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Electrodeposition is a promising low-cost method to fabricate nanostructured thermoelectric thin films such
as Sb2Te3. However, electrodeposition of crystalline Sb2Te3 without the need for additional processing and
with good compositional control has presented a challenge. Here we report on the electrodeposition of crys-
talline Sb2Te3 thin films at room temperature from a tartaric–nitric acid electrolyte using a pulsed,
potentiostatic process. The effects of synthesis conditions on the resulting microstructure and compositional
homogeneity are investigated using x-ray diffraction, electron diffraction, electron microscopy, and energy
dispersive x-ray spectroscopy. The composition of the Sb–Te films was found to be dependent on the interval
between pulses, a result that is likely due to the slow kinetics associated with Sb2Te3 formation at the surface.
We also observed a change in texture and microstructure with varied applied pulse duration: for short pulse
durations a lamellar microstructure with a {000‘} texture forms, whereas for longer pulse durations a more
equiaxed and randomly oriented microstructure forms. The thermal conductivities of the pulsed electro-
deposited films are surprisingly low at less than 2 W/K·m and are found to systematically decrease with re-
duced pulse time.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thermoelectric devices, which can directly convert between heat
and electricity, have numerous applications for solid-state power
generation and cooling [1–3]. For applications at or near room tem-
perature, tetradymite-structured materials based on solid solution
alloys of Bi2Te3, Sb2Te3, and Bi2Se3, are currently the highest per-
forming bulk materials [4]. Because of the potential for enhanced
thermoelectric properties in nanoscale structures and interest in the
development of thin film based devices for applications such as on-
chip cooling [5–8] and thermal sensing [9,10], the synthesis of high
quality, crystalline thermoelectric thin films based on these materials
is being explored.

One approach to fabricating thin films of these materials is to em-
ploy electrodeposition. This approach is advantageous because it has
relatively low cost, can be conducted at room temperature, and can
be used to fill high aspect ratio geometries that are not accessible
by other deposition methods [5,11,12], as is desired for the deposi-
tion of thermoelectric materials into pores to form nanowires [13].
As such, it is important to assess the ability to grow high quality and
compositionally controlled crystalline films and to understand the
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mechanisms by which the processing conditions control the resulting
microstructures and thermoelectric properties of the thin films.
Sb2Te3 has been widely researched in recent years because it has
been employed in several thermoelectric devices [7,14,15]. In this
paper, we discuss the growth of Sb2Te3 films by electrodeposition.

Synthesis of Sb2Te3 films by electrochemical means has been
investigated previously by several research groups [16–22]. One
common approach has been to employ continuous electrodeposition.
Unfortunately, such approaches have generally led to poorly crystal-
line or amorphous thin films that require elevated temperature
either during electrodeposition or in a post-growth annealing step
to achieve crystallization. For instance, Leimkuhler et al. reported
electrodeposition of this material in 2002 and observed that their
room temperature deposits were amorphous; however deposition
at ≈100 °C led to polycrystalline films [21]. Several studies on the
electrochemistry and influence of potential and electrolyte composi-
tions on the resulting film composition [16,20,22] and on the crystal-
lization behavior of the as-deposited amorphous films with annealing
have also been reported [17,18].

Dense, crystalline Sb2Te3 thin films have been deposited by elec-
trochemical atomic layer epitaxy in which two different electrolytic
solutions are alternatively used to deposit crystalline material [23],
as much as in vapor phase atomic layer deposition. However, this
method requires a more complicated laboratory setup and is more
difficult to scale up than traditional electrodeposition.
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A promising alternative is to employ pulsed electrodeposition. A
pulsed potential (or current) during deposition has been used to
achieve dense and crystalline thin films [24,25]. With this method, a
single bath is utilized with a pulsed (square wave) waveform on the
applied potential (or current) as shown in Fig. 1a. This pulsed poten-
tial provides a period of active deposition, t1, and an “off” time, t0, in
which the electrochemical interface can equilibrate. During the “off”
state, no current passes, and the cell is at its open-circuit voltage,
Voc, whichmay drift during the course of the experiment as conditions
near the electrode change. These parameters are typically expressed
in terms of the “duty cycle,” which is the ratio of the “on” time (t1)
to the total period of the pulse (duty cycle=percent of time at applied
voltage=t1/(t0+t1)∗100%). In pulsed electrodeposition, one has
control over the pulse duration for both the “on” and “off” states, the
applied potential, V1 (or applied current), and the electrolyte compo-
sition, allowing a variety of mass transport, reaction, and crystalliza-
tion conditions to be achieved as compared to conventional
continuous electrodeposition. Recently, C. Boulanger and co-workers
have demonstrated that pulsed electrodeposition is effective for the
deposition of polycrystalline thin films of Bi2Te3 and (Bi1−xSbx)2Te3
[16,26,27]. Pulsed plating of these films led to decreased roughness
and improved crystallinity as compared to continuously deposited
films. However micrographs in that report suggest that the films
were still composed of agglomerates of nanoparticles and nanoplates,
leaving room for improvement of the film density. Transportmeasure-
ments indicate improvements in the Seebeck coefficient and resistivi-
ty for pulse-deposited films over as-deposited continuously
electrodeposited films [26].

