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While electrodeposited antimony telluride thin films with silver contents demonstrated promising
thermoelectric properties, their thermal conductivity and the silver content dependence remain
unknown. Here, we report the thermal conductivities of Ag; ¢Sbs; ¢Teg, s and AgSbTe, thin films with
controlled annealing and temperature conditions and demonstrate the impact of silver content

on thermal transport. After annealing at 160 °C, the room-temperature thermal conductivity of
Ag;.sSbs; ¢Teg, s and AgSbTe, thin films increases from 0.24 to 1.59Wm~1K~and from 0.17 to
0.56Wm~1K~1, respectively. Using phonon transport models and X-ray diffraction measurements, we
attribute the thermal conductivity increases to the crystal growth and explain the thermal conductivity
variations with the degree of crystallization. Unlike electrical properties reported in previous studies,
the presence of silver contents has little impact on the thermal conductivity of Ag; 4Sbs; ¢Tes, s and leads
to a strong reduction in the thermal conductivity of AgSbTe, thin films. By performing transient thermal
conductivity measurements at 94 °C, we find the crystallization activation energy of Ag; sSbs; ¢Teg, 5
and AgSbTe, films as 1.14 eV and 1.16 eV, respectively. Their differences reveal the role of silverin
inhibiting the nucleation and growth of Sb,Te; crystals and impeding thermal transport. These findings
provide guidance for optimizing doping and annealing conditions of antimony tellurides for near-room-
temperature thermoelectric applications.

Nanostructured thermoelectric (TE) materials are widely studied for reducing the thermal conductivity and
improving the power factor, which can increase the efficiency of thermoelectric power generators and solid-state
cooling devices!-. While fabrication of nanostructures often requires expensive and non-scalable processes, an
electrodeposition technique provides combined attributes of cost-effectiveness, scalability, and precise control
over crystallinity and composition®-®. Electrodeposition is thus ideal for studying the effects of crystal size and
film composition, including doping concentration, in thermoelectric materials. Including dopants to the mate-
rial composition has been proven to be an effective strategy to improve the thermoelectric figure of merit (z7)
of chalcogenide semiconductors such as PbTe’, SnSb'?, SnSe®, and AgSbTe,!!. Doping can increase the electrical
conductivity o and have varying results on other properties. While low doping concentrations reduce the thermal
conductivity x and increase the Seebeck coefficient S, larger doping concentrations reduce the Seebeck coefficient
and increase the thermal conductivity'. Yamashita et al.'*> doped different antimony telluride compounds with tel-
lurium excess to obtain p-type and n-type thermoelectric materials with a zT of 1.41 and 1.13, respectively. Mehta
et al.”® measured an improved Sb,Te; 2T of 0.95 using sulfur doping and theoretically show that a maximum of 2
could be reached by doping optimization.

Among the antimony telluride material family, bulk AgSbTe, has demonstrated an extremely low lattice ther-
mal conductivity of 0.7 Wm ™' K~ 4, which has been attributed to phonon scattering with heterophases' and the
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formation of nanoscale cation sublattices'®. Du et al.!! reached a zT of 1.4 at 550K after doping AgSbTe, with 2%
Se. Concentrations of silver lower than the stoichiometry can produce impurities in the matrix or form precipi-
tates, both of which are favorable to reduce the thermal conductivity'”'. In particular, Sb,Te;/Ag,Te composites
fabricated using ball milling have been found to improve the zT up to 1.5 at 700K, and AgSbTe,/Ag,Te quenched
ingots reached 1.5 at 500 K*°. Besides the material composition and doping, the morphology is been shown to be
a key parameter in the resulting thermoelectric properties. For instance, our previous studies®® demonstrated a
zT 0f 0.35 for electrodeposited Sbs, Tey; films pre-annealed at 80 °C due to the combination of low thermal con-
ductivity and enhanced power factor provided by a secondary phase; and nanostructured Bi sSb, sTe; achieved a
zT above 1 at room temperature by inducing small grain sizes and highly dense dislocations®*?!.

