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ABSTRACT

In this work, we report the optimization of annealing process to improve the thermoelectric properties of pulse electrodeposited
bismuth antimony telluride (Bi-Sb-Te) films by varying the annealing time-temperature profile. The innovative approach of sand-
wiched Te in between the Bi-Sb-Te layers aids in compensating the loss of tellurium during the annealing of BiSbTe thin films.
An optimized Seebeck coefficient of 90.5 uV /K along with a power factor of 240 uW /mK? is achieved for samples annealed at
350°C for 1h under N, atmosphere with controlled heating and cooling rates. These improvements are attributed to a significant
decrease in the carrier concentration as substantiated by the Hall measurements and to the increase in the crystallite size at the
elevated temperatures as indicated by the X-ray diffraction pattern data. A comprehensive study on the annealing parameters
reveals that the Seebeck coefficient and the electrical conductivity are considerably more sensitive to the annealing temperature
than compared to the annealing time.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5049586

Bismuth telluride based materials still dominate in ther-
moelectric (TE) properties for room temperature applications.
Bulk materials have been extensively studied.'> However,
they cannot be used in miniaturized thermoelectric devices
due to integration and processing constraints. Thin film ther-
moelectric materials can be used for such applications.“®
Various thin film deposition techniques have been reported,
such as metal organic chemical vapour deposition (MOCVD),”
electrochemical deposition,® molecular beam epitaxy (MBE),”
pulsed laser deposition,’® and thermal evaporation.!’ Among
different deposition techniques, electrochemical deposition
attracts attention due to its ease of deposition and industrial
scalability.®'? In addition, due to its selective deposition over
a patterned structure, the wastage of material is minimized
and hence becomes cost-effective. Also, the ability to tune
material’s stoichiometry makes the electrochemical technique
potentially advantageous to be employed for the deposition of
TE thin films. However, the TE properties, in particular, the

Seebeck coefficient of bulk materials are superior compared
to the electrodeposited materials. This can be attributed to
the high carrier concentrations of electrodeposited films in
comparison to predicted carrier concentration by a common
antistructure model.'* Various approaches, mainly using addi-
tives'# and doping,'> have been applied to enhance the TE
properties of electrodeposited thin films. Annealing is an alter-
native route to further enhance the TE properties of electro-
chemically deposited thin films. Annealing passivates defects
resulting in the decrease of structural and point defects and
thereby reduces the defect density and the carrier concen-
tration in the materials and, hence, improving the Seebeck
coefficient.

Interdependent relation between the Seebeck coefficient,
the carrier concentration, mobility, and the electrical conduc-
tivity can be expressed by these equations:

872k? 2/3
- b (-
S= ez T(Sn) ' M
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where m* is the effective mass, kj, is the Boltzmann constant, e
is the electron charge, h is the Planck constant, n is the charge
carrier concentration, u is the mobility of charge carrier, p is
the electrical resistivity, and T is the absolute temperature.’
From the above relation, it can be seen that a decrease in the
carrier concentration not only increases the Seebeck coef-
ficient but also decreases the electrical conductivity. There-
fore, an optimization is required, which in this work has been
studied by optimizing the annealing parameters, namely, the
annealing temperature-time profile.

The deposition of stoichiometric ternary BiSbTe alloy thin
films is challenging compared to the binary material. One of
the significant problems associated with the annealing of bis-
muth telluride alloy thin films is the evaporation of tellurium
(Te) at elevated temperatures due to its high vapour pres-
sure and thereby impacting on the composition and the TE
properties of thin films."®7 To circumvent the loss of Te dur-
ing annealing and to maintain the film composition, they are
usually annealed in the Te atmosphere for a long annealing
time of about 60 h.'® This makes the process environmentally
unfriendly, cumbersome, and industrially not scalable. Most of
the annealing studies reported in the literature are on binary
n-type bismuth telluride materials'”'9? and few on p-type
ternary material,’® but all are investigated in the Te atmo-
sphere. Building-up on our previous work of using an encap-
sulated Te layer between the p-type BiSbTe film,'¢ here we
study the effect of annealing parameters on the TE properties
of electrodeposited p-type BiSbTe films. The experiments are
performed at various annealing temperatures and times in the
N, atmosphere. The impact of annealing temperature-time
profile on the microstructure and TE properties is investigated
in detail.