While pulsed electrodeposition appears promising for thermo-
electric applications based on these works, key issues remain to be
addressed. First, one must determine whether dense, smooth, and
crystalline films of desired stoichiometry can be directly deposited
without post-deposition steps. Additionally, it is important to under-
stand how deposition conditions correlate with the resulting compo-
sition, microstructure, and texture in electrodeposited thermoelectric
Fig. 1. (a) Schematic comparing continuous andpulsed electrodeposition. For pulsed elec-
trodeposition, the applied potential and associated pulse duration are denoted by V1 and
t1 respectively. In the off state, the potential is an open circuit, and t0 is the associated off
time. The duty cycle is the percent of time at an applied voltage=t1/(t0+t1)×100%.
(b) Cyclic voltammetry scan of the Sb/Te bath recorded at room temperature and a scan
rate of 0.1 V s−1. The features labeled correspond to (1) reduction of HTeO2

+ to Te, (2) for-
mation of Sb2Te3, and (3) onset of H2 evolution.
thin films for these materials to be used in device applications. This
is particularly important for materials of the tetradymite crystal
structure such as Sb2Te3 and Bi2Te3 since their mechanical proper-
ties [28] and thermoelectric properties [4] are highly anisotropic
due to their layered crystal structure [29]. Here, we demonstrate the
room temperature deposition of polycrystalline Sb2Te3 thin films
using pulsed electrodeposition, we examine changes in stoichiome-
try, microstructure, and texture associated with variations in the de-
position parameters, and we correlate variations in the measured
thermal conductivity of Sb2Te3 films with changes in processing and
microstructure.

2. Experimental details

2.1. Synthesis: electrodeposition of Sb2Te3 films

Sb–Te films were electrodeposited onto Au/Ti/Si substrates from
an acidic electrolyte at room temperature with no agitation using a
saturated Ag/AgCl reference electrode and a Pt sheet as the counter
electrode. Each substrate, or working electrode, was prepared by
evaporating 5 nm of Ti followed by 100 nm of Au on a Si wafer.
Prior to electrodeposition, the prepared substrates were cleaned in
an oxygen plasma (South Bay Technology, Model PC2000 plasma
cleaner) for 10 min to remove any organic residue. All specimens
were deposited from an electrolyte containing 16 mM antimony
(III) oxide (Acros Organics), 7 mM sodium tellurite (IV) (Alfa Aesar,
97%), 0.3 M L-(+)-tartaric acid (Fisher Chemicals), 2 M nitric acid
(Fisher Chemicals), and distilled water (Barnstead Nanopure water
purification system). After the deposition was complete, each sample
was rinsed with deionized water to remove the residual salts and
organics and then dried with nitrogen. In all Sb–Te films described
in this work, the total deposition “on” time (sum of pulses) at the
applied potential was held constant at 40 s. A potentiostat (EG&G
Princeton Applied Research, Model 273A) was used for the cyclic
voltammograms and electrochemical experiments.

Our selection of deposition potential was based on the results of
cyclic voltammetry. Three reduction features are observed in this mea-
surement as indicated in Fig. 1b: At−100 mV, reduction of HTeO2

+ to Te
occurs, at−300 mV, formation of Sb2Te3 occurs, and beyond−800 mV
the onset of H2 evolution is observed. Further details concerning the in-
terpretation of these features have been published in a separate report
[30]. Based on the cyclic voltammetry and the stoichiometry of elec-
trodeposits as measured by energy dispersive x-ray spectroscopy
(EDS) at potentials, V1, between −250 mV and −350 mV, −300 mV
was chosen as the applied potential for all experiments in this study.
Potentiostatic pulsed electroplating with the rest potential at the open
circuit potential and the deposition potential, V1=−300 mV, was
used to synthesize most of the films in this work. Deposition pulse du-
rations, t1, of 25–100 ms and rest times, t0, of 0–4500 ms were utilized
to study the effects of pulse duration and duty cycle on the composition
and microstructure of these Sb2Te3 films.

