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Abstract Alkaline solution, especially diphosphate solu-
tions, can be used as electrolytes for the galvanic deposition
of p-type semiconductors. A ternary Bi-Sb-Te alloy
semiconductor was deposited at a Ni-covered cathode
surface at potentials lower than —0.6 V (Ag/AgCl), under
potentiostatic condition in well-stirred solutions. Addition-
ally, it was possible to deposit antimony telluride, a binary
p-semiconductor, from the ternary electrolyte. The kinetics
of the process was investigated by cyclic voltammetric
measurements. The influence of the electrolyte convection
on the electrocrystallization was analysed with the help of
rotating disc electrode. The semiconductor layers were
characterized by electrochemical impedance spectroscopy.

Keywords P-semiconductor - Cyclic voltammetry -
Electrodeposition - Bismuth—antimony telluride -
Antimony telluride

Introduction

Bismuth tellurides are promising materials for thermocou-
ples. They are used in thermoelectrical devices like coolers
and thermobatteries. These devices consist of constructive
parts, so-called leg materials with high thermoelectric coef-
ficient () and a large thermoelectric efficiency (a/p]), i.e.
materials with low thermal conductivity and low electrical
resistance (Table 1). P-doped and n-doped bismuth telluride
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materials can both build up layers with thermoelectric
coefficients of [100] to |200] mV/K (296-298 K) [1];
nevertheless, the binary p-type bismuth telluride deposition
experiments from acidic electrolytes were not successful [2,
3]. Even the electrodeposition of the ternary system
bismuth—antimony—tellurium from acidic and basic electro-
lytes leads to stable p-conducting structures. The aim of the
research was the galvanic deposition of the compound
semiconductor with a Bi content of 612 at%, 28-34 at%
of Sb and a Te amount of 60 at% (Fig. 1). Stecker et al. [4]
pointed out that an excess of 2 at% Te would increase the
thermoelectric figures of merit of the material. The works
of Leimkiihler and Kerkamm [5], as well as the publica-
tions of Prieto et al. [6], Martin-Gonzales and Prieto [7] and
Vereecken et al. [8], were the guidelines for the experi-
ments. Bismuth—antimony tellurides with different contents
were deposited from electrolytes, based upon nitric acid
developed by Fleurial et al. [3, 9], Martin-Gonzales and
Prieto [10] and Snyder et al. [11]. In our work, basic
electrolytes [12—15] were used (usually diphosphate)
because of the corrosivity of acidic solutions and the lack
of solubility of the antimony and tellurium compounds in
the nitric acid.

Experimental

The composition of the diphosphate alloy deposition
electrolyte, based on a Bi electrolyte, given in Table 2.
Potassium diphosphate (>98%; Riedel-de Haen) and dieth-
ylene-triamine-pentaacetic acid (DTPA; >99%, Riedel-de
Haen) were dissolved in deionized water at 343 K, then
bismuth chloride (99.99%; Chempur) was added, and the
solution was stirred for 1 h. A solution of potassium—
antimony tartrate (99—-103%, Riedel-de Haen) was added
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Table 1 Room temperature values of the Seebeck coefficient (o), Hall mobility (), electrical resistivity (p), and carrier concentration (n and p)

for different semiconductors of Bi and Sb chalcogenides [1]

Films Bi,Te; n-type Sb,Te; p-type (Bi;_,Sby),Tes; (Bi;_,Sb,),Tes; Biy(Se,)Tes_;
x=0.73; p-type x=0.77; p-type x=0.3; n-type

a (LV/K) -213 +110 +240 +21 -200

1 (em?/Vs) 52 50 67 76

p (LQm) 11 4 21 30

n, p (cm™) 10%° 3%x10%° 5x10" 3x10"

after cooling. Then the pH value was adjusted at 9, and
potassium tellurite hydrate (>95%, Fluka) was added and
filtrated subsequently (filter no. 593; Schleicher & Schuell).
The composition of the electrolyte varied from 0.05 to
0.14 mol/l Bi, 0.008 to 0.004 mol/l Sb and 0.006 to
0.27 mol/l Te. The concentrations of DTPA and potassium
diphosphate were 0.1-0.4 and 0.6 mol/l, respectively.

