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The electrodeposition of Bi-Te alloy films from nitric acid solutions containing ;Te@d Bi-ethylenediaminetetraacetic acid
(BI-EDTA) complex was investigated. The product, composition, and surface morphology of Bi-Te alloy films were examined
using an X-ray diffraction, inductively coupled plasma atomic emission spectroscopy, and scanning electron microscopy. In the
solution containing Te®and Bi-EDTA complex, bismuth deposits underpotentially in the potential range betw@&5b and
—0.25V, so that BiTe; films are formed. In the potential region betweef.30 and—0.50 V, a limiting current is observed, the

value of which is equal to the sum of the limiting currents observed for solutions containingofee Bi-EDTA complex. The
composition of films deposited in this potential range can be controlled by the composition of the solution.

© 2003 The Electrochemical Society.DOI: 10.1149/1.1542898All rights reserved.

Manuscript submitted March 15, 2002; revised manuscript received August 27, 2002. Available electronically February 6, 2003.

High-efficiency thin-film thermoelectric devices are interesting with a potentiostat anX-t recorder. The deposition of films and the
for applications in the microelectronics industry, such as thermoelecelectrochemical measurements were conducted at room temperature
tric coolers and thermoelectric generatdrsBismuth telluride  in the dark, after the electrolytic bath solutions were deaerated by
(Bi,Teg) and its solid solutions are well known as good thermoelec- passing N or Ar gas through the solution for about 15 min.
tric materials for near-room-temperature applications. Bismuth tel-  X-ray diffraction (XRD) patterns were obtained with a diffracto-
luride and its solid solution films have been prepared using a nummeter (Philips Co., Ltd., RHL-P610CPusing Cu Koy radiation.
ber of techniques, such as sputterfiymetallorganic chemical  Scanning electron microscog$EM) analyses were carried out us-
vapor depositiofMOCVD),%’ molecular beam epitaxgMBE),&1° ing a Hitachi S-3500 scanning electron microscope. The composi-
and electrodepositiolt: '3 Electrodeposition may offer a low-cost tion of films was determined by inductively coupled plasma atomic
growth method for high-quality metal, alloy, and semiconductor emission spectroscopffCP-AES) Seiko Instruments SPS-7000
films. Film thickness was determined using a Surfcorder model SE-3F
We have reported the preparation of B; and its solid solution ~ stylus-type surface roughness measuring instrurti€osaka Labo-
films by electrodepositiok*® In these previous studies, we used ratory, Ltd.).
the element Bi as the source of*Biions. However, since Bf is
easily converted into the hydrolysis product(BH);, a hydrous
polymer, it is difficult to prepare the electrolytic bath solution and as  Electrochemical measurementsFigure 1 shows the current-
a result, reproducibility is low. The compositions of films can be potential relations observed in various solutiofe:0.5 mM TeQ
controlled only by the composition of the electrolytic bath solution (O) and(b) 1.0 mM Bi-EDTA complex(4), at pH 1.0+ 0.1 on Au
and cannot be controlled by the electrodeposition potential. Theresubstrates. During the measurements shown in Fig. 1a, the cathodic
fore, we reasoned that if the hydrolysis of’Biions could be hin-  current began to flow at 0 Ws. Ag/AgCl, and at potentials more
dered by using the Bi-EDTA complex, it would be easier to preparenegative than—0.05 V the cathodic current increased rapidly. The
the electrolytic bath solution and reproducibility would be im- gray films then grew. A limiting current was observed at potentials
proved. In this paper, we report the relation between the depositiorbetween—0.20 and—0.55 V. This cathodic current was due to the

Results

conditions and the composition of films. reduction of HTe@ to metallic Te(Eq. 1) and the limiting current
was due to diffusion of the HTeion. The cathodic current again
Experimental increased rapidly at potentials more negative thal60 V, and

] ) ] ) ) many bubbles were formed on the electrode surface, suggesting the
Bismuth telluride and its alloy films were electrodeposited from ., rent increase was due to the evolution of H

agueous solutions containing various concentrations of Bi-

ethylenediaminetetraacetic aci&DTA) complex and Te®, pH HTeO; + 3H" + 4¢ — Te + 2H,0
1.0 0.1, on Ti sheets. Ti sheets were degreased with chloroform
and ethanol, treated with a 15% HF solution to remove any oxide Eo = 0.329 V vs. Ag/CI [1]

layer, and washed with deionized water before use. Reagent-grade

HNO;, EDTA-2Na purity 99.5%, Bi(NGQ); (purity 99.9%), and oy the measurements shown in Fig. 1b, the cathodic current began