2.2. Characterization methods

Grazing incidence x-ray diffraction (GI-XRD, PANalytical Empyrean
system, Cu Kα radiation (45 kV, 40 mA, incidence angle=0.3°–0.6°))
was utilized to determine the crystallinity and phases present in the
electrodeposited Sb–Te films. The data collection software uses the
grazing incidence angle to output the collected data in terms of intensi-
ty versus 2θ, such that theGI-XRDpatterns can be interpreted by the ap-
plication of the standard Bragg condition. An XRD pattern was collected
using the Bragg–Brentano geometry for a bulk Sb2Te3 powder (Alfa
Aesar, 99.999% purity) for comparison to the thin film results using
the same instrument.

Preliminary compositional information was obtained using EDS in
a scanning electron microscope (SEM, JEOL JSM 840). The roughness



Fig. 2. (a) GI-XRD (incidence angle=0.4°) of a continuously electrodeposited Sb–Te
film compared with a pulsed electrodeposited film (t1=100 ms, t0=4.5 s). The pattern
from the pulsed deposited film is offset for clarity. All peaks in the pulsed electro-
deposited film are consistent with the Sb2Te3 crystal structure, as indicated by compar-
ison with the bulk Sb2Te3 (Alfa Aesar 99.999% purity) θ–2θ XRD pattern shown at the
bottom. Cross-sectional bright field TEM images of the continuously electrodeposited
film (b) and the pulsed electrodeposited film (c) that were used for (a) are shown.
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of the film surfaces was measured using atomic force microscopy
(AFM, Digital Instruments Dimension 3000) with several measure-
ment regions on each thin film (2.5 μm×2.5 μm measurement area
at 512×512 pixels, acquired at a 0.5 Hz scan rate in a tapping
mode). The microstructure, texture, and composition were analyzed
using transmission electron microscopy (TEM, 200 kV JEOL 2010F)
equipped with an EDS detector (Oxford Inc.) for compositional anal-
ysis. The thickness of each film was measured by TEM with the spec-
imen oriented such that the electron beam was parallel to the Si/Au/
Sb–Te interfaces. Scanning transmission electron microscopy (STEM
mode in the JEOL 2010F) with a nominally 1.6 nm diameter probe
was utilized to acquire EDS spectra from individual points across
the thickness of each film to confirm compositional uniformity. Quan-
titative analysis of the EDS spectra was carried out using Cliff–Lorimer
constants determined from binary references of known composition
on the same instrument [31], and using a top-hat filter to remove
the background followed by a multiple least squares fit of filtered sin-
gle component reference spectra [32].

Cross-sectional specimens for analysis by TEM were prepared by
first adhering two film surfaces together using G1 epoxy (Gatan),
and then cutting this sandwich into slices that were approximately
2.5 mm×2.5 mm×0.7 mm. Each slice was mechanically thinned and
polished until two parallel sides and a thickness of ≈100 μm were
achieved. A 3 mm Au annular disk (SPI Supplies) was adhered (with
G1 epoxy) to the first side of each specimen after polishing to provide
mechanical support before the second side was thinned and polished.
To avoid thermal artifacts on the microstructure of the films, we lim-
ited the temperature and duration of heat applied during the cure of
the G1 epoxy to no more than 130 °C for 5 min. Following curing, the
specimens were quenched in water. The thin sandwiches were then
mechanically thinned by dimpling (Gatan 656 Dimple Grinder), and
finally thinned to electron transparency by Ar+ ion milling (Fischione
1010) at temperatures below −133 °C. We have previously found
that rigorous control of the temperature and duration of the ion mill-
ing step is critical to avoiding ion milling artifacts in TEM specimens
prepared from telluride-based thermoelectric materials [33,34].

Our measurements of film properties focused on the cross-plane
thermal conductivity; we did not attempt to measure the electronic
transport properties on these particular films due to the presence of
the electrically conductive underlying Au coating on the substrate
which would introduce artifacts. The thermal conductivities of the
Sb2Te3 films were measured with time domain thermoreflectance
(TDTR) [35] at room temperature (296 K). TDTR and appropriate
analyses accounting for pulse accumulation when using a Ti:sapphire
oscillator have been detailed by several groups previously [36–40].
Our specific experimental setup is described in detail elsewhere
[39]. In short, TDTR is a pump–probe technique in which laser pulses
emanate from a Spectra Physics Mai Tai laser with 90 fs pulses at an
80 MHz repetition rate. We delayed the time in which the probe
pulse reaches the sample with respect to the pump pulse with a me-
chanical delay stage that gives ~4 ns of probe delay. The pump path
was modulated at 11 MHz and the ratio of the in-phase to out-of-
phase signal of the probe beam from a lock-in amplifier (−Vin/Vout)
was monitored. Our pump and probe spots are focused to 15 μm
radii at the sample surface; at these sizes when modulating at
11 MHz, we should be negligibly sensitive to any in-plane transport
in Sb2Te3 films [39,41], decreasing the uncertainty associated with
determining the cross-plane thermal conductivity. Typical uncer-
tainties due to the different locations on the samples or from sample
to sample were less than 12% (calculated from the standard deviation
among all the TDTR scans on a given sample type). We fit the TDTR
data with a model that accounts for pulse accumulation in a layered
system. Due to the relative thicknesses of the Sb2Te3 films and their
low thermal conductivities, we are primarily sensitive to the thermal
conductivity of the films at this modulation frequency [39], reducing
uncertainty due to thermal boundary conductances.
3. Results

