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bstract

Electrodeposition of PbTe thin films from an acidic nitric bath was systematically investigated to understand the kinetics and the effect of
lectrodeposition conditions on film composition, crystallographic structure, texture and grain size. The electroanalytical studies employed initially
ith a rotating disk electrode to investigate the kinetics associated with Te, Pb and PbTe electrodeposition. The results indicated that the PbTe thin
lms were obtained by the underpotential deposition (UPD) of Pb atoms onto the overpotentially deposited Te atoms on a substrate.
Based on these studies, PbTe thin films were potentiostatically electrodeposited using e-beam evaporated gold thin films on silicon substrate

o investigate the effect of various deposition conditions on film composition and microstructure. The data indicated that the microstructure,
omposition and preferred film growth orientation of PbTe thin films strongly depended on the applied potential and electrolyte concentration.

t −0.12 V, the film was granular, dense, and preferentially oriented in the [1 0 0] direction. At potentials more negative than −0.15 V, the film
as dendritic and preferentially oriented in the [2 1 1] direction. A smooth, dense and crystalline film with nearly stoichiometric composition was
btained at −0.12 V from a solution containing 0.01 M HTeO2

+, 0.05 Pb2+ and 1 M HNO3.
2006 Elsevier Ltd. All rights reserved.

o
t
c
n
o
m

t
i
(
c
C
w

eywords: Lead telluride; Electrodeposition; Thermoelectrics; Photodetector

. Introduction

Lead telluride (PbTe) makes a good candidate material
or photodetectors in the mid- and far-infrared bands and
id-infrared quantum well laser diode because of high quan-

um efficiencies, low noise level at working temperature and
bility to tune peak wavelength by adjusting alloy composition
1–6]. PbTe is also among the most efficient materials for
hermoelectric power generation in the intermediate range of
emperature (500–900 K) because of its high thermoelectric
gure of the merit (ZT), a high melting point, good chemical
tability, low vapor pressure and good chemical strength [7–10].

Various vacuum deposition techniques have been utilized

o deposit PbTe thin films including molecular beam epitaxy
MBE) [11], magnetron sputtering [12], thermal evaporation
13] and pulsed laser deposition [14]. Compared to these meth-

∗ Corresponding author.
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ds, electrodeposition is a simple, cost-effective and fast deposi-
ion technique which also allows precise control of composition,
rystallographic structure, texture and grain size. In addition,
anoengineered material such as superlattice thin films and
ne-dimensional nanowires can be readily electrodeposited by
odifying electrodeposition conditions.
Unfortunately, only a few studies have been conducted on

he electrodeposition of PbTe thin films. Beaunier et al. [15]
nvestigated epitaxial electrodeposition of PbTe thin films on
1 1 1) InP single crystal substrate from an acidic nitric bath
ontaining Cd ions. In their work, they focused on the effect of
d ion on the morphology of PbTe films. When 0.5 M Cd(NO3)2
as added to electrolytes, the film morphologies were altered

rom dendritic growth to homogenous dense growth. Saloniemi
t al. [16] reported the electrodeposition of PbTe from alkaline
olutions (pH of 9) with EDTA as a complexing agent. They

bserved that a smooth, dense, Te-rich PbTe thin film could be
abricated on Cu and indium tin oxide (ITO) substrates. X-ray
iffraction patterns indicated PbTe thin film had (2 0 0) preferred
rystal orientation.

mailto:myung@engr.ucr.edu
dx.doi.org/10.1016/j.electacta.2006.06.044
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Fig. 1. Cyclic voltammograms for Te (A), Pb (B) and PbTe (C) electrodeposi-
102 F. Xiao et al. / Electrochim

Even though these studies demonstrated the feasibility of
lectrodeposition of PbTe thin films, previous efforts lacked a
ystematic study necessary to understand the deposition mech-
nisms and the effect of electrodeposition conditions on film
omposition, crystallographic structure, texture and grain size.
n this work, electrodeposition of PbTe thin films was systemat-
cally investigated to understand electrochemical reactions and
o optimize deposition conditions to achieve high quality PbTe
hin films.

