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The effect of the addition of a surfactant, sodium lignosulfonate (SLS), on the thermoelectric properties of
tellurium films prepared by electrochemical deposition is studied. The growth mechanism is found to
have an important role in the thermoelectric properties since the grain size of the films is sharply reduced
when the surfactant is added to the solution. For this reason, the electrical resistivity of the tellurium
films when the surfactant is not added is 229 w{)-m, which is lower than 798 p{2-m with SLS. The
Seebeck coefficient values are not influenced, with values in the vicinity of 285 wV/K for both solutions.

gegc":fgf;;mical deposition The power factor resulted higher values than previous works, reaching values of 280 wW/m-K? (without
surfactant P SLS) and 82 wW/m-K? (with SLS) at room temperature. Finally, the thermal conductivity was measured
grain size by means of the Photoacoustic technique, which showed values of the order of 1W/m-K for both

solutions, which is a factor of 3 less than the bulk value of tellurium. A notable observation is that the
power factor and the thermal conductivity of electrodeposited tellurium films have the same order of
magnitude of bismuth telluride films grown by electrodeposition. The figure of merit is estimated to be
approximately one order of magnitude higher than the bulk value, 0.09 without SLS and 0.03 with SLS,
both at room temperature.

electrical conductivity
Seebeck coefficient
thermal conductivity

© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Tellurium is a p-type semiconductor with a narrow band-gap
(0.34eV) and a highly anisotropic crystal structure. It consists of
helical chains, which are bound by covalent unions between the
atoms and bound with other chains by van der Waals interactions.
These chains turn into a hexagonal lattice whose c axis is
perpendicular to the hexagonal base or parallel to the helical
chains [1], see Fig. 1. In recent years, tellurium thin films have been
studied for applications such as gas sensors (detection of nitrogen
dioxide or ammonia) [2], piezoelectrics [3], photoconductors [4],
photonic crystals [5], submillimeter wave detectors [6], and
thermoelectric devices [7]. Thermoelectricity is the ability of the
materials to convert heat into electricity and the inverse effect. The
efficiency of thermoelectric materials is related to their figure of
merit, which is given by zT=S?c/k, where S is the Seebeck
coefficient, o is the electrical conductivity and k is the thermal
conductivity [8]. In order to obtain a maximum figure of merit, the
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optimization of the thermoelectric parameters is needed. For this
purpose, diverse choices of materials, preparation routes, and
dopants are being studied. As a thermoelectric material, bulk
tellurium presents a high Seebeck coefficient of approximately
500 wV/K along the c-axis direction [7], where the positive sign
indicates a p-type conduction. The electrical resistivity was found
to be between around 2900 and 5000 w{)-m in the direction
parallel and perpendicular to the c-axis respectively at room
temperature [9],[10]. The thermal conductivity is approximately
3W/m-K for the bulk material that depends on the crystal
orientation, being 3.37 W/m-K and 1.96 W/m-K for the direction
parallel and perpendicular direction to the c-axis at room
temperature [11],[12]. Assuming the same value of the Seebeck
coefficient in both directions and taking the aforementioned
electrical resistivity and thermal conductivity values for each
direction, a zT of 0.008 for both the direction parallel and
perpendicular to de c-axis at room temperature can be calculated.
Due to the p-type character of tellurium, it is interesting the study
of its thermoelectric properties since it could serve as the p-type
counterpart of a thermoelectric device.

The electronic transport properties, which depend on the
structure, growth and crystal orientation of tellurium samples, are
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Fig. 1. Crystal structure of tellurium.

being studied with various preparation techniques and within
different temperature ranges [9],[13-17]. Goswami et al. studied
the semiconducting properties of films grown by vacuum
deposition and observed that the Seebeck coefficient exhibited
no temperature dependence near room temperature [18]. The
Seebeck coefficient of tellurium prepared by vacuum deposition
was intensively studied by Phahle [17] and later by Damodara et al.
[19], which showed a value as high as 500 wV/K and 400 pV/K,
respectively, at room temperature; in agreement with the
previously obtained value [18]. Recently, Bodiul et al. [7] studied
the thermoelectric properties of both films and monocrystalline
whiskers of tellurium fabricated by a vacuum-condensation
method. The power factor of these thin films, defined as S%c,
reached 100 wW/m-K? with a Seebeck coefficient of approximately
350 wV/K and a value of the electrical conductivity of 1100 w{)-m.
However, few studies on tellurium by electrodeposition were
previously conducted. Jiang et al. [20] reported measurements of
the Seebeck coefficient of tellurium films grown by electrochemi-
cal deposition on polyaniline-coated macroporous phenolic
foam which corresponded to a maximum thermopower value of
342 WV/K at 473K [20].