Pulsed electrodeposition was found to improve the composition,
homogeneity, and crystallinity in the Sb–Te electrodeposits as com-
pared to continuous electrodeposition. All of the pulsed deposited
films appeared metallic and shiny, providing the first indication that
these films are likely uniform and dense. AFM measurements con-
firmed that the pulse deposited films are dense and smooth with a
root mean square surface roughness of less than 6 nm. Furthermore,
XRD and TEM measurements showed that when pulsed electrodepo-
sition (t1=100 ms, t0=4.5 s) was utilized, a polycrystalline thin film
resulted (Fig. 2a,c). In the GI-XRD pattern shown for the pulse depos-
ited film in Fig. 2a, many peaks are present, all of which correspond to
those expected for the Sb2Te3 tetradymite crystal structure [29] and
observed for the bulk Sb2Te3 powder. The TEM micrograph (Figs. 2c
and 6a) and associated electron diffraction pattern (Fig. 6c) confirm
that the material is polycrystalline Sb2Te3. STEM–EDS indicated that
the composition within the pulse deposited film is stoichiometric
and uniform throughout the film thickness (Fig. 3b), as will be dis-
cussed in Section 4.1.

In contrast, by optical inspection, the specimen deposited by con-
tinuous electrodeposition from the same bath chemistry appeared
cloudy and gray (more diffusely reflected light), which was a first in-
dication that the quality of this film was poor in comparison to the
pulsed electrodeposited films. X-ray diffraction of the thin film depos-
ited with a continuously applied voltage suggested that a mixture of
amorphous and crystalline material is present as indicated by a
large, broad background and a single peak consistent with the highest
intensity Sb2Te3 peak, 01�15

� �
(Fig. 2a). Cross-sectional TEM (Fig. 2b)

confirms that this film is composed of small crystallites (possibly
Sb2Te3) in an amorphous matrix. This film was found to be Sb-rich
and non-stoichiometric (overall average film composition≈84 at.%

image of Fig.�2


Fig. 3. (a) Dependence of the Sb–Te film composition (at. fraction Te, where cTe+
cSb=1) and film thickness on duty cycle. (b) Te composition calculated from STEM/
EDS line scans across the thickness of the Sb–Te thin films deposited at 2%, 10%, and
50% duty cycles. The Au/Sb–Te interface is at 0 nm, and the film compositions are con-
stant beyond the 250 nm shown in this plot. All films shown were deposited at a con-
stant bath composition, t1 (50 ms/pulse), and total time at V1 (sum of all pulses)=40 s.

Fig. 4. Composition is shown to be constant and stoichiometric for Sb2Te3 at t1=
25–100 ms and a constant duty cycle of 2% as determined by SEM–EDS measurements.
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Sb) as determined by STEM/EDS. This result is consistent with previ-
ous reports for which continuously electrodeposited Sb2Te3 has been
observed to be amorphous or poorly crystalline [17,18,20,21].

We conducted two series of experiments in order to correlate the
electrodeposition parameters with the resulting composition, micro-
structure, and crystallinity. First, we studied the effects of increasing
the duty cycle by decreasing the “off” time, t0, and then we studied
the effect of decreasing the applied pulse duration, t1.

3.1. Effects of varying the duty cycle on electrodeposited Sb2Te3 films

In the series exploring the effects of duty cycle, we expected to
observe films with poor quality and non-stoichiometric composition
at high duty cycles as we did in the continuously deposited film
(100% duty cycle). When a sufficient “off” time for the solution to re-
equilibrate was used (leading to lower duty cycles), we expected a
transition from these poor quality films to films that were dense and
smooth with stoichiometric composition. In the first series of experi-
ments, we progressively decreased the “off” time, t0, while holding
the “on” time, t1, constant at 50 ms such that the duty cycle was in-
creased. The compositions of these films were analyzed using STEM/
EDS. The Te composition (cTe+cSb=1) was found to decrease from
stoichiometric Sb2Te3 with 60 at.% Te for the film deposited at 2%
duty cycle to approximately 20 at.% Te for the film deposited at 50%
duty cycle (Fig. 3a).