Thin films of p-type BiSbTe were deposited potentiostat-
ically on a square (32 mm x 32 mm) Si/SiO, substrate, where
a SiO; layer of 1 um was thermally grown. On top of it, a
titanium (Ti) layer of 10 nm and a gold (Au) layer of 20 nm
were deposited, which act as a metal seed layer for elec-
trochemical deposition. Depositions were performed at room
temperature using the triple pulse amperometry technique in
a three-electrode conventional setup. The electrodeposition
potentials were controlled by a CHI600 series electrochemical
analyser /work station. An Ag/AgCl reference electrode was
used with a Pt mesh as a counter electrode. Prior to the depo-
sition, all the substrates were cleaned with Isopropanol (IPA)
and then with deionized (DI) water followed by drying with N
jet at ambient temperature.

Bismuth (1) nitrate pentahydrate (ACS reagent >98.0%),
antimony (u) oxide, tellurium (powder x 200 mesh, 99.8%
trace metals basis), tartaric acid (ACS reagent >99.5%), nitric
acid (ACS reagent >69%), and dimethyl sulfoxide (DMSO)
(ACS reagent >99.9%) were used for the experiments as
received.

Dissolving Te powder and antimony oxide (SbyOs) is
nontrivial due to the surface TeO, that dissolves only in a
strong HNO3 medium and Sb,O3 having lower solubility in an

scitation.org/journal/apm

aqueous solution. Therefore, two separate solutions were
made in order to dissolve the salts and combined at a later
stage to form a stable electrolyte.

In preparing solution (A), 15 mM of Te was put into 25 ml
of IM HNO3; and was heated at ~45°C to dissolve Te com-
pletely and 5 mM Bi(NOs3)3.5H,O was added to the solution.
Solution (B) was prepared using 10 mM Sb,Os3 in 25 ml of 0.2M
tartaric acid and was heated at ~45°C for proper dissolution.
Both solutions A and B were mixed, and 50 ml of dimethyl sul-
foxide (DMSO) was added to the mixed solutions. The whole
solution was maintained at 1:1 (v/v) ratio of DI water and
DMSO.

In order to evaluate the reduction potential of the dis-
solved species, cyclic voltammetry (CV) studies were per-
formed within the fixed potentials of —-0.6 V and 0.8 V vs.
Ag/AgCl at a scan rate of 10 mV/s. An optimised pulse design
was used for deposition using the triple pulse amperometry
technique for an overall duration of 2 h leading to two layers
of BiSbTe films. The pure Te layer was deposited in between
BiSbTe layers using an electrolyte with 15 mM Te in 1M nitric
acid. The pulse deposition technique has various advantages
over conventional potentiometric deposition such as uni-
form and adhesive films, low porosity, fine-grained structure,
reduced surface roughness, improved morphology, and sto-
ichiometry of the films.?426 The overall deposition gave a
film thickness of ~2 um. Subsequently, the films were cleaned
with IPA and DI water and dried under N, flow at ambient
temperatures.

The structural characterization of thin films was per-
formed using a scanning electron microscopy (SEM), and the
composition was determined with energy dispersive X-ray
(EDX) spectroscopy attached to the SEM. All the SEM analy-
ses were performed on the Quanta Field emission gun (FEG)
450 at an accelerating voltage of 20 kV at 20 Kx magnifica-
tion. X-ray diffraction (XRD) patterns were recorded using a
Pan analytical X'pert pro, with Cu K, radiation (a=1.5406 A) at
a voltage of 40 kV and a current of 40 mA. Electrical resis-
tivity and Hall measurements were performed using an in-
line four-point probe measurement system (Jandel RM300)
and in Hall arrangement for the Hall coefficient (Lakeshore
model 8404) to independently measure the sheet resistivity
of the samples. The Seebeck coefficient of the electrode-
posited thin films was measured using a laboratory built
system.

The Seebeck coefficient for all samples was evaluated in
the in-plane configuration by establishing a temperature gra-
dient (AT) along the length of the sample through commer-
cially available thermoelectric coolers at the two ends of the
sample. The thermovoltage was measured in the range of AT
~ 2-10°C. Two separate thermocouples situated at the ends
of the sample recorded the temperatures. The Seebeck coef-
ficient was evaluated from the slope of the thermovoltage
against AT. The Seebeck coefficient was calculated with the
intact seed layer.