Electrochemical deposition is based on the reduction of ions
from aqueous, organic, ionic or molten salt electrolytes. In order to
produce the reaction (reduction) of the charged particles at the
interface between solid electrode and liquid solution, it is
necessary to have an external power supply which provides the
electrons. This technique provides an attractive alternative route
to the fabrication of high-quality nanostructured compounds
[21-25], thus offering several comparative advantages to other
methods used to prepare tellurium structures such as solvother-
mal [26] and hydrothermal techniques [27], microwave-assisted
method [28], and vacuum deposition [13]. These advantages
include room temperature fabrication, no vacuum, high deposition
rates and structure control by different parameters like potential,
solution or the use of surfactants [29]. Moreover, electrochemical
deposition is a low cost technique that is easily transferrable to the
industry.

Another important point to highlight is that the electro-
reduction of tellurium is on the basis of the electrodeposition
mechanism of several telluride-based chalcogenides such as CdTe
for solar cells [30], ZnTe for optoelectronics and non-linear optics
[31], or PbTe [32,33] and Bi,Tes [34-36] for thermoelectric
materials. The mechanism of electrodeposition of those semi-
conductors and their ternary alloys occurs by an induced
codeposition mechanism after the electrochemical reduction of

tellurium from solution. The tellurium is initially nucleated by
reduction at the cathode with any of the following reactions [34]:

HTeO,"(aq)+3H*(aq) +4e~-Te%s) +2H,0 E°=+0.551V vs NHE

HTeO,*(aq)+5H"(aq) +6e~-H,Te (aq)+2H,0 E°=+0.121V vs NHE

Te%s)+2H" +2e~-H,Te (aq) E®=—0.739V vs NHE

2H,Te(aq) + HTeO,*(aq)-3Te’(s) + 2H,0 + H*(aq)-G°
=—-498.118 kJ/mol

and reacts with cadmium [37], zinc [37], lead [38] or bismuth [34]
to produce the compound. For the aforementioned reasons,
modification of the quality of the electrodeposited tellurium could
be interesting in order to understand the performance of these
compounds. A possible method to change the growth mechanism
and control the quality of the films is to add surface active agents,
i.e., surfactants. Sodium lignosulfonate (SLS) is a surfactant that
was found to modify the quality of the films grown by
electrodeposition [29]. However, the inherent effect of SLS on
tellurium growth has yet to be studied. The main objective of this
work is to understand the effect of sodium lignosulfonate on the
electrodeposition and the thermoelectric behavior of tellurium by
studying the influence of surfactant addition to the structural,
morphological and thermoelectric properties.

2. EXPERIMENTAL SECTION

Tellurium thick films have been prepared by electrochemical
deposition in an aqueous solution consisting of 1.1072M HTeO,",
1M HNOs with and without 0.06 g/L sodium lignosulfonate (SLS).
The chemical compounds used in the solution were Fluka
Chemika® tellurium powder, lignosulfonic acid sodium salt from
Sigma Aldrich® and Panreac®™ 65% nitric acid. The preparation of
the solution consists of dissolving the HTeO?" in nitric acid and
then adding deionized water to reach the desired volume. The
employed electrochemical cell is based on a conventional three
electrode cell configuration. The working electrode consists of a
150 nm platinum layer evaporated via electron-beam evaporation
onto a silicon wafer (10 0) with the aid of a 5nm chromium layer
between the silicon and the platinum to improve the adhesion. The
reference electrode is Ag/AgCl 3 M electrode and a platinum mesh
acts as a counter electrode. Cyclic voltammograms (CVs) and
chronoamperometries were performed in a bi-potentiostat (Eco
Chemie, Model AUT302.0) governed by the software Nova 1.8. All
the experiments were conducted at room temperature. The
potential limits of the CVs were chosen to be between —0.5V
and 1.0V vs. the reference electrode and the scanning rate was set
at 0.01 V/s. The films were grown by applying the potential for one
hour, which yield samples whose thicknesses are in the range of
several microns that completely cover the surface of the electrode.