Further investigation of the composition across the thickness of
the film was studied by collecting STEM–EDS line scans (Fig. 3b).
While the sample deposited at the 2% duty cycle was found to have
a uniform and stoichiometric composition across its thickness, this
was not the case for films deposited at higher duty cycles. These mea-
surements showed that the composition near the Au/Sb–Te interface
is stoichiometric for the first 10 nm before gradually decreasing (over
approximately 30–50 nm) to a constant composition for the remain-
der of the film thickness at the Te deficient values in the films de-
posited at the 10% and 50% duty cycles. This large decrease in Te
composition with increased duty cycle occurs in conjunction with
large decreases in the film thickness (Fig. 3a), indicating that the dif-
ferences in thickness are likely associated with the deposition of de-
creased amounts of Te while the amount of Sb deposited in each of
these films is nearly constant.
3.2. Effects of varying pulse durations on electrodeposited Sb2Te3 films

In the second set of experiments, we varied the applied pulse du-
ration while keeping the duty cycle constant at 2% to determine
whether the applied pulse length affects the stoichiometry and mi-
crostructure of the resulting films. Holding the duty cycle constant
at 2% while decreasing the duration per pulse at the applied voltage,
t1, from 100 ms to 25 ms resulted in films with compositions consis-
tent with Sb2Te3 as determined by EDS in both the SEM (Fig. 4) and
TEM. Furthermore, STEM/EDS measurements indicate that the com-
position is uniform throughout the thickness of the electrodeposited
films (Fig. 3b). GI-XRD confirmed that the films are polycrystalline
Sb2Te3 with the tetradymite crystal structure as each of the peak po-
sitions correspond well to the expected values (Fig. 5b).

Through a more detailed analysis of the XRD results we also
assessed the texture of these thin films, focusing primarily on the
films with pulse times of 100 ms and 50 ms. Sb2Te3 (R�3m, a=b=
4.264 Å, c=30.458 Å, α=β=90°, γ=120°) [29] has a layered crys-
tal structure with rhombohedral symmetry as illustrated in Fig. 5a.
The XRD results in Fig. 5b–d, show a marked change in the relative
peak intensities with a reduction of t1 from 100 ms to 50 ms. For
the 100 ms film, the pattern is well matched to the expected peak in-
tensities for a random polycrystalline Sb2Te3 sample, but for the films
deposited with t1=50 ms, the intensity of the 000‘f g peaks is in-
creased while the intensity of the 01�15

� �
peak is decreased. A similar

increase in the 000‘f g peak intensities is observed for the sample de-
posited with t1=25 ms.

Sincewe employed a grazing incidence geometry, it is important to
consider the orientation of the sampled planeswith respect to the film
surface when discussing texture, as for each 2θ value, only planes at a
particular angle from the surface will satisfy the Bragg condition. Var-
iations from the expected powder pattern at low 2θ values can be rea-
sonably approximated as indicating a textural preference for a certain
plane since these planes are nearly parallel to the film surface (within
15° 2θ=30° and an incidence angle of 1°). With these considerations,
the GI-XRD results indicate that the films depositedwith t1≤50 ms (at
2% duty cycle) have a slightly preferred orientation along the (0001)
planes nearly parallel to the substrate surface.

An additional feature is observed in the XRD patterns shown in
Fig. 5b,d. Here, splitting of the 01�15

� �
peak is observed, with the

image of Fig.�3
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Fig. 5. (a) Schematic of the Sb2Te3 tetradymite crystal structure viewed along the
�12�10
� �

direction indicating several low index planes including the (0001) plane. The
dotted box indicates the Sb2Te3 unit cell. (b) GI-XRD (incidence angle=0.4°) for
t1=100 ms, 50 ms, and 25 ms (constant duty cycle of 2%). Sections of the GI-XRD pat-
terns for the 100 ms and 50 ms samples in (b) are shown which highlight variations in
the (c) (0003) and (d) 01�15

� �
peak intensities with t1.
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intensity of the higher angle peak increasing with decreasing t1. Sim-
ilar peak splitting has been reported due to the presence of both
Sb2Te3 and a metal rich Sb3Te4 phase with a structure similar to
that of Sb2Te3, except that it has 7-layer packets instead of 5-layer
packets [42] (the 5-layer Sb2Te3 structure is shown in Fig. 5a). Thus,
this effect could similarly indicate co-existence of a slightly metal
rich phase. Although we do not observe such clear peak splitting in
the other features of the XRD pattern, we note that because the
01�15

� �
peak is the highest intensity peak, the splitting is expected

to be best resolved for this feature. Additionally, the broadness of
the peaks in the pattern and the similarity in the crystal structures
may preclude the observation of other features that could further
support this hypothesis.