TeO; (purity 99%)were used without further purification. Water was  to flow at 0 V and a low limiting current was observed at potentials

purified using the Milli-Q water purification syste(Millipore Cor- between—0.05 and—0.20 V. However, no change on the electrode

poration). The usual three-electrode cell was used for the elecsyrface was observed. The cathodic current increased rapidly at po-

trOIdepOSItlon Of films and films were potentlostatlcally _depOSIted tentials more negative than0.25 V and gray products were formed.

using a potentiostatHokuto Denko, HA-151 A platinum wire and A jimiting current was observed at potentials betwee.40 and

an Ag/AgCl electrode were used for counter and reference elec-—q 50 v, which increased with increasing Bi-EDTA concentration.

trodes, respectively. The current-potential relations were measureqfherefore‘ this cathodic current was due to the reduction of Bi-
EDTA complex to metallic Bi(Eg. 2) and the limiting current was
due to the Bi-EDTA complex ion diffusion. At potentials below

Z E-mail: thinfilm@isc.chubu.ac.jp —0.60 V, the cathodic currentHvolution began again
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Figure 2. Current-potential relations observed on Au electrode in a nitric
acid solution (pH1.0+ 0.1) containing 0.5 mM Te©and various concen-
-0.20 trations of Bi-EDTA complexia,O) 1.0, (b,A) 2.0, and(c,[J) 12.0 mM.

Figure 1. Current-potential relations observed on Au electrode in a nitric
acid solution (pH1.0t 0.1) containing(a,0) 0.5 mM TeQ and (b,A) 1.0
mM Bi-EDTA complex.
observed in the solution containing the Bi-EDTA complex. At po-
tentials below—0.50 V, the cathodic current due to the evolution of
Ly - i _ . - H, began to increase, again.
Bi-Y™ 4 4H" + 3e — Bi + H,Y The dependence of the limiting current observed-8t20 V on
the Bi-EDTA complex concentration for the solutions in which FeO
concentrations were kept constant(at) 0, (A) 0.5, and(CJ) 1.0
mM are shown in Fig. 3. In the solution not containing Te@he
cathodic current is not dependent on the Bi-EDTA complex concen-
tration. However, when the solution contained }e@he cathodic
whereE, is a standard redox potential of Reaction 2 and Y is EDTA. currents at—0.20 V increased linearly with the increase in the Bi-
Its value was calculated using the standard redox potential ofEDTA complex concentration, and above a critical concentration of
Bi®*/Bi and the stability constant for the Bi-EDTA complex forma- the Bi-EDTA complex the cathodic currents showed constant values.
tion. The slopes in the linear parts are about 0.08 and are equal to each
Figure 2 displays the current-potential relations observed in so-0ther. The values of the intercepts for the plots agreed with the
lutions containing 0.5 mM TeQand various concentrations of Bi- currents observed at0.20 V in the solution containing only TgO
EDTA complex:(a) 1.0, (b) 2.0, and(c) 12.0 mM. In Fig. 2a, at  These results imply that at0.20 V, when elemental Te exists on the
potentials more negative than0.05 V the cathodic current in- electrode surface, Bi can codeposit underpotentially onto the elec-
creased rapidly and black films were deposited on the electroddrode. The dependence of the limiting current observed @45 V
surface. The limiting current was observed at potentials betweerPn the Bi-EDTA complex concentration, for the solutions in which
—0.20 and—0.30 V, and was larger than those observed in Fig. 1aTeO, concentrations were kept constant(@) O, (A) 0.5, and(l)
and b. The cathodic current gradually increased as the electrodé.0 mM, are shown in Fig. 3. For each case, the limiting current is
potential decreased. The increase of cathodic current due to the evgroportional to the Bi-EDTA complex concentration. The slopes of
lution of H, was again observed at potentials more negative tharthese plots have the same value of about 0.09, similar to the value
—0.50 V. In Fig. 2b and c, at potentials more negative th@n05 V obtained in Fig. 3. This result implies that at potentials between
the cathodic current increased and black films were deposited. In the-0.35 and—0.45 V, the limiting current for the diffusion of the
potential range betweer0.10 and—0.20 V, the same shoulder is Bi-EDTA complex is not affected by the reduction of HT£Go
observed. The cathodic currents rapidly increase again and the limmetallic Te on the electrode surface. The values of the intercepts for
iting current is observed in the potential range betwe#h35 and  the plots agreed with the limiting currents observed in the solution
—0.45 V. These observed values are equal to the sum of the limitingzontaining only Te@. The limiting current observed at potentials
current for the solution containing TeGand the limiting current  between—0.40 and—0.55 V, in the solutions containing Bi-EDTA