The morphology of the films has been studied by a Philips®™
XL305-FEG field emission scanning electron microscope (FE-SEM)
with an accelerating voltage of 10 kV. The structural characteriza-
tion was examined by X-ray diffraction (XRD) in a Philips® X'Pert
four circle diffractometer with CuKa X-ray radiation.

Prior to the thermoelectric measurements, the films were
lifted-off to avoid the influence of the platinum on the properties of
interest. For this purpose, an epoxy adhesive (Araldit®™ high
temperature from Ceys®) was used to glue the film to a glass slide
and was allowed to dry overnight. The samples were then
immersed in liquid nitrogen in such a way that the difference in
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thermal expansion coefficients allowed for the detachment of the
tellurium film adhered to the glass substrate from the platinum on
silicon wafer.

The Seebeck coefficient, S, and electrical resistivity (p=1/0)
were simultaneously measured with a LSR-3 Linseis equipment.
Before the measurements, the thickness of the films was measured
by means of a Veeco®™ Dektak stylus profilometer system for the
calculation of the electrical resistivity from the resistance
measurement. The electrical resistivity was measured by a four-
point probe method and the Seebeck coefficient was obtained by
setting two different temperature gradients of approximately 1°C
and 8°C between the ends of the films. The slope between the
temperature differences and the generated Seebeck voltage allows
the Seebeck coefficient to be obtained. Both magnitudes, electrical
conductivity and Seebeck coefficient, were measured in a range of
temperature from approximately 30°C to 105°C in order to not
exceed the maximum temperature that epoxy can endure. To
ensure the accuracy of the experiment, multiple steady state
measurements at each temperature point were performed.

An experimental system based on the Photoacoustic technique
was employed to measure the thermal conductivity of the films in
the cross-plane direction. This technique is based on the Photo-
acoustic effect in which incident modulated radiation periodically
heats the sample and subsequently causes the air in contact with
the surface to expand and contract similar to a thermal piston. This
effect causes acoustic waves which are detected by a microphone.
By comparing the incident signal with the recorded signal, the
thermal properties of the sample can be obtained by using a
multilayer model developed by Hu et al. [39]. The apparatus
consists of a lab-design experimental setup, Fig. 2, where a PMMA
Photoacoustic cell was modeled in such a way acoustic resonances
are avoided. The samples were radiated by a fiber-couple laser
diode LDF-10 series Alphalas GmbH of 980 nm with an optical
power of 260 mW. The signal was detected by a G.R.A.S. 46 BL 1/4”
CCP Pressure Microphone Set. That signal is then filtered and
amplified by a power module type 12AQ G.R.A.S. Finally, a Signal
Recovery Model 7270 DSP Lock-in Amplifier was used to obtain the
required signal. Prior to the measurements, the thicknesses of the
films were measured under the same conditions where the
measurement occurred such that experimental errors were
minimized. Moreover, an 80 nm titanium layer was evaporated
via electron-beam evaporation onto the samples in order to absorb
the laser beam. Some of the samples presented in this work were
measured at Purdue University to establish the accuracy of the
measurements.

Regarding the experimental errors, the crystallite size, power
factor and figure of merit error was calculated by using the law of
propagation of error. For the crystallite size an error of 10% was
assumed for the FWHM and the power factor error was calculated
by taking 10% for the electrical resistivity and 5% for the Seebeck
coefficient. In the case of the thermal conductivity, the Photo-
acoustic technique presents an associated error around 10% for
these films which arise from the properties of the samples, the
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Fig. 2. Photoacoustic technique setup.

thickness and the random error obtained by measuring several
times each sample.

3. RESULTS AND DISCUSSION

Cyclic voltammograms (CV) were made in order to study the
different deposition mechanism and to find the optimal deposition
potential. A CV on a platinum working electrode was carried out
using a Ag/AgCl reference electrode for each solution. Fig. 3 shows
the main tellurium reduction peaks without and with SLS at
—0.13V and —0.20V, respectively. The main cathodic peak can be
identified with the reduction of the HTeO," to Te, found also by
Martin-Gonzalez et al. [34], who studied the electrochemical
behavior of tellurium without additives. This shift can be explained
by the competing adsorption of the surfactant onto the electrode,
which hindered the reduction of tellurium by decreasing the
number of reduction sites available at the electrode surface. The
current plateau when the surfactant is added to the solution
presents lower current density than in the absence of the
surfactant. This indicates that surfactant molecules could be
adsorbed onto the platinum surface, thus decreasing the current
density, jp.