The thermal treatment of the electrodeposited films
was performed under the controlled flow of N, atmosphere
in a rapid thermal annealing (RTA) system for a different
time duration ranging from 15 min to 1 h and at different
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FIG. 1. Cyclic voltammogram recorded on a gold working electrode in the elec-
trolyte containing 0.005M Bi*3, 0.010M SbO*, 0.015M HTeO*, and 1M HNO3. The
CV’s are recorded at room temperature at a scan rate of 10 mV/s.

temperatures ranging from 250-400°C. The samples were
heated from room temperature to the desired annealing tem-
perature in a controlled heating and cooling rate of 20 K/min
and kept at that temperature for set time duration. Three sets
of samples were prepared to ensure the reproducibility of the
properties.

The deposition mechanism of ternary alloys from the
electrolytic bath solution is more complex than the deposition
of binary materials. Thus, fine optimization of plating param-
eters is required for controlled film composition. The elec-
trolyte constitutes with Bi*3, SbO*, and HTeO" ions.2? In order
to understand the deposition potentials of the constituents,
cyclic voltammograms (CVs) were recorded, using a standard
Au working electrode of 1 mm radius and with a scan rate of
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10 mV/s. As shown in Fig. 1, CV reveals three cathodic peak
potentials at —0.07, -0.15, and -0.27 V vs. Ag/AgCl and two
anodic peaks at 0.46 and 0.51 V vs. Ag/AgCl. These reduction
peaks can be attributed to Bi, Te, and Sb, respectively.?® The
deposition of the desired composition of (Bi;_xSbx)Tes can be
described as?°®

3HTeO, + (1 - x)Bi®* + xSbO" + (9 + 2x)H" +18e~
— Bij_xSbxTes + (6 + x)H,O.

Based on the CV studies, the deposition potentials were fixed
as optimized in our previous work.'* Triple pulse amperome-
try was used at potentials V1 = -80 mV for a duration of 10 ms,
V2 = -50 mV for a duration of 20 ms, and V3 = -250 mV for a
duration of 50 ms. The films were deposited for a duration of
2 h in order to attain a thickness of 2 um.

Due to the high vapour pressure of Te and considerable
evaporation at elevated temperatures, these samples were
annealed in the temperature range of 250-400 °C with a step
of 50 °C for the time duration of 1 h. In order to understand the
effect of annealing temperature on the microstructure, micro-
graphs were recorded using SEM. Figure 2 shows the micro-
graph of as-deposited and annealed films. The microstruc-
tures of the films changed drastically with the increasing
annealing temperatures. The dendritic and fluffy structure of
the as-deposited films collapses as the annealing tempera-
ture is increased and gets modified to dense films. At the high
annealing temperature of 350°C and 400 °C, we observed a
porous network in the films, which is due to the loss of Te at
these temperatures. In order to understand the effect of ther-
mal treatment on these films, the composition was analyzed
using EDX analysis and is depicted in Table I. It is interesting
to observe that, there has been no significant change in the
composition of the films on annealing even though there has
been a strong modification in the microstructure. This obser-
vation can be ascribed to the depletion of excess Te that is

FIG. 2. SEM images of (a) as-deposited
samples and samples annealed at (b)
250°C, (c) 300°C, (d) 350°C, and (e)
400°C.
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TABLE |. Atomic composition of Bi-Sb—Te as-deposited films and films annealed at
different annealing temperatures.

Film composition (at. %)

Annealing temperature (°C) Sb Te Bi

As-deposited 24.05 60.11 15.84
250 24.10 59.69 16.21
300 24.69 58.96 16.35
350 23.36 59.68 16.96
400 21.86 60.04 18.13

sandwiched between the p-BiSbTe layer during annealing and
thereby resulting in the stoichiometric films.