Our recent studies reported the power factor of antimony telluride electrodeposited thin films with silver
content from 0 to 30% and annealing temperatures up to 100 °C”?2. Among the studied electrodeposited thin
films, the highest power factor (1870 pWm ! K) was obtained in Ag;4Sbs; ¢Teg, 5 due to the Ag doping of the
Sb,Te; matrix and the presence of 3-AgTe, nanoprecipitates (~6% in vol.) that were formed after annealing at
100°C’. Electrodeposited AgSbTe, annealed at 100 °C also demonstrated a high power factor of 553 yWm ™K
and it is expected to present a very low thermal conductivity that could lead to higher zT values'®. These power
factors indicate promising materials for thermoelectric applications, which motivated a more detailed study of the
thermal properties of the electrodeposited films with different compositions and annealing conditions. We report
the thermal conductivity measurements of electrodeposited Ag; 4Sb;; ¢ Teg, s and AgSbTe, thin films as a function
of their pre-annealing temperature, annealing time, and measurement temperature. By comparing the thermal
conductivity of SbTe films with varying silver contents and by analyzing the temperature- and time-dependent
thermal conductivity data, this work provides a detailed understanding of the effects of silver content and crys-
tallization on thermal transport.

Results and Discussion

The morphology and thickness of the electrodeposited AgSbTe, and Ag; oSbs;¢Tes, 5 films are examined by
Scanning Electron Microscopy (SEM) (Quanta, Thermo Scientific™) imaging. Figure 1(b) displays a
cross-sectional SEM image of a measured AgSbTe, film where we can identify, from top to bottom, the Ni/Cr
electrode, the SiO, passivation layer, the AgSbTe, film, and the Au/Ti/SiO,/Si stack. The thickness of the AgSbTe,
films in our work ranges from 300 to 500 nm and the thickness of the Ag; 4Sbs; ¢ Tes, 5 films (Fig. 1(c)) ranges from
0.6 to 1 pm, all with compact and smooth morphology. The crystallinity and the phase transformation of AgSbTe,
and Ag; ¢Sbs; ¢ Teg, 5 films are investigated by X-ray Diffraction (XRD) (Smartlab, Rigaku Corp™) analysis and the
average grain size is estimated based on the major XRD peaks. Our previous studies confirmed the stoichiometry
crystallization of AgSbTe, in the Ag-rich film*, and the formation of 3-Ag,Te (~6% in vol.) nanoprecipitates and
a silver-doped Sb,Te; matrix in the Ag-deficient film upon annealing at 100°C’. In Fig. 1(d), XRD spectra of
Ag; oSbs; ¢ Teg, 5 films pre-annealed at different temperatures shows a rapid Sb,Te; crystallization (JCPDS 15-0874)
after annealing at temperatures above 85 °C, reaching an average grain size of 26 nm after annealing at 133 °C.
Detailed information on XRD spectra can be found in the Supplementary Note 1. The average grain size is esti-
mated using the Debye-Scherrer equation and detailed in Fig. 1(e) as D = %, where k is a shape factor
whose value usually takes 0.9, X is the X-ray wavelength of 1.54 A, FWHM is the full-width-half-maximum
obtained by analyzing XRD peaks, and 0 is the Bragg angle. Peaks attributed to slightly deficient antimony tellu-
ride appears after annealing at 133 °C (Sby 495Te, s05: JCPDS 45-1229) due to the precipitation of 3-Ag,Te.

Figure 2 shows the effective thermal conductivity  as a function of the pre-annealing temperature, see the
Methods section for details of the measurement technique. We observe a monotonic increase in the thermal
conductivity of AgSbTe, films which indicates increasing crystallization and larger phonon mean free paths;
and, while Ag; 4Sbs; ¢Tes, 5 films present only a slightly higher thermal conductivity at pre-annealing temper-
atures below 90°C, a sudden increase occurs when Sb,Te; starts to crystallize and reaches the same thermal
conductivity as the Sb;; Teg; reported in our previous study®. This indicates that the silver doping delays the crys-
tallization of Sb,Te; providing a lower thermal conductivity at pre-annealing temperatures below 100°C and
that, unlike reported in previous studies of Sb,Te; films?, the electron thermal conductivity does not contribute
significantly to the total thermal conductivity of Ag; ¢Sbs; ¢Tes, 5 films which are 50 times more electrically con-
ductive than Sb;,Teg; films®”. The overall lower thermal conductivity of the AgSbTe, films is as expected because
of the extremely low thermal conductivity of bulk AgSbTe, (0.7 Wm™'K™') due to the strong anharmonicity of its
bonding arrangement®*. The main uncertainty of the thermal conductivity measured the 3w method comes from
the fitting of the temperature coefficient of resistance (TCR) to the measured resistance change with temperature,
which is required for extracting the information about the thermal conductivity from the measured electrical data
by matching the temperature rise with theoretical prediction given by the solution to the multilayer conduction
equation. Although the resistance of the metal line is measured with a maximum uncertainty of 0.3% for the less
resistive metal lines, and the placement of a platinum RTD sensor on the sample holder provides a more accurate
temperature measurement with 2% uncertainty, the linear fit of the change of the resistance with temperature
(dR/dT) leads to an uncertainty of up to 5%*°. The TCR was first measured after annealing the sample at 70°C
and then another TCR was measured after annealing at higher temperatures. The TCR was consistent among
samples (TCR, =0.005 £ 0.0002K ') with the same annealing history, and no variations are expected before that
because the resistance of the heater line at room temperature was constant. Another major uncertainty in our
measurement is the thickness of the film, in which the contribution was minimized by performing cross-sectional
SEM images. The film thicknesses were found to be constant within 10% in the measurement region as seen in
Fig. 1. With the differential measurement, the only other uncertainty comes from the 3w reading and fitting. The
use of lock-in amplifier ensures accurate in-phase measurements within 0.5% and the fitting algorithm provides
the best fit of the thermal conductivity down to 0.002 Wm ! K. Overall, this results in an uncertainty between
15 and 20% for the highest and lowest thermal conductivity values, respectively. Using the power factors that we