The grain morphology also changes with deposition conditions. In
Fig. 6 the microstructure of the thin films deposited with pulse times
of 100 ms (a,b), 50 ms (d,e), and 25 ms (g,h) is shown in the cross-
sectional TEM images. The electron diffraction patterns from this
series of samples (Fig. 6c,f,i) confirm that all three films are polycrys-
talline and have the Sb2Te3 tetradymite structure. The Sb2Te3 film de-
posited with t1=100 ms is composed of a combination of large
equiaxed grains and some thinner plate-like features. A comparison
of the microstructure resulting from a 100 ms pulse duration with
that of a 50 ms or 25 ms pulse duration shows a transition to long
and thin lamellar features with a reduced pulse duration (Fig. 6d,e,g,
h). In many cases, particularly near the substrate, the lamellar features
are aligned nearly parallel (within 20°) to the substrate surface. These
lamellar grains have been observed with sizes up to 750 nmwide and
40 nm thick. From the deposition rate, we know that less than 1 nm is
deposited per pulse; thus each grain is deposited over a few to tens of
pulses. Qualitatively, the size of the lamellar features in the thin film
deposited with a 25 ms pulse duration is smaller or similar in size to
those present in the film deposited with a 50 ms pulse duration.

Higher magnification TEM micrographs from the t1=50 ms and
25 ms samples and associated electron diffraction patterns (Fig. 6e,f,
h,i) show that these lamellar features are aligned with their large flat
edges nearly parallel to the (0001) planes (short dimension parallel
to the [0001] direction). The electron diffraction patterns indicate
that the 000‘f g planes are aligned within a very narrow range of an-
gles for all three samples suggesting some degree of texturing with
the (0001) planes nearly parallel to the substrate surface for all three
pulse durations (25, 50, and 100 ms). Consideration of the other re-
flections in the electron diffraction patterns, particularly the angular
spread of the reflections from the 01�15

� �
, 10�110
� �

, and 11�20
� �

fam-
ilies of planes, suggests a higher degree of in-plane texturing in the
thin films deposited with ton≤50 ms. These observations confirm
the change of texture toward a [0001] out of plane orientation,
which is consistent with the XRD analysis for pulse durations of
50 ms or less.

3.3. Thermal conductivity measurements on electrodeposited
Sb2Te3 films

Finally, we investigated the thermal conductivities of these films.
We focused specifically on the series of films grown with decreased
applied pulse duration at a constant duty cycle of 2%. As shown in
Fig. 7, the measured thermal conductivities for these Sb2Te3 films are
lower than 2 W/K·m which is close to or below the value along the
c-axis in single crystalline Sb2Te3 [4]. As we discuss in Section 4.2,
this low thermal conductivity can be rationalized in terms of the ob-
served microstructural variations.

4. Discussion

The results presented above demonstrate the sensitive depen-
dence of composition, microstructure, and thermal transport proper-
ties of the deposited Sb–Te films on the electrodeposition conditions.
In this section, we suggest possible mechanistic and thermodynamic
reasons for these observations and discuss the correlation of this mi-
crostructural evolution with systematic changes in the thermal trans-
port behavior.

4.1. Mechanistic and thermodynamic reasons for the observed
compositional and microstructural variations

Consider first the dependence of composition on the pulse dura-
tion and duty cycle. In general, during each electrodeposition pulse,
several inter-related processes are expected to occur. These processes
include mass transfer, chemical reactions (including reduction of
electrolyte species at the electrode interface), and adsorption and de-
sorption of species on the substrate surface. Following each applied

image of Fig.�5


Fig. 6. Cross-sectional TEM images of Sb2Te3 films grown with t1=100 ms (a, b), 50 ms (d, e), and 25 ms (g, h). The (0001) lamellae can easily be resolved in the higher magni-
fication images taken from the 50 ms and 25 ms thin films (e, h). The fringes that are visible within these lamellae correspond to the (0003) planes in the Sb2Te3 crystal structure.
(c), (f), and (i) show the indexed polycrystalline selected area electron diffraction patterns for these Sb2Te3 films grown with pulse times of 100 ms, 50 ms, and 25 ms, respectively,
and a constant duty cycle of 2%.
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pulse is an “off” time in which the electrolyte solution recovers as ad-
sorption, desorption, and migration processes continue to occur.