Copper and nickel foils with a thickness of 50-70 pum
were used as substrates for the working electrodes. The
foils were degreased by cyclohexane vapour. On the copper
samples, 5 um nickel was deposited from sulphamate
electrolyte (pH 4, 313 K). A platinum oxide-doped titanium
stretch metal was used as anode. The coated substrate was
rinsed after electrolyses with deionized water. Then the
samples were dried in air and analysed.

The alloys were deposited under potentiostatic control.
Potentials in the range of —0.55 to —0.85 V saturated calomel
electrode (SCE) were applied. The electrolyses were carried
out in the temperature range of 278-318 K in a stirred
solution (magnetic stirrer, 600 rpm). A 263A potentiostat
(EG&GQG) was used for the deposition experiments.

The analyses of the components in the electrolyte
occurred by separate processes. The amount of bismuth
was determined photometrically with thiourea [16, 17]. The
antimony content was titrated bromatometrically [18, 19].
The tellurium concentration was determined potentiometri-

target: (Bi, ,Sb,),Te,
x=0.7-0.85

atom % Sb

Fig. 1 Ternary phase diagram of the target composition of
Bi,Te;—Sb,Tes (mole ratio, 1:1)
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cally by redox titration of the chromium (VI) excess with
Fe (IT) ions [20, 21].

The ternary electrolyte was investigated by the reverse
voltammetric stripping analysis in differential pulse mode
[22]. The supporting electrolyte consisted of dilute HCI or
HCIO4. An indium solution was added to achieve a better
separation of the anodic stripping peaks. The measurement
was performed at the static mercury drop electrode
equipment 303A (EG&G). An EG&G 263A was used as
a potentiostat. Two calibration solutions were added for
quantitative determinations. The peak currents of bismuth
and antimony were used for analyses. The determination of
tellurium occurred by cathodic stripping methods after an
accumulation step of telluric acid at the mercury drop.

In the case of the use of capillary-active additives in the
electrolytes, it was necessary to use inductively coupled
plasma optical emission spectroscopy (ICP-OES). The
analyses were performed according to DIN EN ISO 11855.

The surface morphology of the deposited alloys was
studied by scanning electron microscopy (DSM 982, Zeiss
Oberkochen). The bismuth, antimony and tellurium contents
of the deposits were investigated with the help of the energy
dispersive X-ray microanalyses. An external standard (12 at
% Bi, 28 at% Sb, 60 at% Te) was used for these measure-
ments. The concentration of bismuth was determined from
the intensities of the M-line; the L-lines were used for
antimony and tellurium determination. The acceleration
energy was 18 kV. The deposited layers were analysed at
five points, and average values of Bi, Sb and Te were
calculated. ICP-OES was used for comparable measure-

Table 2 Composition of the diphosphate electrolyte of Bi
electrodeposition

Component Concentration (g/1)
Potassium diphosphate K4P,04 200
Disodium salt of ethylenediamine-tetra 150

acetic acid C;oH4N,Na,05:2H,0-EDTA

(complexing agent)

Bismuth chloride BiCl3-H,O 48

Dextrin (surfactant) 10

Ammonia solution For adjusting the pH
value
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Fig. 2 Cyclic voltammogram of )
Te deposition on Cu microelec-
trode—WE: Cu; CE: Pt; RE: 800.00 +
Ag/AgCl; 3 mol/l KCI; scan rate i
0.05 V/s, supporting electrolyte: 1st scan
0.6 mol/l K4P,0-, pH 9; sample: 600.00 -
K,TeO3 (0.044 mol/l)-DTPA
(0.08 mol/l) electrolyte 1
400.00
< 200.00 —
=
0.00 +
) start
-200.00 —
1st scan
-40000 T I I T I T I T I T I T I 1
-0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

ments. The deep profile analyses by glow-discharge OES
yielded the quantitative composition of the layers.