Ey, = —0.013 V vs. Ag/AgCl [2]

(Y: EDTA (ethylenediamine tetraacetic apid

Downloaded on 2016-10-06 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Societ50 (3) C169-C174(2003) Ci171

-15 8.0
'e
é; -10 . 6.0 r (a)
3 E (b) (@
-§ ,\i 40 @
§ -05 £
3 =
o 3
— 20 +
4
00 ]
00 20 40 60 80 100 120
B~EDTA / mM 0.0 . ;
0.0 1.0 2.0 3.0 4.0 5.0

Figure 3. The dependence of the cathodic current-&20 V vs.Ag/AgCI c (mM) /
on BI-EDTA complex concentration for the nitric acid solutions in which wraoze(MM) /Cory (mM)

TeO, concentrations ardQ) 0, (A) 0.5, and(C]) 1.0 mM. The dependence . . . . .
of the limiting current at—0.45 V on Bi-EDTA complex concentration for ~ Figure 5. The relations between the ratio of Te@ncentration to Bi-EDTA

the nitric acid solutions in which Te{concentrations arg®) 0, (A) 0.5, complex concentrationQyreo, . /Caienta) @and the compositionne /ng;) of
and (M) 1.0 mM. films deposited at various deposition potentials;O) —0.125, (b,A)
~0.150,(c,0J) —0.30, and(d, &) —0.45 V.

complex and Teg, is the sum of the limiting currents observed for
TeO, and Bi-EDTA complex, respectively. decreased with the increase in the Bi-EDTA complex concentration.
Electrodeposited film compositiarsThe relations between the The relation between the ratio of Te@oncentration and Bi-EDTA

deposition potential and the compositiemole ratio of Te to Bjjof  cOMPlex concentration Greq, /Ceieora) and the  composition
films deposited in solutions containing 1.0 mM Te@nd various  (Nre/ng;) of films deposited at various deposition potentials are
Bi-EDTA complexes are shown in Fig. 4. In the films deposited in Shown in Fig. 5. For the films deposited a0.125 V (Fig. 5a), the
the solution containing 0.5 mM Bi-EDTA complefEig. 4a), the ~ Mole ratio(Te/Bi) in the film increased rapidly but not linearly with
mole ratio(Te/Bi) decreases up te:0.30 V as the deposition poten- an increase in the ratio of Te@oncentration to Bi-EDTA complex
tial becomes negative and reaches a constant value of 2 5goncentration. For the films deposited at potentials more negative
+ 0.02. In the solution containing 0.8 mM Bi-EDTA compléxig.  than —0.15 V, the mole ratio ifre/ng;) in the films increased lin-
4b), the mole ratiqTe/Bi) decreases up te-0.20 V as the deposi- early with an increase in the ratio of Te©@oncentration to Bi-EDTA
tion potential becomes negative, and reaches a constant value éomplex. For films deposited betweerD.35 and—0.45 V, the re-
1.59 + 0.03. In the solution containing 1.0 mM Bi-EDTA complex lations between the ratio of the Te@oncentration to the Bi-EDTA
(Fig. 4c), the mole ratiqTe/Bi) decreases up te-0.175 V as the ~ complex concentration QTeOZ/CBi_EDTA) and the composition
deposition potential becomes negative and reaches a constant valyg, /ng) of films fall on the same line. The purpose of our inves-
of 1.20+ 0.02. The potential where the mole rati®e/Bi) is a tigation is the preparation of Bi-rich p-Bie; and Te-rich n-BjTe;
constant value moved toward positive potentials with an increase ifrom the same solution by controlling the deposition potential. From
the Bi-EDTA complex concentration. The observed constant valuethe results in Fig. 5, therefore, the experimental condition that seems
to satisfy our purpose is a concentration ratio of the solution of 1.16.
In this solution containing 1.0 mM TeQand 0.86 mM BI-EDTA,

40 Te-rich n-B, Te; films are deposited at potentials more positive than
—0.25V, and Bi-rich p-BjTe; films are deposited at potentials more
(a) negative than-0.25 V.