When the potential is more negative than —0.3V, another
pronounced cathodic wave is found in both solutions correspond-
ing to the hydrogen evolution. On the other hand, only one
oxidation peak is present in the oxidation region with a potential of
approximately V=0.6V in both cases. It is noteworthy that there is
a remarkable difference between the oxidation area peaks. Since
the working electrode area was the same for both CVs, this
difference could be related to the total charge passing through the
electrode and the total amount of tellurium deposited on the
electrode surface. As it can be seen in Fig. 3, the area of the
oxidation peak in the CV carried out from the solution with SLS is
smaller than the one performed without SLS. That difference
indicates that the total charge going through the electrode is lower
in the case of the CV with SLS so that the amount of tellurium
deposited on the electrode is smaller. That could be confirmed by
calculating the charges of the anodic peak (Q.) and cathodic region
calculated without hydrogen evolution (Q_) part from both CV. In
the case of the solution without SLS Q. =-561 mC and
Q.=40.7mC, whereas in the case of the solution with SLS,
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Fig. 3. Cyclic Voltammogram of HTeO," 0.01M in 1M HNOs with (gray) and
without (black) 0.06 g/L SLS with a scan rate of 0.01V/s at room temperature. The
inset shows the main reduction peak for each solution and the three different points
were the electrochemical depositions were performed. Arrows indicate the scan
direction of the CV.




40

Q. =-443 mC and Q.=211mC. This indicates the inhibitor
character of the surfactant on tellurium electrodeposition.

The electrochemical depositions were carried out at three
different potentials along the reduction peak (—0.13V, —0.10V and
—0.07 Vin the case of the solution without SLS and —0.18 V, —0.19V
and —0.20V for the solution with SLS, see inset on Fig. 3).

Fig. 4 shows the X-Ray diffractograms of the films grown at
different applied potentials along with the reference pattern of
tellurium powder (JCPDS 36-1452) for both solutions with and
without SLS. The XRD was measured after detaching the films from
the substrate in such a way that neither platinum nor silicon peaks
were present.

Different diffraction peaks can be observed and are indexed to
the hexagonal phase of tellurium reference pattern as shown in
Fig. 4. For the solution without SLS, the (101) diffraction peak
located at 26=27.563° is the sharpest for the three films as in the
reference polycrystalline pattern. The second order diffraction
peak, (202) placed at 260=56.878° is also found in the diffracto-
gram. Less intense diffraction maxima like (102) at 20=38.261°
and (110) at 20 =40.446° can be observed. As it can be seen in the
standard pattern, the diffraction peaks for (101), (102)and (110)
are the strongest so that the films grown without SLS present a
microstructure similar to a polycrystalline pattern. However, the
relative intensity between these peaks changes as a function of the
applied potential. Moreover, other even less intense peaks are
present, such as (100), (111), (201) and (113). The full width at
half maximum (FWHM) of the (101) diffraction peak has been
measured given different values as a function of the applied
potential. The obtained values are 0.15°, 0.16° and 0.21° for the
—0.13V, -0.10V, and —0.07 V, respectively. The smaller the FWHM,
the bigger the crystallite size is, and hence, a more negative applied
voltage produced larger grain sizes.

In the X-Ray diffractogram of the films grown from the solution
with SLS, the (101) diffraction peak is the strongest of the three
films and the weaker (202) diffraction peak is also found.
Moreover, as in the previous case, a textured direction cannot
be distinguished since other diffraction peaks can be observed in
these films, suchas(100),(102),(110),(111)and even (00 3).The
FWHM of the (10 1) diffraction peak has also been measured giving
different values as a function of the applied potential. The obtained
values are 0.33°, 0.36° and 0.32° for the —0.20V, —-0.19V and
—0.18V, respectively. The FWHM values are quite similar for the
three films, probably due to the slight change in the applied
potential.

B. Abad et al./Electrochimica Acta 169 (2015) 37-45

Both types of solutions presented sharp peaks, indicating that
the films are crystalline. Moreover, as these films are not highly
oriented in a specific crystal orientation, a polycrystalline character
can be assumed in all the cases. However, the relative intensity
between the highest diffraction peak (101) and (110) has
considerably changed when adding the surfactant. Basically, the
direction (110) seems to be slightly inhibited by the presence of
the surfactant. Moreover, regarding the FWHM, it is noteworthy
that the crystallite size of the films grown without SLS is larger
than in the case when SLS is used.