. Experimental

An acidic nitric electrolyte was prepared by first dissolving
eO2 (99.9995%; Alfa Aesar, Inc.) in concentrated nitric acid.
ext, Pb(NO3)2 was dissolved in a separate beaker. Once the

olids were dissolved, they were mixed together and water was
dded to reach the final volume. The effect of tellurium ion
oncentration on the electrodeposition of PbTe was investigated
n two different electrolytes (i.e. 0.01 M HTeO2

+ (high tellurium
on bath) and 0.0001 M HTeO2

+ (low tellurium ion bath)). The
oncentrations of Pb2+ and HNO3 were fixed at 0.05 and 1 M,
espectively.

Prior to electrodeposition, cyclic voltammetry (CV) and lin-
ar sweep voltammetry (LSV) were performed to investigate
he deposition mechanisms. Voltammetries were performed in
conventional three-electrode cell configuration with rotating

isk electrode (RDE) (3 mm in diameter platinum disk embed-
ed in a cylindrical Teflon holder) as a working electrode. Pt
ire and Ag/AgCl (sat. KCl) were used as a counter and refer-

nce electrode, respectively. The temperature was kept at room
emperature and the scan rate was fixed at 10 mV/s. The rotating
ate of the RDE was varied from 100 to 5000 rpm to investigate
he hydrodynamic effect.

After electroanalytical studies, the influence of the solution
omposition, deposition potential and temperature on deposi-
ion rate, film composition, crystallographic structure and their

orphologies have been studied to determine optimum con-
itions to deposit high quality PbTe thin films. In the experi-
ents, the working electrodes were evaporated gold thin film

n silicon wafers and the counter electrode was a platinum-
oated titanium stripe. The solutions were magnetically stirred at
00 rpm.

The film composition was determined by Atomic Absorp-
ion Spectroscopy (AAS, Perkin Elemer, Analyst 800). The
lm morphology and crystallographic structure were investi-
ated by SEM (LEO 1550 VP FESEM) and X-ray diffrac-
ion method (Bruker D8 Advance Diffractometer with Cu K�
adiation).

. Results and discussion

.1. Electroanalytical studies of tellurium, lead and lead
elluride electrodeposition
Fig. 1 shows cyclic voltammograms for tellurium (A), lead
B) and lead telluride (C) electrodeposition. Electrolyte com-
ositions for tellurium, lead and lead telluride were 0.01 M

tion from 10 mM HTeO2
+ + 1 M HNO3, 0.05 M Pb2+ + 1 M HNO3 and 10 mM

HTeO2
+ + 0.05 M Pb2+ + 1 M HNO3, respectively. The potential scanning rate

and rotating rate of RDE were fixed at 10 mV/s and 1000 rpm, respectively.
Inside plot shows the potential profile applied.
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During the anodic scan, two oxidation peaks appeared at

−0.36 V (labeled as A2) and +0.5 V (labeled as A3), respec-
tively. The oxidation peak A2 was due to the stripping of metallic
Pb, but the area under A2 was much smaller than that observed
F. Xiao et al. / Electrochim

TeO2
+ + 1 M HNO3, 0.05 M Pb2+ + 1 M HNO3 and 0.01 M

TeO2
+ + 0.05 M Pb2+ + 1 M HNO3, respectively. The rotation

ate of the RDE was fixed at 1000 rpm.
In tellurium electrodeposition, two reduction waves, labeled

s C1 and C2, respectively, were observed in the cathodic scan
Fig. 1A). The third reduction wave at ∼−0.68 V was attributed
o hydrogen evolution. The reduction reaction at C1 could be rep-
esented by Eq. (1) [17]. The deposit formed at C1 was identified
s elemental Te by AAS and XRD. At C2, a two-step reaction
as proposed by others [18], which involves the electrochemical
eneration of H2Te as an intermediate species (Eq. (2)) followed
y chemical reduction to elemental Te (Eq. (3)). The overall pro-
ess behaved as a four-electron reduction from HTeO2

+ to Te
hich was equivalent to Eq. (1). During the anodic scan, one
xidation peak was observed at ∼0.57 V (labeled as A1), which
as caused by the dissolution of the Te electrodeposition.