SCIENTIFICREPORTS| (2019) 9:9242 | https://doi.org/10.1038/s41598-019-45697-9 2


https://doi.org/10.1038/s41598-019-45697-9

www.nature.com/scientificreports/

.

)
X

Te?- w Sh3+

i Au/Ti ’

N—

[Ag*] control

Q

Ag3 oSb33 6T 5

\/\/

(24
o

Ag; Shay; cTe b
700 uM | 100 M d) 3.9°03361€6 5 2 ie) %
132.5°C E %
Amorphous films _— "\ 1101°C EZO s %
/ R\ 19| 5
AngTe2 Ag3,95b33_6T862.5'; — o~ 936°Cc| £15 ¢
©
i = 85.2°C | X
Annealing @ 1 ‘?010 s 0
Crystalline films ‘2%—54& ."_"N 5
— n -
AsSbTe Sb,Te; JCPDS | © s
eble:  ShTesfAgte | LS g b
40 41 42 43 44 45 40 60 80 100 120 140
20 [7] Pre-Annealing Temeprature [°C]

Figure 1. (a) Schematic of the sample fabrication by potentiostatic electrodeposition and control of the Ag™
concentration. The electrolytic exact composition can be found in our previous publications”?2. The amorphous
electrodeposited films can be annealed at different temperatures to tune their thermoelectrical properties. A
passivation layer (SiO,) and Ni/Cr electrodes are fabricated using e-beam deposition and photolithography®.
Representative cross-sectional SEM images of measured AgSbTe, (b) and Ag; oSbs; ¢ Teg, 5 (e) films. The
thicknesses of the labeled layers of the Ni/Cr/SiO,/film/Au/Ti/SiO,/Si stack are 100 nm, 20 nm, 150 nm,

0.3-1 um, 50 nm, 30 nm, 300 nm, and 500 pm, respectively. The AgSbTe, film thickness ranged from 300 to

500 nm and the Ag; ¢Sbs; ¢ Teg, s ranged from 600 to 1000 nm in our study. The fabrication processes are carefully
controlled to keep the temperature below 50 °C and avoid any crystallization. (c) X-ray diffraction (XRD) data
of an electrodeposited Ag; 4Sbs; ¢ Teg, 5 film after being annealed at 50, 68, 85, 94, 102, and 133 °C on a hot plate
in vacuum for 30 minutes. Rhombohedral Sb,Te; dominates the crystallization after annealing at 85°C. AgSbTe,
films monotonically increase their crystal size with annealing temperature. (d) Average grain size of Sb,Te; in
Ag; oSbs; ¢ Te, 5 films based on the XRD peak broadening, as estimated by the Debye-Scherrer equation.
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Figure 2. (a) Thermal conductivity of Ag; ¢Sba;¢Teg, 5 (blue square), and AgSbTe, (grey circle) films measured
using the 3w method after annealing for 30 minutes in vacuum at different temperatures. The increasing trend
is attributed to the increase in the films crystallinity and grain size as indicated by the XRD data. (b) Predicted
thermoelectric figure of merit after annealing for 30 minutes. The power factor used in zT calculations is
taken from our previous publications”?%. Our previous data on Sb;,Teg; (purple diamonds) is also shown for
comparison®.
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Figure 3. Crystallization fraction of Ag; ¢Sba; ¢Teg, 5 (blue square) and AgSbTe, (grey circle) films based on the
thermal conductivity data as a function of annealing time at 94 °C. Data of Sbs, Teg; (purple diamonds) from Yu
et al. is also shown for comparison®. The data is fitted using the JMAK model (dashed lines) where the activation
energy (1.14eV for Ag; oSb;;¢Teq, s and 1.16eV for AgSbTe,) and the Avrami constant (n=1) are obtained by
the best fit to the experimental data.