The voltammetric investigations were carried out with a
263 A potentiostat (EG&QG). The reference system was a 3-M
Ag/AgCl electrode. A platinum wire was used as a counter
electrode in 0.6 M diphosphate solution. The counter and
reference electrodes were separated from the sample electro-
lyte by the so-called Vycor®-tips, microporous glass diffusion

E vs. Ag/AgCI [V]

barrier pieces. Metal wires (Pt, Cu, Ni), glass sealed and plain
polished at the front side with an area of 0.5-0.8 mm?, acted
as working electrodes. Antimony was sealed/moulded in a
glass tube and contacted with a copper wire. The pretreat-
ment or regeneration of the working electrodes was done by
polishing in combination with rinsing by distilled water. A
microcell (EG&G, V=7 ml) was used in most cases for the
cyclic voltammetric investigations.

Fig. 3 Cyclic voltammogram of ]
ternary alloy deposition on Ni 20.00 -
microelectrode—WE: Ni; CE: ’
Pt; RE: Ag/AgCl; 3 mol/l KCI; |
scan rate 0.05 V/s, supporting
electrolyte: 0.6 mol/l K4P,0, 0.00
pH 9; sample: ternary (Bi,
12.0x107> mol/l; Sb, 1.3 x .
1072 mol/l; Te, 2.7x107* mol/l)
electrolyte; DTPA 27.0x -20.00
107 mol/l |
<
% -40.00
-60.00
-80.00
-100.00 T
-1.00

T T T T T T 1
0.00 0.50

E vs. Ag/AgCI [V]
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Fig. 4 Cyclic voltammogram of 200.00 —

ternary alloy deposition on Ni

microelectrode: prior (full line) 1

and after (dashed line) addition

of Bi solution. WE: Ni; CE: Pt; 100.00

RE: Ag/AgCl; 3 mol/l KCI; scan

rate 0.05 V/s, supporting elec- 1

trolyte: 0.6 mol/l K4P,0O,, pH 9;

sample: ternary (Bi, 12.0% 0.00 +

107 mol/l; Sb, 8.0x107> mol/l,

Te, 2.6x10> mol/l) electrolyte; i

DTPA, 26.6x10 " mol/l; Bi -100.00

concentration after addition: —

32.0x10° mol/l < ]
-200.00
-300.00
-400.00 T

-1.00

The influence of convection on the deposition process
was studied on rotating platinum disc (4=0.1253 cm?)
working electrode, controlled by a Rotel A-unit (EG&G).
The platinum disc was polished with fine alumina down to
0.05-pm grit and carefully rinsed with deionized water prior
use. The counter electrode was a Pt disc with an area of
1.41 cm?. The reference system consisted of a 3-M Ag/
AgCl electrode, connected to the cell by a Haber—Luggin
capillary, filled with diphosphate electrolyte. As the

T T
0.00 0.50 1.00

E vs. Ag/AgCl [V]

measuring compartment, a double-walled, thermo-con-
trolled glass cell was used, making experiments possible
at different temperatures.

Impedance spectroscopic investigations were carried out
in a special cell that could be placed onto the sample
surface. The contact area on the sample was 16 mm?. The
measurements were performed under the exclusion of light. A
0.1-M solution of LiClO,4 in acetonitrile (p.a. grade, VWR)
was used as the supporting electrolyte to prevent chemical

Fig. 5 Cyclic voltammogram of 50.00 —
ternary alloy deposition on Ni
microelectrode: prior (full line) 1
and after (dashed line) addition
of Te solution. WE: Ni; CE: Pt; 25.00
RE: Ag/AgCl; 3 mol/l KCI; scan |
rate 0.05 V/s, supporting elec-
trolyte: 0.6 mol/l K4P,0O,, pH 9; 0.00 4
sample: ternary (Bi, 12.0%
107° mol/l; Sb, 1.3x107> mol/l; 1
Te, 2.7x10 > mol/l) electrolyte;
DTPA, 27.0x10> mol/l; Te ~25.00
concentration after addition: —
93.0%10 mol/ < 1
"~ -50.00
-75.00
-100.00
-1.00
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2.00

1.00

0.00

/

_3rd scan

1st scan

P —————
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-1.00 4 start
1st scan
-2.00

-3.00

-4.00 —

-1.50 -1.00 -0.50

I I
0.00 0.50 1.00

E vs. Ag/AgClI [V]

Fig. 6 Formation of ternary alloy layer by anodically dissolved Sb;
cyclic voltammogram of Bi—Te electrolyte on Sb microelectrode. WE:
Sb; CE: Pt; RE: Ag/AgCl; 3 mol/l KCI; scan rate 0.05 V/s, supporting

interactions of the semiconductor surface with a protic
solvent. The electronic equipment for EIS measurement
consisted of a 273A potentiostat (EG&G) coupled with the
frequency response analyser SI 1255 (Schlumberger).