Figs. 5 and 6 show the morphology of the tellurium films grown
at the three different potentials for both solutions. Regarding the
films grown from the solution without SLS, the most negative
deposition potential yields the largest particle size. However, from
the cross-section views it can be seen that the microstructure order
decreases when the applied potential is made more negative.
These images also show a bundle of structures with cavities
growing directly from the substrate. This kind of growth is possibly
due to the highly anisotropic crystal growth of the trigonal
tellurium [40,41]. The crystals are randomly oriented initially from
a nucleation site in such a way that the XRD pattern shows the
polycrystalline character of the films. The thicknesses of the films
were measured with the profilometer providing values, 4.6 .m,
34pm, 30pm for V=-013V, V=-0.10V and V=-0.07V,
respectively, in good agreement with the those estimated from
the SEM images, 4.5 m, 3.5um and 3.0pum for V=-0.13V,
V=-0.10V and V=-0.07V, respectively.

In the case of the solution with SLS, minimal differences can be
appreciated between the different applied potentials where the
cross-sections show that the films have grown in a columnar way.
Moreover, the top views of the films show arrow-like morphology
in such a way that a large quantity of crystals can be observed. In
this case, the type of growth is completely different than without
SLS. The typical tellurium growth mechanism is interrupted by
means of the surfactant which acts as an anti-coagulation agent,
limiting the growth in the typical directions. SLS inhibits
tellurium particle growth, modifying the crystal growth behavior
such that smoother and more compact films are obtained as
revealed in the SEM images. The thicknesses of the films
measured with the profilometer, 2.9 um, 2.9 um, 2.5 um for
V=-0.20V, V=-0.19V and V=-0.18V, are in good accordance
with those calculated from the SEM images, 3.0 wm, 3.5 um,
3.0 um for V=-0.20V, V=-0.19V and V=-0.18V respectively,
(see Fig. 6).

(a)l Without SLS With SLS
V=-0.13V V =-0.20V
A " ‘_A ~ A A oy
2 | 5
St 5
- F V=-0.10V
Q A Ahom. " A A Ke)
8 ©
> 8
£ >
3 V=-0.07V 4 V=-0.18V
g AAIN A A A i _'G:_.z 1) w.u. P IIVEPRY VTN WPy ) "
3 = ~ Ref. Pattern - : = S Ref. Pattern
A Ss_ . _ _ _JcPDsase-1452 E S5 . _ _ JoPDS36-1452
= oS8 3 N = = = To93 3 S ™ =
E = |[[=S ¢ & = =) L~ |"29u 8 o =)
] : .l\"' I E— . d | . IlT’. I P vs . =
20 30 40 50 60 70 80 20 30 40 50 60 70 80

20 (degrees)

20 (degrees)

Fig. 4. X-ray diffractograms for the films grown in three different applied potentials from both solutions (a) without and (b) with SLS.
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Fig. 5. FE-SEM images of the as-grown electrodeposited films without SLS. (a) Cross section and (b) in-plane image of the film grown at —0.13 V, (c¢) cross-section and (d) and
in-plane image of the film grown at —0.10V and (e) cross-section and (f) in-plane image of the film grown at —0.07 V. The thicknesses of the films are marked with an arrow.

The in-plane electrical resistivity and the Seebeck coefficient
have been measured as a function of temperature for the films
prepared with and without SLS. Then, the power factor was
calculated in order to find the conditions that will provide the
highest efficiency. Finally, the thermal conductivity was also
measured in the out of plane direction of the films.

As seen in Fig. 7, the electrical resistivity decreases with
temperature which is the typical behavior of a semiconductor. The
minimum values are obtained at 105°C, reaching a value of
197 w.Q)-m for the film prepared without SLS at —0.07 V and a value
of 509 w)-m for the film grown at —0.20 V with SLS. It should be
noted that the near-to-room temperature values (35°C) 229 w.{)-m
(without SLS) and 798 p{)-m (with SLS), are obtained for both
solutions, respectively. This value is an order of magnitude lower
than the values obtained by Bottom et al. for a single crystal, where
5600 .{2-m and 2900 p.{2-m were obtained for the perpendicular
and parallel direction to the principal axis, i.e, ¢ axis, respectively
[10]. This sharp reduction in the electrical resistivity could be
related to structural defects in the samples. In the case of tellurium
films, one can find adsorbed surface impurities, surface states or a
potential barrier at the grain boundaries, among other structural
defects. The most common mechanism previously reported is the
surface states which appear on the surface of tellurium films and
can act as electrically active defects [16]. From the slope between
the logarithm of the electrical resistivity, p, against 1/T, where T is
the temperature, the activation energy of these impurities in the
band gap can be obtained since the electrical resistivity