measured after different pre-annealing temperatures for samples of the same batch and reported in our previous
work (i.e. 2.3 and 0.14pWm~! K2 after annealing at 50 °C, and 1870 and 553 pWm ™! K2 after annealing at 100°C
for Ag; oSbsssTeq, s and AgSbTe, films, respectively)”?, we obtain a maximum zT value at room temperature of
0.95+0.17 for Ag; oSbs ¢ Teq, s and 0.93 £ 0.10 for AgSbTe, electrodeposited films after annealing at 100 °C. For
details on the zT calculation, see Supplementary Note 2. The predicted zT values are among the highest reported
to date among nanostructured bulk AgSbTe,***-* further experimentation is required to optimize the zT with
slightly different pre-annealing temperatures around 100 °C.

In order to compare the crystallization dynamics of AgSbTe, and Ag; ¢Sbs; ¢ Tes, 5 films, we measured the ther-
mal conductivity during a 5.5-hour annealing at 94 °C. We convert the time-dependent thermal conductivity data
into crystallization fraction by assuming that the amorphous regions are uniformly distributed across the film and
in parallel with the crystallized regions, which is equivalent to assuming the columnar grain growth reported for
other SbTe-based films?. Defining the stationary thermal conductivity reached at the end of the annealing pro-
cess as crystalline thermal conductivity k. at the measured temperature and the amorphous thermal conductivity
K, as the initial one, we can compute the crystalline fraction x, from

Ko = Xk + (1 — XKy, (1)

where k, is the effective cross-sectional thermal conductivity measured at each time step. The use of Eq. (1) for the
volume fraction calculation assumes that the crystallized regions are uniformly distributed across the film in
parallel with the amorphous regions. This is a reasonable assumption for films that have a columnar growth of
crystalline regions upon thermal annealing®. Other effective medium theory models**-** could be used with
different assumptions on the crystalline phase distribution, but the change in volume fraction calculation is
expected to be small. For instance, the use of another EMT assuming crystallized regions are distributed in series
with amorphous regions results in a difference in the volume fraction calculation less than 0.046 for the transient
thermal conductivity measurements performed in this work. In Fig. 3, we compare the crystallization fraction
calculated from the experimental data with that predicted by the Johnson-Mehl-Avrami-Kolmogorov (J]MAK)
equation. The JMAK model’ relates the crystallization fraction with the crystallization activation energy AH and
AH
kyT
and kg is the Boltzmann constant. We find a crystallization constant of 10', a crystallization activation energy of
1.142 eV for Ag; ¢Sbs ¢ Teg, 5 films and 1.162 eV for AgSbTe, films, and the Avrami number of 1, which indicates
that the phase transformation process is governed by one-dimensional interface-controlled nucleation growth.
The activation energy obtained for Ag; 4Sbs; ¢ Teg, 5 films coincides with the previously reported for Sb, Teg; films,
which confirms the nucleation of Sb,Te; and indicates that the creation of nanoprecipitates does not affect the
crystallization rate. On the contrary, the activation energy required to crystallize AgSbTe, is found to be slightly
higher, which increases the annealing time required to achieve full crystallization and might be the reason why
the crystallization of Sb,Te; requires higher temperatures in the lightly silver doped films than in the previously
studied Sb,, Teg; films.