Figure 3 shows the XRD patterns of the as-deposited and
the films annealed at different temperatures. Standard refer-
ences for (Sbys Bigs)2Tes, Au, AuTe,, Si are obtained from the
inorganic crystal structure database (ICSD) powder diffraction
file (PDF) card (72-1835, 02-1095, 85-1309, 01-0787), respec-
tively. All the films have a rhombohedral crystal structure of
(Sbyi_x Bix).Tes, with (015) being the prominent peak. However,
some small peaks with different orientation were observed
after annealing at different temperatures. An AuTe; peak was
observed for the films annealed at 400 °C, indicating the for-
mation of a new phase due to the diffusion and reaction of
Te with Au, forming AuTe,. The Au and Si peak observed in
the XRD patterns are from the seed layer. The average crys-
tallite size was calculated using the Debye-Scherrer formula
and presented in Table II. There is a significant increase in the
crystallite size of annealed films as compared to as-deposited
films (see Table II). The size increases as the annealing temper-
ature is raised to 250 °C. After that, there has been little or no
change in the crystallite size. However, it was observed that
with increasing annealing temperature, the intensity of (015)
peak increases, thereby signifying a preferred growth along
(015) orientation in the film. (see Fig. 3). Also, the micrographs

Au (02-1095)
— AuTe2 (85-1309)
g $i (01-0787)
; - S (Bio.sSbo.s)2Tes (72-1835)
e @ _ s .
.22 8 5¢
- < e ~ e @ 400 °C
= A A = A A
=
E.
£ - N 350 °C
-
=
L A A N 300 °C
L |-, 250 °C
I A
as-deposited
v T Y T T T y T -+ T
20 30 40 50 60 70 80
2 theta |°]

FIG. 3. XRD patterns of the as-deposited and the annealed BiSbTe fims. The
annealing temperatures are mentioned in the pattern.

scitation.org/journal/apm

TABLE Il. Crystallite size of films annealed at different annealing temperatures.

Annealing temperature (°C) Crystallite size (nm)

As-deposited 11.55
250 37.20
300 35.61
325 35.61
350 37.16
375 37.16
400 35.61

reveal that the grain size increases with the increasing anneal-
ing temperature as shown in Fig. 2. The annealed films tend
to form large and dense grains with increased connectivity
in-between the grains. This can be attributed to the change
in the crystallite size between the as-deposited and annealed
films.

Thermoelectric properties, namely, the Seebeck coeffi-
cient, the electrical conductivity, and the power factor were
measured and calculated for the as-deposited and annealed
samples at different temperatures as shown in Figs. 4(a) and
4(b). The Seebeck coefficient of films increased with the
annealing temperatures, and the maximum Seebeck coeffi-
cient was observed for the samples annealed at 350°C. On
further increment of the temperature, the Seebeck coefficient
of the film decreased. The electrical conductivity of the as-
deposited films is an order of magnitude higher compared
to the annealed film. In-order to understand this, Hall mea-
surements of the films were performed. Figure 5 shows the
Hall measurements of the as-deposited and annealed sam-
ples. The carrier concentration of the as-deposited film is
1.58 x 10%! carrier /cm?, which is more than an order of magni-
tude higher compared to the annealed films, which is around
2-6 x 10" carriers/cm? (see Fig. 5). This reduction in the car-
rier concentration of the annealed films resulted in reduced
electrical conductivity and a simultaneous increase in the See-
beck coefficient. The mobility of the as-deposited films is mea-
sured to be 8.9 cm?/V s, which increased upon annealing of
films. This increase in the mobility of charge carriers with the
annealing can be interrelated to the structural transforma-
tions as revealed through micrographs in Fig. 2. With anneal-
ing, the films become denser and get connected to adjacent
grains, and as an outcome, the mobility of the annealed films
increases, as shown in Fig. 5. In addition, with annealing, crys-
tallinity of thin films was improved resulting in an increase
in the average grain size and minimization of grain bound-
aries that leads to higher mobility. The mobility of the charge
carriers is observed to increase with the annealing temper-
ature from ~30 c¢cm?/V s for the film annealed at 250°C to
~125 ¢cm?/V s for films annealed at 400 °C. A slight drop in
the mobility of charge carriers is observed for films annealed
at 350 °C, and this reduction may be due to the porosity in the
film, resulted from the Te evaporation [see Fig. 2(d)]. Upon fur-
ther increase in the temperature, the microstructure further
collapses and becomes dense forming interconnected grains;
this led to an increase in the mobility [Fig. 2(e)]. This increase
in the mobility and no drastic changes in the carrier con-
centration for the annealed films have led to a gradual and
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slight increment in the electrical conductivity of the annealed
films from 250°C-400°C. The electrical conductivities of
the films were measured using the in-line four-point probe

measurement system, which was also used to cross-check
the conductivity values obtained from the Hall measurements.
The values from both the measurement techniques are almost
the same, ensuring that the obtained data are correct and