measurements are in the vicinity of the temperature where the
electrical activation of those impurities takes place [17]. The
activation energies along with the electrical resistivity at room
temperature of the films are shown in Fig. 8, where the values
range from 50 meV to 68 meV in the case of the films grown
without SLS and from 87 meV to 108 meV with SLS. These values
are in agreement with previously works. Phahle et al. calculated an
activation energy of 180meV and an electrical resistivity around
500 w{)-m at a similar temperature range and Goswami et al.
obtained activation energy values from 178 meV to 58 meV, for
thermal evaporation grown samples [17,18]. A similar trend
between the activation energy and the electrical resistivity can
be appreciated for the films with and without SLS, which indicates
that the electrical resistivity is closely linked to the impurity level.
It is observed that the impurities associated with the use of SLS
present deeper levels, and hence, higher activation energy than in
the case of the films grown without SLS. For this reason, the
electrical resistivity is lower when the SLS is not used.

For films grown without SLS, the electrical resistivity increases
when increasing the driving force during electrodeposition, which
contradicts the notion that the sample deposited at —0.13V has
bigger grain sizes. However, by observing the SEM images in Fig. 5,
poor ordering of the crystals is apparent when compared to
—0.10 and —0.07V films.

Regarding the films grown with SLS, since the surfactant
inhibits the natural growth of tellurium, the crystallite size is
considerably smaller than that of films grown without SLS. As a



42 B. Abad et al./Electrochimica Acta 169 (2015) 37-45

Fig. 6. FE-SEM images of the as-grown electrodeposited films with SLS. (a) Cross section and (b) in-plane image of the film grown at —0.20V, (c) cross-section and (d) in-plane
image of the film grown at —0.19V and (e) cross-section and (f) in-plane image of the film grown at —0.18 V. The thicknesses of the films are marked with an arrow.

result, these films present more grain boundaries which explain films grown with SLS, when the driving force of the solution is
the increase in the electrical resistivity. This result is in agreement larger the electrical resistivity is lower.

with previous works where an increase in the electrical resistivity Regarding the Seebeck coefficient, Fig. 9 indicates that all the
was observed in Bi,Tes films when using SLS [29]. In the case of the films exhibit p-type conduction. Moreover, the thermoelectric
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coefficient slightly increases with temperature for all the films,
which could be indicative of an extrinsic behavior since there
should be a temperature at which the semiconductor becomes
intrinsic and the Seebeck coefficient starts to decrease when the
temperature is increased [42]. The highest values reached for the
film grown at —0.07 V without SLS is approximately 285 wV/K, and
for films with SLS at —0.20V is approximately 284 wV/K, both near
105 °C. These values are higher than those reported by Jiang et al.
for electrodeposited tellurium on polyaniline (240 wV/K) at the
same temperature [20].

Finally, the power factor, which is a combination of the both
aforementioned magnitudes, increases when the applied potential
is either less negative in the case of the solution without SLS or
more negative in the case of solution with SLS (Fig. 10). The
maximum values obtained are 415 uwW/m-K? (without SLS) and
110 uW/m-K? (with SLS) for —0.07V and —0.20V at 105°C,
respectively. These power factor values are of the same order of
magnitude of those of bismuth telluride grown by electrodeposi-
tion [29] [35]. Moreover, the power factor values obtained near
room temperature in this work, 280 wW/m-K? (without SLS) and
82 wW/m-K? (with SLS), are similar to those obtained by Bodiul
et al., who achieved a power factor of 100 wW/m-K? at room
temperature for tellurium films grown by a vacuum condensation
method [7]. It is noteworthy that in the case of the film prepared
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Fig. 10. Power factor of the films grown at different applied potentials for both
solutions, with (open symbols) and without (solid symbols) SLS.

Table 1

Power factor in the in plane direction, thermal conductivity in the out of plane
direction, the estimated figure of merit and the assessed crystallite size calculated
from the XRD analysis of the films grown with and without SLS using Scherrer
formula. Figure of merit is calculated since the films are polycrystalline and not
highly oriented. All the values are at room temperature.

