected for other 
dopants at low concentrations. The strengthening upon 

Z x 103, K -j 
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Fig. 2. Temperature dependences of Z for 
(1)Bi2Te2.85Seo.15 and (2) Bi2Te2.85Seo.15 doped with 
CdTe (2 mol % in the charge). 
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Fig, 3. Temperature dependences of ~ for 
(l) Bi2Te2.85Seo.15 and (2) Bi2Te2.85Seo.15 doped with 
0.05 at. % Cu. 
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Table 4. Properties of single crystals and thermal converters 

559 

Composition of the n-leg cx n, ~tV/K otp, ~tV/K 1, A U, V Tma x, K Zeff x 103, K -l 

Bi2Te2.85Seo.15 

Bi2Te2.85Se0.15 + 0.5 at. % Ge 

BixTe2.82Se0.09S0.09 

-206 

-204 

-205 

+200 

+200 

+200 

8.90 

9.52 

9.52 

0.1196 

0.1224 

0.1184 

Note: The p-leg was prepared from the charge containing 96 mol % Bi0.5Sbt.sTe 3 and 4 mol % Bi2Se 3. 

74.4 

75.3 

75.2 

2.85 

2.91 

2.90 

doping with Cu is due to the incorporation of Cu ions 
into van der Waals gaps, which increases the strength of 
the bonds between five-layer slabs [7]. Thus, all the 
dopants under consideration increase the strength of 
Bi2Te2.asSeo.15 (Table 2). 

Thermal converters prepared from single-crystal 
bismuth and antimony chalcogenides were tested at the 
Odessa State Academy of Refrigerating Engineering. 
The p-legs had identical compositions, and the n-legs 
were prepared from crystals of various compositions 
(Table 4). The legs had dimensions of 2 x 2 x 2.5 ram. 
The tests were performed in a vacuum of 10- 2 Pa at a 
hot-junction temperature of 303 K. For all the convert- 
ers, large temperature differences were obtained: Tmax = 
74.4-75.3 K, which corresponds to Zef r = (2.85-2.91) x 
10 -3 K -t. The highest values of Tma~ were obtained for 
the converter prepared from the Ge-doped solid solu- 
tion (Table 4) (no converters with Cu-doped n-legs 
were tested). 

CONCLUSIONS 

Bi2Te2.~sSeo.t5 single crystals with various carrier 
concentrations, undoped and doped with Cu, Cd, In, 
Ge, S, or Se, were grown by the floating-crucible tech- 
nique. The effective segregation coefficients for the 
dopants were determined and correlated with roct. The 
physical properties of the crystals were studied in the 
temperature range form 77 to 350 K. 

Doping with Cd, In, or Ge was found to decrease the 
carrier mobility evaluated on the assumption that the 
scattering from acoustic phonons prevails. Doping with 
Cu increases Ix 0. Compared to the other dopants stud- 
ied, sulfur decreases ~t more effectively in the whole 
temperature range examined. 

In the range from 250 to 340 K, the highest figure of 
merit, Z = (3.2-3.4) x 10 -3 K -l, was obtained for the 
Cu-doped crystals. Between 220 and 280 K, the 
Cd-doped samples show Z = (2.8-3.0) x 10- 3 K -I. 

All of the dopants studied were found to increase the 
mechanical strength of the material. The thermal con- 
verters prepared from single crystals of various compo- 

sitions with identical carrier concentrations exhibit 
high values of Tma x (74.4-75.3 K). 
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