30 1 X-ray diffraction patterns of electrodeposited filmsrhe XRD

o_ o patterns of films deposited at various potentials in the solution con-
(b) taining 1.0 mM TeQ and 0.86 mM Bi-EDTA complex are shown in
Fig. 6. In the diffraction pattern of the film deposited-a0.125 V
// (Fig. 6a), eleven broad diffraction peaks are observedat28.6,
Je;‘m’a}/@ 17.6, 23.8, 27.8, 38.0, 40.2, 41.2, 45.1, 50.5, 53.1, and 57.3. The
peaks observed a®2= 8.6, 17.6, 23.8, 27.8, 38.0, 40.2, 41.2, 50.5,
and 57.3 correspond to Bie;'® or several Bi-Te alloy compounds
(i.e., BiTel” Bi,Te;,'8 etc.). Since the spacing of crystal faces of
Bi-Te alloy compounds are similar to each other, products are not
00 : ‘ ' exactly determined by the XRD patterns. The shoulder of diffraction
-060 -050 -040 -030 -020 -0.10 0.00 peaks observed at§2= 23.8, 27.8, 38.0, 40.2, 50.5, and 57.3 cor-
. responded to th€l00),(101),(102), (110, (201), and(202) planes
Potential / V' vs. Ag/AgCl of 'f')e metalt® re(?slpegti(vely.) 'I('his >re(sult) ilgdicaztes tr(1at t;w?s film is
Figure 4. The relations between the compositignole ratio of Te to Bj of composed .Of a mixture O.f several Bi'Te cpmpounds a.nd Te. metal.
fi|l’?’]$ deposited in solutions containing 1.3 mMm':;eQ]d various Bi—E?DTA When the film was deposited at0.25 V (in Fig. 6b), the diffraction
complex concentration(a,O) 0.5, (b,2A) 0.8, and(c,0J) 1.0 mM, and the ~ P€aks observed at2= 17.6, 23.4, 27.7, 38.4, 40.8, 50.2, and 57.4
deposition potential. corresponded to peaks for Be; or Bi-Te alloy compounds. The
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Figure 6. The XRD patterns of film deposited at various potentials in the
solution containing 1.00 mM TeQand 0.86 mM Bi-EDTA complexia)
—0.125,(b) —0.250, andc) —0.450 V; (O) Bi-Te alloy and(A) Te.

shoulder of diffraction peaks observed &t 2 27.7, 38.4, 40.2, and
50.2, and the diffraction peaks ab 2= 45.4 corresponded to the
(101), (102), (110, (201), and(003) planes of Te metal, respec-
tively. In the diffraction pattern of the film deposited at0.45 V
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Discussion

The results are summarized as follows:

1. Use of Bi-EDTA complex facilitates preparation of the elec-
trolytic bath, because the Bi-EDTA complex suppresses the hydroly-
sis reaction of aqueous 8i ions.

2. When Te exists on the electrode, Bi deposits underpotentially
in the potential range between0.05 and—0.25 V.

3. The cathodic currents observed in the potential range between
—0.05 and—0.20 V in the solution containing TeCare due to the
underpotential deposition of Bi-EDTA, and those values increase
with an increasing Bi-EDTA complex concentration. The maximum
values of these currents due to the underpotential deposition depend
on the Te@ concentration.

4. In the potential range between0.05 and—0.30 V, the film
composition can be controlled by the deposition potential and the
composition of the electrolytic bath.

5. The films electrodeposited in the potential range between
—0.05 and—-0.55 V are mixtures of Te metal and Bi-Te alloy com-
pounds(e.g., BiTes, BiTe, Bi, . Tes.,, BijaTes, etc.).