Surfactant  Applied Crystallite PF (pW/ k (W/ zT
voltage (V) size (nm) m-K?) m-K)

No -0.07 43+4 280+48 1.0+01 0.09+0.01
No —0.10 52+5 246+42 11+01 0.07+0.01
No -0.13 60+6 152+26 13+0.1 0.035+0.007
SLS -0.18 28+3 19+3 0.9+0.1 0.006+0.001
SLS -0.19 25+3 44+7 09401 0.015+0.003
SLS -0.20 27+3 82+14 0.8+0.1 0.031+0.006

without SLS, an improvement by a factor of more than two has
been achieved at room temperature.

The thermal conductivities of the samples were also measured
in order to find the growth conditions that provide the best figure
of merit. As it can be seen in Table 1, the thermal conductivity
values of the tellurium samples are in all the cases approximately a
third of the bulk value depending on the crystal orientation
(3W/m-K)[12], which makes this material interesting from a
thermoelectric point of view. The thermal conductivity values of
the films that present the highest power factors are 0.8 W/m-K at
V=-0.20V (with SLS) and 1.0 W/m-K at V=—-0.07 V (without SLS).
It has been shown that the grain size of the tellurium films
electrodeposited with the aid of the SLS is smaller than of in the
case without SLS so that it could affect the phonon transport along
the structure. As the grain size is reduced, phonon boundary
scattering could be dominant and hence, a reduction in the thermal
conductivity would be achieved [43]. In Fig. 11, the trend of the
thermal conductivity as a function of the applied potential is
shown. In the case of the films without SLS, the thermal
conductivity decreases as the applied potential is less negative
because the grain size is reduced, see Table 1, where the estimated
crystallite sizes were calculated using the Scherrer equation.
However, in the case of the solution with SLS, the thermal
conductivity as a function of the applied potential is not as
influenced. This is in agreement with the fact that all the films
present approximately the same crystallite size.

The thermal conductivity values of these tellurium films is
similar to the previous bismuth telluride alloys values obtained by
electrodeposition, approximately 1W/m-K [44]. From the XRD
data (see Fig. 4), a polycrystalline structure can be observed so that
the figure of merit can be estimated. From Table 1, the highest
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Fig. 11. Thermal conductivity as a function of the applied potential (peak position)
for both solutions, with and without surfactant.
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figure of merit at room temperature, 0.09, is obtained when the
solution without SLS at —0.07 V is used due to its high power factor.
In the case of the solution with SLS, the maximum figure of merit is
0.03 at —0.20V because its electrical resistivity is higher due to the
smaller grain size. These values are one order of magnitude higher
in the estimated bulk value at room temperature, 0.008, mainly
due to the great reduction in the thermal conductivity obtained by
electrochemical deposition.

4. SUMMARY

A considerable change in the structure and morphology of the
films appears when the surfactant sodium lignosulfonate (SLS) is
added to the solution. This change implies a strong reduction in the
grain size, which directly affects their thermoelectric properties.
The electrical resistivity is reduced in comparison to the bulk value
due to the presence of impurities. Films grown without SLS have
the lowest electrical resistivity due to their lower activation energy
given by their shallower impurity levels. Moreover, in the case of
the SLS solution, the electrical resistivity of the films is much
higher due to the reduction of the grain size of the films. The
Seebeck coefficient, which shows p-type semiconductor conduc-
tion behavior, is not greatly influenced by SLS addition, with a value
of approximately 285 wV/K. The power factors in the in-plane
direction were 280 wW/m-K? (without SLS) and 82 puW/m-K? (with
SLS) at room temperature and maximum values of 415 WW/m-K?
(without SLS) and 110 pwW/m-K? (with SLS) at 105 °C. This value is
of the same order of magnitude than the bismuth telluride films
grown by electrodeposition. Finally, the cross-plane thermal
conductivity was also measured with the aid of the Photoacoustic
technique and values around 1 W/m-K were obtained, which are a
third of the bulk value. Finally, the figure of merit was calculated by
assuming an isotropic character due to the polycrystalline
properties given by the XRD data. The maximum estimated figure
of merit of tellurium films is 0.09 at —0.07V without SLS and
0.03 at —0.20 V with SLS, which are one order of magnitude higher
than the bulk value.
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