140 are within the error limits of the measurements. As stated
120 ] % _ earlier, three different set of samples were deposited and
] - § @E annealed. The variation in their Seebeck coefficient values are
= 100 \ / F1E21 = plotted with error bars in Fig. 4(a). It can be noticed from
P 1 4 E the figure that the error bars depict the spread in the mea-
“g 8°'_ g sured Seebeck coefficient values, which reduce and become
i 60 L1E20 § significantly low at around 350°C showing higher stability
= ; n . g in the Seebeck coefficient values for 350°C annealed thin
S 404 — - films.
= 20 ¢ 1E16 § The power factor of all the films was calculated and
é/ E S plotted as shown in Fig. 4(b). The power factor of the as-

o
1

L} T L} L} T
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FIG. 5. Carrier mobility and carrier concentration of BiSbTe thin films as a function
of the annealing temperature.

deposited films was 11 uW/mK?, which increased for the
annealed films, and a maximum power factor of 225 yW /mK?
was obtained for the films annealed at 350 °C for a duration
of 1 h in N, atmosphere. The power factor of the annealed
films increased due to the increment in both the Seebeck coef-
ficient and the electrical conductivity of the annealed films.
This shows the role of annealing parameters in fine-tuning the
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individual thermoelectric properties of the electrodeposited
films.

To further understand the effect of annealing time on
the TE performance of the films, samples were annealed at
350°C for different duration of time from 15 min to 1 h. The
350 °C annealing temperature was chosen for further analysis
as the maximum power factor was attained at this temper-
ature. Figure 6 shows the micrographs of films annealed for
different annealing times. From the micrographs, it can be
observed that there is no specific change in the microstruc-
ture of the films annealed for different duration of time
except the porosity of the films, which tends to increase with
increasing annealing times. The as-deposited films are den-
dritic and fluffy in nature, which on annealing at 350°C for
15 min become granulated and crystalline, but a porous net-
work appears at the same time. The porosity in the films is
increased with increasing annealing time from 15 min to 1 h.
Even though an increase in the porosity is observed, which can
be attributed to the Te evaporation, the composition of all the
films has no significant change as tabulated in Table III. This
can be ascribed to the sandwich Te layer in the films, which
replenishes Te content during annealing of the films.

To understand the impact of annealing time on the crys-
tallinity of the films, the XRD patterns were recorded for

TABLE llI. Atomic composition of Bi-Sh-Te as-deposited films and films annealed at
350 °C for different annealing time.

Film composition (at. %)

Annealing time (min) Sb Te Bi

As-deposited 24.05 60.11 15.84
15 22.91 59.87 17.21
30 22.95 59.40 1714
45 23.17 59.48 17.34
60 23.36 59.68 16.96

scitation.org/journal/apm

FIG. 6. SEM images of (a) as-deposited
samples and samples annealed at
350°C for a duration of (b) 15 min, (c)
30 min, (d) 45 min, and (e) 60 min.

the films with increasing time of thermal treatment. Figure 7
shows the XRD patterns of the as-deposited films and films
annealed with annealing time varied from 15 to 60 min.
Table IV shows the calculated average crystallite size of dif-
ferent films. All the films had (015) peak as the prominent peak
similar to earlier samples with different annealing tempera-
tures. In comparison with the as-deposited sample, the (015)
peak for the annealed film is sharp and higher in intensity with
the increase in the crystallite size. The emergence of other
small peaks confirms that the annealed films are polycrys-
talline. The Au peak observed in the XRD patterns is from the
seed layer. It is noteworthy to mention that the crystallite size
of the as-deposited films was 11.55 nm, which on annealing at
350°C for 15 min increased to 38.85 nm. But further increase

Au (02-1095)
—_ AuTe2 (85-1309)
it Si (01-0787)
) S (Bio.sSbos)2Tes (72-1835)
= S5 — -
- ; 2 g
= Au =
= ~e 3 T 60 minutes
& J = AN A A
'g L LA N 45 minutes
S
=
' . 30 minutes
L A N 15 minutes
AL A as-deposited
v T hd T v T v T T T T
20 30 40 50 60 70 80
2 theta [°]

FIG. 7. XRD patterns of BiSbTe films annealed at 350 °C for different annealing
time.
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TABLE IV. Crystallite size of films annealed at 350 °C for different annealing time.