Fig. 7 Ternary alloy deposition 1500.00 4
dependence on rotation rate.
WE: Pt RDE (4=0.126 cm?);
CE: Pt; RE: Ag/AgCl;

3 mol/l KCI; scan rate 0.01 V/s,
supporting electrolyte:

0.6 mol/l K4P,05, pH 9; sample:
ternary (Bi, 3.0x 1073 mol/L; Sb,
0.33x102 mol/l; Te, 0.33%
107> mol/l; DTPA, 5.3 % 500.00
10~ mol/l) electrolyte rotation
velocity: 300, 600, 900, 1,200,
1,500, 1,800, 2,100, 2,400 rpm

1000.00

i [MA]

0.00

-500.00

electrolyte: 0.6 mol/l K4P,0-, pH 9; sample: binary (Bi, 0.01 mol/l;
Te, 0.014 mol/l) electrolyte

Results

The deposition of alloy components on Pt, Cu and Ni
microelectrodes was studied by cyclic voltammetry. In the
cyclic voltammograms performed at copper electrodes

Start

-1.0

-0.5 0.0 0.5 1.0

E vs. Ag/AgCI [V]
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Fig. 8 Ternary alloy deposition 2000
dependence on temperature.
WE: Pt RDE (4=0.126 cm?); .
CE: Pt; RE: Ag/AgCl,
3 mol/l KCI; scan rate 0.01 V/s, 1500 +
supporting electrolyte:
0.6 mol/l K4P,0-, pH 9; sample: 1
ternary (Bi, 3.0x 10> mol/l; Sb, 1000 -
0.33%x1072 mol/l; Te, 0.33%
107 mol/l; DTPA, 5.3 x i
1073 mol/l) electrolyte rotation <
velocity: 1,200 rpm; T: 278, = 500 -
283, 288, 293, 298, 308, 318 K
04
-500 -
-1000 T
-1.0

(Fig. 2), a relatively small current wave at potentials —0.2 V
(SSE) was observed, increasing from cycle to cycle, which
was refereed to an accumulation of electrochemically active
substances at the advanced potential region. But a much
larger asymmetric stripping peak was observed, which
could be explained by additional chemical deposition of Te
on copper and by the growth of an insoluble layer on the
surface; we interpret this as copper telluride layer [23]
because this phenomenon was not observed at nickel
electrodes concerning of stripping reactions. Both kinetic

Fig. 9 Investigation of Levich 400
behaviour of the Sb—Te deposi-
tion at Pt RDE (4=0.126 cm?).
CE: Pt; RE: Ag/AgCl; 1
3 mol/l KCl; supporting electro-
lyte: 0.6 mol/l K4P,O7; 3.8x
107> mol/l Sb; 2.3

1072 mol/l Te; 6.4

102 mol/l DTPA; 293 K

1j [cm?/A]

T T T T T T
0.0 0.5 1.0

E vs. Ag/AgClI [V]

measurements at microelectrodes as well as galvanic alloy
deposition in up-scaled dimensions could be performed at
nickel surfaces.

In Fig. 3, it is shown that an alloy deposition was
possible from a diphosphate solution on Ni microelec-
trodes. Peaks appeared at —0.27 V (Ag/AgCl), —045 V
(Ag/AgCl) and at potentials lower than —0.65 V (SSE),
according to the three components of the deposition. If the
polarization direction was changed back to positive
potentials, a complex anodic stripping peak would be

E =-0.538 V vs Ag/AgCI

E =-0.630 V vs Ag/AgCI

0.00 0.02
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Fig. 10 Dependence of the
layer composition on potential
mole ratio of the electrolyte:

Sb(1)/Bi(8.6)/Te(2)

i
-
+ -

[

;
/ ;
~iod

/
layer content [At.-%]

;g
-L .
-

molar ratio of electrolyte content

Sb:Bi: Te=1:8.6:2

deposited, not only pure bismuth. An addition of tellurite

possible by sample and hold experiments and by the  solution (Fig. 5) led to a broad peak of deposition that was
addition of the different stock solutions of Sb, Te or Bi. started at —0.27 V (Ag/AgCl). The tellurium deposition
In Fig. 4, if we added a bismuth solution, the influenced the growth of the alloy structure clearly. The
characteristic voltammetric behaviour of a bismuth co-  stripping peak at 0.4 V (Ag/AgCl) was homogeneous. If an
deposition can be seen. This process started at potentials at ~ antimony working electrode was used, antimony ions
the second cathodic peak. The current increased between  would be released during the anodic treatment. In this case,
—0.5 and —0.75 V (Ag/AgCl). The shape and potential of it was possible to deposit a ternary alloy from the binary
Bi-Te electrolyte. The voltammograms in Fig. 6 showed

the corresponding anodic peak showed that an alloy was

observed. The identification of the different peaks was

Fig. 11 Dependence of the

layer composition on potential ! g

mole ratio of the electrolyte: 7 1 7T OO ¢ | T e
Sb(1)/Bi(7.5)/Te(1.5)

TN, S

H
/

/

/

!

/

/
=N
o
(=}

e

Scg 0.75

-0.80 molar ratio of electrolyte content
' Sb: Bi:Te=1:75:15
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the expected peaks of Te and Te-Bi depositions. The
subsequent stripping peaks were a superposition of binary
alloy dissolution and antimony oxidizing at 0.0 V (Ag/
AgCl). In the cathodic part of the next potential cycle, a
new symmetrical peak occurred at —0.76 V (Ag/AgCl),
which was interpreted as a ternary alloy deposition, as
shown in the following stripping cycle rate.

The dependence of the current potential behaviour on the
rotation rate of the platinum disc electrode is shown in
Fig. 7. The limiting currents and the peaks of dissolution
increased with rotation rates. The stripping peaks showed a
symmetrical shape, which indicates a homogenous alloy
phase. A shoulder at 0.25 V (Ag/AgCl) could be explained
by the dissolution of the primary layer on Pt.

The dependence of the change of the shape of cyclic
voltammograms on temperature (Fig. 8) showed that
increasing deposition occurred with increasing temperature.
The process of electrocrystallization started at slightly
positive potentials. The morphology of the alloy deposit
was disturbed by higher temperatures; the layers on the disc
electrode were rougher, and the layer composition changed.
Consequently, electrolyses were performed at a maximum
temperature of 293 K for p-type semiconductor deposition.
The dependence of current on the velocity of rotation
showed Levich behaviour according to Egs. 1 and 2 [24] in
the case of ternary alloy deposition, as well as in the case of
binary Sb-Te growth (Fig. 9). The pure activation-
controlled current density j,. showed a clear dependence
on the applied potential.

Jiim = 0.62nFD*P 10,12 ¢ n
1 1 1

J e BY® 2
J jac B\/B ( )

Fig. 12 Scanning electron micrograph of a Bi—Sb—Te layer, thickness
11 pum. X-ray photoelectron spectroscopy analysis: 6 at% Bi; 32 at%
Sb; 62 at% Te
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Fig. 13 Scanning electron micrograph of a Sb-Te layer, thickness
12 um. XPS analysis: 38.4 at% Sb; 61.6 at% Te

where jji, is the limiting current density, v is the kinematic
viscosity (cm?/s), w is the angular velocity (27Vio, S '), Jac
is the activation controlled current density and B is a
constant.

Figures 10 and 11 show the dependence of layer
composition on the electrode potential. At lower potential
values, the tellurium content in the layer was decreased, and
the bismuth content increased. The antimony concentration
in the layer showed a maximum of —0.72 V vs. SCE. At
higher (negative) potentials and in dependence of electro-
lyte composition, bismuth and antimony were alloyed.