TeO2
+(aq) + 3H+(aq) + 4e− → Te(s) + 2H2O,

◦ = +0.551 V versus NHE (1)

TeO2
+(aq) + 5H+(aq) + 6e− → H2Te(aq) + 2H2O,

◦ = +0.121 V versus NHE (2)

H2Te(aq) + HTeO2
+(aq) → 3Te(s) + 2H2O + H + (aq),

G◦
f = −498.118 kJ/mol (3)

The hydrodynamic effect on the tellurium electrodeposi-
ion was investigated by varying the rotation rate from 100
o 5000 rpm (data not shown). The limiting current density at

1 has a linear relationship with the square root of the rota-
ion rate (ω1/2), which indicates that the electrodeposition of
e was controlled by the diffusion of HTeO2

+ to the electrode
urface according to the Levich equation [19]. The diffusion
oefficient for HTeO2

+ was determined to be 6.8 × 10−6 cm2/s,
hich agreed well with previously reported values [20].
Fig. 1B shows a cyclic voltammogram for Pb electrodeposi-

ion. One reduction wave (labeled as C3 starting at ∼−0.43 V)
as observed during the cathodic scan. Analysis of the deposit

t C3 by AAS identified the reduced material as elemental Pb.
uring the anodic scan, an oxidation peak (labeled as A2) was
bserved at −0.15 V, which was caused by the stripping of the
b deposit.

The cyclic voltammogram for PbTe electrodeposition is
hown in Fig. 1C. During the cathodic scan, a limiting current
labeled as C4) was observed in the potential range of the lim-
ting current for Te electrodeposition. The value of the former
imiting current density was 1.46 times greater than the latter
s shown in Fig. 2. The composition analyses of the deposits
evealed Pb was co-deposited with Te in that potential range.
his induced deposition of Pb on Te is called underpotential
eposition (UPD), which has been reported in the electrodepo-

ition of cadmium telluride [21]. PbTe electrodeposition can be
escribed by a two-step mechanism whereby Te is first over-
otentially deposited and then, Pb2+ ions react with Te atoms
o form the PbTe compound. The overall process can be repre-

F
H
p
1

ig. 2. Linear sweep voltammograms for Pb, Te and PbTe electrodepositions.
he potential scanning rate and rotating rate of RDE were fixed at 10 mV/s and
000 rpm, respectively.

ented by Eq. (4).

TeO2
+(aq) + Pb2+(aq) + 3H+(aq) + 6e−

→ PbTe(s) + 2H2O (4)

he activation energy for the UPD of Pb is from the free energy of
bTe formation, �G◦

f,PbTe = −69.5 kJ/mol [22], which shifts
he potential of Pb electrodeposition to a more positive value by

E = 0.36 V according to �E = �G◦
f,PbTe/2F [17] where F is

he Faraday constant.
ig. 3. Linear sweep voltammograms for PbTe electrodeposition from 0.01 M
TeO2

+ and X M Pb2+ (X = 0, 0.005, 0.01, 0.05 and 0.2) in 1 M HNO3. The
otential scanning rate and rotating rate of RDE were fixed at 10 mV/s and
000 rpm, respectively.
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n the voltammetry for Pb electrodeposition (Fig. 1B), which is
esults from the formation of PbTe preventing the oxidation of
b in PbTe. The oxidation peak A3 is most likely attributed to

he stripping of PbTe or elemental Te.
Similar to Te electrodeposition, hydrodynamic effects on

bTe electrodeposition were also studied by varying rotating
ates (ω) from 100 to 5000 rpm (data not shown). The linear
elationship between the limiting current density and ω1/2 sat-
sfies the Levich equation, meaning the electrodeposition was

ass-transfer controlled. However, in this case, two electroac-
ive species, HTeO2

+ and Pb2+, were present in solution and
ither one or both components might dominate the electrodepo-
ition rate. Therefore, LSVs were also carried out in solutions
ontaining 0.01 M HTeO2

+ with variable Pb2+ concentration

rom 0 to 0.2 M (Fig. 3). As more Pb2+ was progressively added
o the solution, two cathodic waves (labeled as C5 and C6, respec-
ively) gradually developed. The first wave, C5, corresponded to

ig. 4. Chronoamperograms of PbTe electrodeposition in: (a) 0.01 M HTeO2
+

olution and (b) 0.0001 M HTeO2
+ solution. Pb2+ and HNO3 concentration were

xed at 0.05 and 1 M, respectively.
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e deposition and C6 corresponded to PbTe deposition. Both
aves showed give a progressive shift to more anodic poten-

ials as the concentration of Pb2+ increased because of the UPD
f Pb on Te. The limiting current density at C6 increased at
ower Pb2+ concentrations, simultaneously with the shifts of