The initial decrease in Te content observed in the EDS linescans
in Fig. 3b leads us to believe that its deposition is mass transport-
limited, and that its concentration becomes depleted near the inter-
face when short “off” times (or high duty cycles) are used. This inter-
pretation is supported by the observation that deposition occurs at
potentials more negative than the Te-associated peak in Fig. 1b.
Because V1 is near the top of the Sb peak in Fig. 1b, one can expect
that the deposition of Sb is more limited by chemical kinetics at the
surface than Te, and less concentration depletion of Sb occurs near
the surface. Calculations estimating the deposited mass of Sb and Te
deposited in each film confirm that similar masses of Sb have been
deposited in each film (based on the measured film thickness and
composition, and using the atomic densities of Sb2Te3 and Sb). This
observation of decreased Te incorporation during electrodeposition
with short “off”, or recovery, times is likely indicative of the long
times needed (>450 ms) to ensure sufficient mass transfer of Te,
which is in the diffusion-limited regime at the deposition potential,
V1 [43–45]. This depletion of the electrolyte with short “off” times
(high duty cycles), is schematically depicted in Fig. 8a. Our results
suggest that the existence of this “off” time, which differentiates
continuous plating from pulsed plating, leads to more uniformity in
film composition and crystallinity throughout the electrodeposit
thickness as the electrolyte is given time to recover its equilibrium
concentrations.

Our observations also found significant changes in the micro-
structure and texture with the pulsing conditions utilized during
electrodeposition. First, we observed a decrease in grain size with de-
creased pulse duration. This can be expected if the number of nucle-
ation events per pulse were roughly constant (as if they were more
likely at the beginning of a pulse, when near-surface concentrations
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Fig. 7. Thermal conductivity measurements on Sb2Te3 films deposited at a constant
duty cycle (2%) with t1=100 ms, 50 ms, and 25 ms. Measurements were conducted
at 296 K. C-axis and ab axis values for Sb2Te3 as well as a range of values for a ran-
dom polycrystalline Sb2Te3 thin film (gray box) are provided from Scherrer and
Scherrer [4]. The thermal conductivities measured for polycrystalline samples by
Lan [51] and Harman [52] and the theoretical minimum thermal conductivity for
Sb2Te3, κmin, calculated using the expression of Cahill and Pohl [53], are provided
for comparison. The measurement error is comparable to the marker size.

Fig. 8. (a) Schematic comparing the electrolyte composition and deposition of Sb–Te at high
time required to equilibrate the Te concentration in the electrolyte, leads to progressive dep
for long and short pulse durations. When a long pulse duration is utilized, adatoms that hav
by a sufficiently long “off” time, allows for (i) desorption and (ii) migration of adatoms to m
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are highest) but shorter pulse times allow less time for grain growth.
Second, we observed a change in grain shape, from somewhat equiaxed
grains to lamellar features, as the applied pulse durationwas decreased.
This change in grain shape was also associated with a variation in tex-
ture, with the film adopting a stronger (0001) texture. With shortened
applied pulses, one expects that fewer atoms are deposited per pulse
such that the likelihood of burying adatoms in unstable bonding con-
figurations is reduced. Additionally, the subsequent “off” time allows
atoms in unstable bonding configurations to desorb from the film sur-
face or to migrate along the substrate surface to more stable positions
as depicted in Fig. 8b. These processes may lead to a more thermody-
namically favorable orientation in the resulting thin film, raising the
question of what morphologies and microstructures are stable in the
Sb2Te3 tetradymite structure.

As seen in Fig. 5a, the Sb2Te3 crystal is made up of three quin-
tets composed of –Te(1)–Sb–Te(2)–Sb–Te(1)– layers along the c-
direction. Within each 5-layer quintet, the atoms are covalently bond-
ed, while the Te(1)–Te(1) layers between quintets are bound through
weaker Van der Waals interactions [46]. This weak interaction allows
such tetradymite type structures to easily cleave along the (0001)
planes between the Te(1)–Te(1) layers and form low energy (0001)
facets. Indeed, a number of reports have shown crystal shapes in
these materials with large (0001) facets [47–50]. In particular, both
Liu et al. [47] and Liao [48] have observed the formation of nanoscale
plates with large (0001) facets during electrocrystallization of Bi2Te3.
Fan et al. demonstrated the synthesis of [0001] oriented plate-like
Bi2Te3 nanoparticles by a microwave assisted wet chemical method
[49]. Additionally, chemical vapor transport has been used to convert
(toffb tequilibration) and low (toffb tequilibration) duty cycles. A small “off” time relative to the
letion of Te in the near surface region. (b) Schematic comparing deposition of material
e adsorbed at unstable sites may be buried. In contrast, a short pulse duration, followed
ore stable sites.
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films of Bi nanoparticles into Bi2Te3 films composed of (0001)
nanoplates [50]. Since the formation of large (0001) facets is an ener-
getically favorable configuration in the tetradymite crystal structure,
the formation of such a lamellar microstructure might be expected
to occur under conditions that favor a more energetically stable mi-
crostructure and texture, such as reduced pulse duration (t1).