The micrograph of a bismuth—antimony telluride layer is
shown in Fig. 12. The layers were dark grey and rough. The
surface became smoother with decreasing bismuth content.
Bright metallic galvanic layers, but of binary composition
of antimony telluride, were deposited from ternary electro-
lytes (Fig. 13) at other, more positive potentials. A cross

0001, 22.09.05, 4KV, Bmm, 5000x, — 4 pm —
Fig. 14 Scanning electron micrograph of a Sb—Te layer, cross section
prepared by tensile fracture
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Fig. 15 Investigation of semi-
conductor characteristic: Mott—
Schottky plot. Electrodeposited S
Bi—Sb-Te alloy (asterisk): 1
carrier density, N'=1.5x10""—
1.9x10"/em’; Ep=-133 V
(Ag/AgCl); layer composition:
6 at% Bi, 32 at% Sb, 62 at% Te.
Electrodeposited Sb—Te alloy
(circle): carrier density,
N*=2.1x10'7-2.7x10""/cm?;
Eq=—0.95 V (Ag/AgCl); layer
composition: 38.4 at% Sb,

61.6 at% Te. Bi—Sb-Te single
crystal, synthesized after the
Bridgman method (filled trian- 1
gle): carrier density, N"=1.1x
10'7-1.3x10"/em?;
Ep=-1.4V (Ag/AgCl); crystal 1
composition: 12 at% Bi,
28 at% Sb, 60 at% Te

112 [em*1uFY4]

\

Xxbxxxxxxx%@@%x

\ -1.33V "~

x  electrodeposited ternary (Bi-Sb-Te) alloy

f=25kHz

A Bi-Sb-Te single cystal

O  electrodeposited binary (Sb-Te) alloy

*xxxxx

‘Q‘QQQQQ&%AAAAAAA
095V

section of a binary alloy, deposited from Sb—Te electrolyte,
embrittled by liquid nitrogen and prepared by tensile
fracture technique, showed the same smooth surface and a
fine layer structure (Fig. 14).

To characterize the semiconductor properties of the
deposited layers, the EIS was used. The dependence of
the space charge capacity of the semiconductor on the
applied potentials, as 1/C* versus E plots (Mott—Schottky)
[25], gave the flatband potential from the intercept of the
plot with the x-axis. The sign of the slope showed the type
of the semiconductor (p, n). The charge carrier concentra-
tion could be calculated from the slope. In Fig. 15, the
Mott—Schottky plots of different samples are shown at a
frequency of 25 kHz. The negative sign of the slope of a
deposited Bi—Sb-Te layer gave the p-type character of the

IIIlI!I

¥ tanmll
-I

1 mm

Fig. 16 Light optical micrograph of a 4-in. wafer, electrochemically
coated with antimony telluride from diphosphate electrolyte

T I T T T T T T ]
-1.00 -0.50 0.00 0.50

E vs. Ag/AgCl [V]

sample. The flatband potential Eg, would yield —1.33 V, the
carrier concentration 1.5x10'-1.9x10"/cm?, if we as-
sume a dielectric constant & of 8-10 [26]. The measured
concentration was 2 orders of magnitude lower than values
in the literature (Table 1). The Mott—Schottky plot of
antimony telluride, also p-type, gave a carrier concentration
of 2.1x10"-2.7x10"/cm? higher than in ternary alloys. A
reference Bi—Sb—Te crystal, made by the so-called Bridg-
man technique, was investigated under the same conditions
with the identically measuring cell with nearly the same
experimental results.

Figure 16 shows an example of telluride electrodeposi-
tion on commercially used wafer structures. The deposition
in wafer trenches demonstrated the possibility of electro-
chemical semiconductor microdeposition.

Conclusions

The electrochemical deposition of p-type semiconducting
bismuth—antimony tellurides or antimony tellurides from
diphosphate electrolytes was demonstrated. Nickel or
nickel-covered surfaces are the suitable substrates for the
telluride deposition. In the case of a ternary alloy, it is
necessary to work under potentiostatic control. The process
temperature should not exceed 293 K. A controlled
agitation of the electrolyte is of striking importance for a
semiconductor layer of a good quality. The charge carrier
concentration of the electrodeposited ternary alloy was
smaller by a factor of 100 compared with the current
literature.
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