5 and C6, stabilizing above 0.01 M Pb2+. The result implied
hat the electrodeposition rate in the limiting current range was
rimarily controlled by the diffusion of HTeO2

+ when Pb2+ con-
entration was sufficiently high. Therefore, in the solution of
.01 M HTeO2

+, 0.05 M Pb2+ and 1 M HNO3, the limiting cur-
ent density of PbTe electrodeposition can be calculated by Eq.
5) [23,24]:

l,PbTe = 6FD[HTeO2
+]

δ
(5)

Similarly, the limiting current density of Te electrodeposition
n 0.01 M HTeO2

+ and 1 M HNO3 is given by

l,Te = 4FD[HTeO2
+]

δ
(6)

In Eqs. (5) and (6), D is the diffusion coefficient of HTeO2
+

ons, F the Faraday constant and δ is the thickness of the dif-
usion layer and [HTeO2

+] the concentration of HTeO2
+. Since

HTeO2
+] for Te and PbTe deposition was equal, the limiting

urrent density was proportional to the number of reaction elec-
rons involved, i.e., il, PbTe/il, Te = 6/4 = 1.5. The limiting current
ensity obtained from Fig. 2 was −20.34 and −29.7 mA/cm2

espectively. The ratio (il, PbTe/il, Te) obtained from our experi-
ents was 1.46 and was found to generate a deposit composition

f 52 at.% Te and 48 at.% Pb.
Temperature effects on the electrodeposition of PbTe were

etermined by varying the temperature from 24 to 60 ◦C (data

ot shown). The limiting current density was increased with the
ncrease in temperature, which was mainly due to the increase of
iffusivity. Since the limiting current density ilim changed lin-
arly with T2/3, the diffusivity changed is displayed a nearly

ig. 5. Dependence of deposit Pb content on applied deposition potentials. The
olution was magnetically stirred at 300 rpm. Temperature was fixed at 24 ◦C.
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Fig. 6. SEM micrographs of PbTe films electrodeposited from 0.01 M HTeO2
+ solution at: (a) −0.12 V, (b) −0.13 V, (c) −0.15 V, (d) −0.40 V; and from 0.0001 M

HTeO2
+ solution at (e) −0.12 V, (f) −0.13 V, (g) −0.15 V and (h) −0.40 V.
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inear relationship with temperature, agreeing well with the
tokes–Einstein equation [25].

.2. Electrodeposition of PbTe thin films

Based on the above electroanalytical studies, PbTe films
ere potentiostatically electrodeposited on gold-coated silicon
afers from 0.01 M HTeO2

+ solution (0.01 M HTeO2
+ + 0.05 M

b2+ + 1 M HNO3) and 0.0001 M HTeO2
+ solution (0.0001 M

TeO2
+ + 0.05 M Pb2+ + 1 M HNO3). Fig. 4 shows the

hronoamperograms of PbTe electrodeposition. As expected,
he cathodic current density increased when the applied potential
ecame more negative. The increase of initial cathodic current
ensity when applied potential became more negative indicated
hat the nucleation rate increased for 0.01 M HTeO2

+ solution.
s for 0.0001 M HTeO2

+ solution, the initial cathodic current
ensity was independent of applied potential suggesting that
he nucleation rates were almost the same at all the four poten-
ials. Fig. 5 shows the film compositions obtained in 0.01 M
TeO2

+ and 0.0001 M HTeO2
+ solutions as a function of deposi-

ion potentials. In 0.01 M HTeO2
+ solution, the onset deposition

otential for the UPD of Pb was around −0.1 V, at which the Pb
ontent increased abruptly from almost naught. Therefore, the
otential of Pb UPD was ∼0.33 V more positive than the poten-
ial (∼−0.43 V) of independent Pb electrodeposition. The Pb
otential shift is nearly the same as calculated from �G◦

f,PbTe
hich is 0.36 V. In the mass-transfer controlled range (i.e.
−0.14 to ∼−0.35 V), the film composition remained almost

onstant at 54 at.% Te and 46 at.% Pb, which was very close to
he composition predicted above by the ratio of the limiting cur-
ent densities. At potentials more negative than−0.43 V, metallic
b was overpotentially deposited (OPD) leading to Pb-rich films.
n 0.0001 M HTeO2

+ solution, the Pb contents obtained by UPD
ere not improved relative to those for 0.01 M HTeO2

+ solution.
rom ∼−0.43 to ∼0.50 V, the films mainly consisted of metallic
b. At more negative potentials than −0.50 V, films could not
e deposited. In both solutions, the PbTe films obtained by UPD
ere always slightly Te rich. The similar non-stoichiometry has

lso been observed in the electrodeposition of PbTe films from
he alkaline solution at pH 9 [16].