To confirm the crystalline nature of AgSbTe, and Ag; ¢Sb;; (Teg, 5 films under different annealing conditions,
we measured the temperature-dependent thermal conductivity of the films up to the pre-annealing temperature.
The results, shown in Fig. 4, clearly show different temperature dependences after the films are annealed at differ-
ent temperatures. The thermal conductivity of Ag; ¢Sbs; ¢Teg, 5 pre-annealed at 70 °C shows the typical behavior
of a highly disordered amorphous material: an almost constant low value with a slight increase with temperature
because of the thermal activation of thermal carriers with very short phonon average mean free path®”. This

the time as x, = exp( fkpt”), where k ) = exp —k , n is the Avrami number, k, is the crystallization constant,
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Figure 4. Thermal conductivity as a function of the measurement temperature for (a) Ag; 4Sbs; ¢Teg, 5 and

(b) AgSbTe, films after being annealed at different pre-annealing temperatures. We use a combination of the
Callaway model* and the Einstein model® to fit the thermal conductivity of the crystalline and amorphous
phases, respectively. While Umklapp scattering behavior dominates after annealing at 133 °C due to the short
phonon mean path of the Sb,Te; and AgSbTe, films, the weak temperature dependence of the films annealed at
temperatures below 100 °C indicates a competing effect between amorphous and crystalline phases.

trend can be supported by the modified Einstein model*, where a minimum thermal conductivity is described as
the random walk of phonons through lattices and it is expressed as

1/3 2 3 x
7 T OIT  x’e
Ko = [—] k3n2’32vg[—] f PSRl
6 7 °l©p) Jo (e* —1) )
where 7 is the atomic number density, the sum is taken over one longitudinal and two-transverse modes, v, is

the average sound velocity, T is the temperature of the film, and O}, is the Debye temperature for each mode. For
AgSbTe,, the average sound speed, atomic number density, and Debye temperature are 1490 ms™!,3.57 x 10%m =,
and 150K, respectively***!. Due to the low volume fraction of Ag in Ag; ,Sbs;Tes; 5 films and the negligible dif-
ference between the atomic density and Debye temperature of AgSbTe, and Sb,Te; (3.11 x 10% m~> and 200K,
respectively) but the large disparity in average sound speed (2900 ms™! for Sb,Te,)***, we use the latter as a fitting
parameter for the data obtained after annealing Ag; (Sbs; ¢ Te, 5 films at 68 °C, obtaining an intermediate result
of 2400 ms™". The thermal conductivity of amorphous Ag; ¢Sbs; ¢ Teg, 5 needs to be reduced by 20% to match the
experimental results, a behavior that has already been observed in other complex amorphous materials®. As the
films become more crystalline upon annealing, the enhanced acoustic properties improve the thermal conductiv-
ity and increase its dependency on the temperature. In crystalline structures, Umklapp scattering dominates the
phonon transport at the temperature range of interest, which shortens the phonon mean free path and leads to a
reduction in the thermal conductivity with the temperature. The thermal conductivity of crystalline samples £ is
computed using the Callaway model*, which is expressed as

3
ko (koT Op/T 4e*
Ko = —BZ[—B ] f v T—x ¢ zdx,
2\ A 0 (e —1) 3)
where the average phonon relaxation time 7 is computed combining phonon-grain boundary 7' = % 17P film

3D/4

' = Aw*, Umklapp 7! = BwZTexp(—%), phonon-carrier ;' = Cw,

. -1 _ Y% . . —
boundaries 7, = o phonon-impurity 7

and, in the case of Ag;,Sbs;¢Teq, s films, nanoprecipitate 7y = v, Onyp scattering mechanisms as
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1= 7-G_Bl + TB_I + TI_I + 7 Ty T Ty 7'1\7}}45’47, where D is the average grain size, P is the phonon transmission

across the grain boundary;, ¢ is the thickness of the film, 7 is the nanoprecipitate number density, and © is the aver-
age nanoprecipitate scattering cross-section, which is estimated using the average nanoinclusion size, and the mass
and tensor strength difference with the matrix'”*%. As detailed at the beginning of this section, the thickness of the
film is measured using cross-sectional SEM imaging and the grain size is derived from the XRD spectra. The carrier
scattering fitting parameter is taken as C=28.2 x 10~>* whereas the phonon-impurity and Umklapp scattering fit-
ting parameters A and B are obtained from the best fit to our experimental data. We first find the impurity and
Umbklapp scattering parameters from Eq. (3) by fitting the data obtained after annealing at 133 °C and the amor-
phous phase from Eq. (2) by using the data obtained at the lowest annealing temperature; then, we find the crystal-

line fraction x that fits the data at the other temperatures. The ﬁtting parameters resultin A , g, = 9.0 - 10746