Annealing time (min) Crystallite size (nm)

As-deposited 11.55
15 38.85
30 37.16
45 37.16
60 37.16

in the annealing time had no significant effect on the crys-
tallite size. However, from the micrographs, it can be seen
that the grain-size tends to enhance with increasing anneal-
ing time and also made the films more porous. This shows that
the duration of annealing has no noticeable effect on the crys-
tallite size of the material and the temperature of annealing
controls the crystallite size.

The Seebeck coefficient and the electrical conductivity
were measured for the as-deposited filmed and the films
annealed at 350 °C for different duration of time and plotted as
shown in Fig. 8. The Seebeck coefficient of the annealed films
varied slightly with increasing annealing time, whereas the
electrical conductivity exhibits an optimum for films annealed
for 45 min as seen in Fig. 8. In order to understand this change
in the Seebeck coefficient and the electrical conductivity, the
Hall study was performed on the samples and the results are
plotted in Fig. 9.

The carrier concentration of the annealed films com-
pared to as-deposited films reduced by more than an order
of magnitude as discussed earlier in this work. It is notice-
able that even a small change in the carrier concentration of
the annealed films is directly reflected in the change of mea-
sured Seebeck coefficient. The Seebeck coefficient of the film
annealed at 350 °C for 15 min was 79.3 uV /K, which increased
t0 90.5 uV /K for the film annealed for 1 h. Although the change
is not significant but when coupled with the electrical con-
ductivity of film, it has a strong impact on the power factor of
the films. The increase in the mobility from 8.9 cm?/V s for
the as-deposited film to 90.7 cm?/V s for films annealed at

ARTICLE scitation.org/journal/apm

350°C for 1 h had an impact on increasing the electrical con-
ductivity of the films. With the increase in annealing time from
15 min to 1 h, the mobility of the charge carriers increased
even though there was no significant change in the carrier
concentration. This insignificant change in the carrier con-
centration of the films with increasing annealing time might
be due to the fact that the defect density stabilization has
already reached at this particular temperature, and increasing
the annealing time only changes the microstructure further
with better grain connectivity. This leads to an increase in the
mobility as shown in Fig. 9 and consequently an increase in the
electrical conductivity as shown in Fig. 8. This increase in the
electrical conductivity of the annealed films with no signifi-
cant change in the carrier concentration led to an increase in
the overall power factor of the films, giving a maximum power
factor of 225 uW /mK? for the film annealed for 1 h at 350 °C.

This study signifies the importance of annealing param-
eters, such as temperature and time, on the thermoelectric
properties of electrodeposited p-type BiSbTe films. The inclu-
sion of a Te layer in-between BiSbTe layers prevents the loss
of tellurium at elevated temperatures maintaining the stoi-
chiometry of the deposited films regardless of the annealing
conditions.

The microstructure evaluation studies depict the densifi-
cation and interconnected nature of the films with different
annealing parameters. It demonstrates the control over the
carrier concentration and the mobility by tuning the anneal-
ing parameters. The Seebeck coefficient values of the annealed
films increase with the annealing temperature leading to an
optimum value of 90.5 uV/K when annealed at 350°C for
1 h duration in N, atmosphere under controlled heating and
cooling rates. The maximum power factor of 225 uW,/mK?
is achieved for the same annealing conditions as above but
decreases beyond that temperature. No substantial change in
the Seebeck coefficient is observed with increasing annealing
time. However, due to an increase in the mobility of the carri-
ers with increasing annealing time, the electrical conductivity
gradually rises. This result in a maximum power factor for thin
films annealed for 1 h.
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FIG. 9. Mobility and carrier concentration as a function of the annealing time of
BiSbTe films annealed at 350 °C.
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