4.2. Correlation of thermal conductivity with microstructure

Given the changes in microstructure and texture observed in these
Sb2Te3 thin films, one might expect the thermoelectric properties to
vary as well. We focus here on the thermal conductivity. We note
first that the measured thermal conductivities for all three Sb2Te3
films are low in comparison with bulk Sb2Te3. In a randomly oriented
polycrystalline thin film, the thermal conductivity is expected to fol-
low κpoly=κc/3+2κab/3, where κpoly is the thermal conductivity of
the sample, κc is the thermal conductivity along the c-axis of a single
crystal, and κab is the thermal conductivity in the ab plane. This esti-
mate assumes no grain boundaries along the out-of-plane direction,
and corresponds to the gray shaded area in Fig. 7 (this region is wide
since κ in Sb2Te3 depends on the carrier concentration) [4,51,52]. A
textured polycrystalline Sb2Te3 filmwould be expected to have a ther-
mal conductivity that falls between κc and κab. The measured values
for the films deposited with t1=100 and 50 ms are above the value
expected along the c-axis in Sb2Te3. These low values are consistent
with films that are mostly textured with the c-axis perpendicular to
the film surface as observed for t1b100 ms. Surprisingly, the lowest
measured thermal conductivity (for t1=25 ms, Δκ=0.433 W/K m)
is below that of the minimum reported c-axis value for single crystal
Sb2Te3 and approaches the theoretical “minimum thermal conductiv-
ity” for Sb2Te3. Specifically, we calculated κmin, for Sb2Te3 to be
0.34 W/m K using the expression given by Cahill and Pohl [53],

κmin ¼ 0:403kbn
2=3 2vt þ vlð Þ ð1Þ

where kb is Boltzmann's constant, n is the atomic number density
(~3×1028 m−3) and vt and vl are, respectively, the transverse and lon-
gitudinal speeds of sound in the material (estimating vl=2900 m/s
[54,55] and vt as 1740 m/s assuming a similar relationship between vl
and vt as estimated previously for Bi2Te3 [56]).

While such low thermal conductivities might be attributed to low
film density, we do not believe this to be the case here, as all cross-
sectional microscopy indicated that these films were dense with no
indication of pores in the Sb2Te3 films. Our observation that the ther-
mal conductivity decreases with pulse duration may be associated
with the decrease in grain size and the enhanced texturing described
in the Results section. The extremely low value of thermal conductiv-
ity measured at the shortest pulse duration may be a result of extra
phonon scattering due to the small size of the lamellae [57], the pos-
sible presence of 7-layered Sb3Te4 packets intermixed with the 5-
layered Sb2Te3 packets [42], or as a result of rotational disorder,
such as the turbostratic disorder observed by Nguyen et al. [58].

5. Conclusions

Herewe have demonstrated the use of pulsed electrodeposition for
the deposition of dense, polycrystalline and stoichiometric Sb2Te3 thin
films at room temperature without the need for post-synthesis an-
neals. By changing the variable parameters in pulsed electrodeposi-
tion, changes in the texture and microstructure of the Sb2Te3 films
that result in decreased thermal conductivities are observed. Most no-
tably, we find that short pulse times result in smaller grain sizes and a
lamellar microstructure with an overall texture favoring the (0001)
direction. Providing ample time between pulses allows the electrolyte
composition at the electrode to stay near bulk values, and allows de-
posited surface atoms to rearrange into stable positions. The ability
to directly grow crystalline Sb2Te3 thin films by electrodeposition at
room temperature without the need for high temperature anneals
may enable approaches for fabricating nanostructures of these mate-
rials where interdiffusion of deposited layers and coarsening of grains
must be suppressed.

The thermal conductivity of these thin films was found to be ex-
tremely low (less than 2W/K·m) and to systematically vary with the
electrodeposition conditions and microstructure. The best thermoelec-
tric materials have similarly low thermal conductivities, which would
suggest that further work to explore the dependence of the electrical
properties with deposition conditions and microstructure would be
fruitful.
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