6. The Bi concentration in the films increases with an increase in
Bi-EDTA complex concentration in the solution.

7. The limiting current observed in the potential region between
—0.30 and—0.50 V is equal to the sum of the limiting currents
observed for the TeQand Bi-EDTA complex solutions.

In the following, we discuss the formation reaction of Bi-Te alloy
films. First, we divide the potential range into two potential ranges,
Range | and Range Il. Range | is the potential region betwe@05
and near-0.25V, and in this region the underpotential deposition of
Bi-EDTA complex to Bi-Te alloy can be observed. Range Il is the
potential region betweer-0.30 and—0.50 V. In this range, Bi-

(Fig. 6¢), many diffraction peaks are observed. The diffraction peaksEDTA complex can be reduced to Bi metal and both limiting cur-
at20 = 17.8, 27.8, 37.6, 40.2, 41.1, 45.0, 50.2, 53.1, and 57.5 ardents due to HTeQ ion and Bi-EDTA complex are observed.

due to BjTe; or Bi-Te alloy compounds. When these films were
annealed at 350°C for 60 min in,N the intensity of diffraction
peaks due to BiTe; increased and a new diffraction peak was ob-
served at B = 8.8. This new diffraction peak corresponds to the
(003) plane of BjTe;, which characterizes BTe; lamellar
compound-® Therefore, the as-grown films deposited in the solution
containing 1.0 mM Te@and 0.86 mM Bi-EDTA complex, at po-
tentials more negative than0.20 V, consist of BiTe;. These re-
sults indicate that the film composition is not only controlled by the
composition of the solution, but also by the deposition potential.

Surface morphology of films-Figure 7 shows SEM micrographs
of films deposited from solution containing 1.0 mM Teénd 0.86
mM Bi-EDTA complex at various deposition potentia{a) —0.20,
(b) —0.25,(c) —0.30, and(d) —0.45 V. The average film thickness
used for the SEM observations was 170.3um. For the film
deposited at—0.20 V (in Fig. 7a), the film consisted of small

In Range I, the following electrode reactions are involved in the
formation of Bi-Te alloys

HTeQ! + 3H' + 4 — Te(s) + 2H,0 [1]

aBi-Y~ + bTe(s) + 4aH* + 3ae” — Bi,Te, + aH,Y ™~ [3]
(a=123,.b=12,3.)

where BjTe, is an intermetallic compoundi.e., BiTe, BjTe;,
Bi4Te;, etc.). From these resultgig. 3, 4, 5, and § it is assumed
that the rate of Reaction 3 is several times faster than that of Reac-
tion 1. The BIi-EDTA complex is reduced to Bi-Te alloy compounds
as soon as HTeDion is reduced to metallic Te. If the amount of Te
element supplied to the electrode is limited, the current due to the
reduction of the Bi-EDTA complex increases with the increase in the
Bi-EDTA complex concentration up to a critical concentration lim-
ited by the maximum rate of Reaction 3. Therefore, the results in

chestnut-like particles and the surface of the film was smooth. ForFig. 3a and b are explained as follows. Until the amount of Bi

the film deposited at-0.25 V (in Fig. 7b), the film consisted of

supplied to the electrode agrees with the maximum amount of Bi

rounded particles that resembled balls of yarn. The particle size wasonsumed by Reaction 3, the cathodic current depends on the Bi-

4-6 pm. For the films deposited at0.30 V (in Fig. 7c), the film

EDTA complex concentration. After that, the cathodic current does

consisted of two types of particles. One type was rounded particlesiot depend on the Bi-EDTA concentration and maintains a constant

smaller than 3um. The other type was layered structures of leafy
particles (dendrite). From the results of energy-dispersive X-ray

value.
In the Range I, the following electrode reactions are involved in

(EDX) measurements, though the shapes of the particles were difthe formation of Bi-Te alloys

ferent, no difference in their compositions was detected. For the

films deposited at potentials more negative thad.45 V (in Fig.