Figs. 6 and 7 show the SEM micrographs and X-ray diffrac-
ion patterns of the films obtained at −0.12, −0.13, −0.15 and

0.40 V from the two solutions. The insets show the detailed
icrostructures of the squared regions. In 0.01 M HTeO2

+ solu-
ion, the film deposited at −0.12 V was dense, uniform and
ilver-gray. According to the XRD pattern shown in Fig. 9a,
he film had a preferred orientation in the [1 0 0] direction
ased on the difference in the standard (JCPDS, 38–1435) and
xperimental peak intensities. At −0.13 V, the film growth was
endritic. The feather-like dendrites were perpendicular to the
ubstrate with a highly preferred [2 1 1] orientation, exhibiting
well-defined crystallographic structure. The stem of the den-
rite consisted of a string of pyramid crystals. At −0.15 and

0.40 V, XRD patterns revealed similar dendrites also in the pre-

erred [2 1 1] direction. The contrasting reflections for 0.0001 M
TeO2

+, shown in Fig. 9(b), indicate significant changes in the
rystal structures. The film deposited at −0.12 V consisted of

r
t
E
c

ig. 7. XRD patterns of PbTe films electrodeposited from: (a) 0.01 M HTeO2
+

olution, and (b) 0.0001 M HTeO2
+ solution.

eparate cubic crystals oriented along the [1 0 0] direction. The
bTe cubic crystals were not observed at −0.13 V, and the (2 0 0)
eflection became very weak as well. The film was preferen-
ially oriented in the [1 1 1] direction. At −0.15 V, some cubic
rystals were observed again, which were probably responsi-
le for the (2 0 0) reflection in the XRD pattern. Some den-
rites were seen at this potential which looked brighter in the
EM image. These dendrites were suspected determinants of

he strong (4 2 2) reflection observed in the XRD pattern. At
0.40 V, feather-like dendrites were observed, which caused the

4 2 2) reflection. The fairly low intensity of the (4 2 2) reflec-
ion was probably a consequence of the low crystallinity of these
endrites.

To investigate the temperature effect on the film composi-
ions, PbTe films were electrodeposited at various temperatures.
he deposition potential was fixed at −0.12 V. Fig. 8 shows the
lm composition as a function of the solution temperature. At
oom temperature, the electrodeposition at −0.12 V was con-

rolled by both the electron transfer rate and mass-transfer rate.
levated temperatures pushed the balance into the mass-transfer
ontrolled range, in which the deposition rate was dominated
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ig. 8. PbTe film composition as a function of deposition temperature. Deposi-
ion potential was fixed at −0.12 V vs. SCE.

y the diffusion of HTeO2
+. As Fig. 8 indicates, the increase

f HTeO2
+ diffusion rate with the temperature consequently

educed the Pb content in the deposit. Such a trend may also
e applied to the stirring effect on the film composition obtained
n the mass-transfer controlled range. Lowering the temperature,
n the other hand, decreased the activation energy for the UPD
f Pb and reduced the Pb content greatly.

. Conclusion

In summary, we have systematically investigated the elec-
rodeposition of PbTe thin films from an acidic nitric baths. The
eaction kinetics was initially studied with a rotating disk elec-
rode to determine the mechanism of PbTe deposition. Based on
lectroanalytical studies, we concluded that PbTe was obtained
y the underpotential deposition (UPD) of Pb atoms onto the
verpotentially deposited Te atoms. The effect of deposition
otential, solution composition and temperature on the film
omposition, crystallographic structure and texture were stud-
ed. The microstructure and preferred orientation of PbTe thin
lms changed greatly depending on the applied potential and

lectrolyte concentration. At −0.12 V, the film was granular
nd oriented preferentially in the [1 0 0] direction. At poten-
ials more negative than −0.15 V, the film was dendritic and
riented preferentially in the [2 1 1] direction. A smooth, dense

[

[
[
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nd crystalline film with nearly stoichiometric composition was
btained at −0.12 V from a solution containing 0.01 M HTeO2

+

0.05 Pb2+ + 1 M HNO3.
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