7d), the film consisted of dendrite particles. From these results, the

effect of the film composition on the film morphology can be sum-

marized as follows. When the film is deposited at potentials more

positive than—0.28 V, the film compositionr{s./ng;) is larger than

0.50, and the film is composed of rounded particles and has a rela-

HTeO; + 3H' + 46 — Te(s) + 2H,0 [1]
Bi-Y ™ + 4H" + 3¢ — Bi(s) + H,Y~ [2]
aBi(s) + bTe(s) — BisTey(s) [4]

(a=123,..b=1,2,3.)

tively smooth surface. When the film is deposited at potentials more

negative than-0.28 V, the compositionr(y./ng;) is slightly lower
than 1.50, and the film consists of two types of particlése
rounded particles and the layered, leafy parti¢hendrite)].

where BjTe, is an intermetallic compoundi.e., BiTe, BjTe;,
Bi4Te;, etc.). In this potential range, Reactions 2 and 4, which are
the solid-state reactions of Bi-Te alloy compounds, are introduced.
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Figure 7. The SEM micrographs of films deposited in the solution containing 1.00 mM &@ 0.86 mM Bi-EDTA complex at various deposition potentials:
(a) —0.20,(b) —0.25,(c) —0.30, and(d) —0.45 V.

These reactions can be considered to be the transformation of Rea@his equation is supported by the results in Fig. 3. Therefore, at
tion 3. The observed limiting current is equal to the sum of limiting deposition timef (s), the mole ratio Te(mol)/Bi(mol{nt./ng;) is
currents for Reactions 1 and 2. The limiting currents due to Reacgiven by Eq. 8
tions 1 and 2 are expressed by Eq. 5 and 6, respectively

Nte/Ngi = (Direo, . /dntec, )/ (Daiy - /881y -)"(Chreo, . / Criv -)

ite = —(4"Dyren,+"F"Chren,*)/dniren, (5] (8]

ig = —(3'Day—"F*Caiy-)/dpy— (6] where Opyreo,. /d1ten,.) and Ogiy-/3giy-) are given by the
slopes of the relation between the limiting current and Je@d
Bi-Y complex concentrations, respectively. Using the obtained val-
where Dyreo; (Dgiv-)s dreq,-(9giv-), @Nd Chreo,.(Ceiv-) &€ yes, Eq. 8 is rewritten as Eq. 9
the diffusion coefficient, the thickness of the diffusion layer, and the

concentration of HTeQ(Bi-Y 7), respectively. The limiting current Nre/Ngi = 1'2g(CHTEOz+/ Caiv-) (9]
observed at-0.45 V in solution containing HTeQ® and Bi-Y™ is
expressed by Eq. 7 The relation between the mole ratio{/ng;) of the film and the
ratio of molar concentrationC(HTeoﬁ/CBi_y-) in the solution is
iobs = ITe + ig = —(4*DHTeof*F*CHTeoF)/BHTeo; shown in Fig. 8. In this figureD and] represent the experimental
values and the calculated values using Eq. 9. The calculated values
— (3"Dgiy—"F*Cgiy-)/3giy- [7]1  agree with the experimental values over the wide range of Bi-EDTA
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50 Bi-Te alloy films are underpotentially deposited in the potential
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Figure 8. The relation between the mole ratios{/ng;), of the films and the 4
ratio of molar concentratiorC(HTeoy /Cgiy) in the solution(a,O,—) the
experimental values an,[], — — —) calculated values. 5
6
7.

concentration. In our previous studies, when th&*Bbn concen-

tration increased, the hydrolysis of*Bioccurred, so that the calcu- g,

lated values i1,/ ng;) departed from the experimental values. How-

ever, using the Bi-EDTA complex as the source of Bi element, the g'
hydrolysis of bismuth ion is suppressed so that the composition ofil_'

the film can be controlled over the wide range of Bi-EDTA concen-

tration. 12. z \
. P. Magri, C. Boulanger, and J. M. Lecuite,Mater. Chem.6, 773(1996).

Conclusions 14.

Bi-Te alloy films are electrodeposited from acidic solutions con- 15.
taining TeQ and Bi-EDTA complex. Using Bi-EDTA complex as a 16
Bi source, the hydrolysis of Bi ion is suppressed so that the films g’
can be deposited over a wide range of Bi-EDTA concentration, andio.

range between-0.05 and—0.25 V. When films are deposited at the
potential region between 0.30 and—0.50 V, the composition of the
film can be expressed by Eq. 9.
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