Ang, ShaseTeqs = 8:5 - 1072 8, Byoqp, =848 - 1077 s and By, g g, =132 107 572, These results
show stronger dependency in 1mpur1ty scattering than the prev1ou531y reported Sbs; Tey; films®*. However, we
noticed that the thermal conductivity of the Ag; oSb;; ¢ Tes, 5 films annealed below 133 °C cannot be fitted with such
a strong impurity scattering component, and the best fitting results in AAg Sy Tegs = 33 - 107+ §* and
Big, by Tegys = 3:96 - 107 15 73, This indicates that the Ag; ¢Sbs; ¢ Teg, s film mlght have started degradation when
being annealed at 133°C desplte the SiO, encapsulation. Alternatively, the weaker temperature-dependency after
annealing at 133 °C might be due to the contribution of the electron thermal conductivity, which has a positive tem-
perature dependence that can neutralize the negative temperature dependence of the lattice thermal conductivity?.
Furthermore, temperature-dependent data after annealing at 161 °C was not possible due to degradation of the films
at that temperature that caused leaking of the applied current. All Umklapp fitting parameters are lower than those
previously obtained for Sb,Te, films® due to the stronger dependency on impurity scattering and the scattering by the
nanoprecipitates. The coexistence of Sb,Te; and (3-Ag, Te nanoprecipitates in Ag; ¢Sbs; ¢ Teg, 5 films does not produce
a significant reduction in the thermal conductivity of the films due to the low volume fraction and similar thermal
conductivity of both phases®®*!. The results indicate that the crystalline fractions of the Ag; 4Sb; ¢Teg, 5 films
annealed at 110, 94 and 68 °C are 0.45, 0.18 and 0, respectively; while those of AgSbTe, films annealed at 94 and 68 °C
are 0.1, 0.01, respectively. These crystalline fractions are lower than those previously obtained for Sbs;Teg; films®,
which further indicates that the presence of silver inhibits the nucleation of Sb,Te; and AgSbTe, crystals.

Conclusions
We find the room-temperature thermal conductivity of electrodeposited AgSbTe, thin films to be lower than
that of the previously reported Sbs,Teg; films® due to the impeded thermal transport resulted from the inhib-
ited nucleation and growth of Sb,Te; crystals. The room-temperature thermal conductivity of electrodeposited
Ag; 4Sbs; ¢ Teg, 5 films is lower that of Sb;,Teg, films® when the pre-annealing temperature is below 110°C, and
there is no significant difference when the pre-annealing temperature is above 110 °C. By annealing at 160 °C,
the room-temperature thermal conductivities of Ag; ¢Sba ¢Teg, s and AgSbTe, films increase from 0.24 Wm 1 K™!
to 1.59 Wm ' K! and from 0.17 Wm 'K~ to and 0.56 Wm 'K, respectively. We estimate the zT of 0.95 for
Ag;oSbs; ¢ Teg, s and 0.93 for AgSbTe, after annealing at 100 °C for 30 minutes by using the measured thermal
conductivity values (0.59 Wm ' K™ for Ag; ¢Sbs; ¢Tes, s and 0.22 Wm ! K~ for AgSbTe,) from this paper and the
measured power factors (1870 pWm ™ K=2 for Ag, oSb,; ¢ Teg, s and 553 uWm~! K2 for AgSbTe,) from the previ-
ous publications”?, in which the samples were created from the same batch and treated with the same annealing
conditions. The presented zT values at room are higher than any other Ag,Sb, Te_ films or nanostructures reported
in the literature!?%-2°, We attribute this to the unique phase control and the Tole of Ag in inhibiting nucleation.
The transient and temperature-dependent thermal conductivity measurements reveal that the silver content
in Ag; ¢Sba; ¢ Te, 5 films delays the formation of Sb,Te; crystals but has little impact on the thermal conductivity,
which is different from the large impact observed on electrical properties”??. Our work shows that electrodepos-
ited antimony telluride thin films with proper annealing conditions can be excellent thermoelectric materials, and
AgSbTe, is particularly promising due to the high crystallization activation energy and low thermal conductivity.
These results improve our understanding of the role of metal content in chalcogenides for thermal transport and
guide optimal designs of thermoelectric materials for near-room-temperature applications.

Methods

Amorphous AgSbTe, and Ag; ¢Sbs; ¢ Teg, 5 films are prepared using the established electrodeposition method as
schematized in Fig. 1(a) >~ The detailed process that allows well-controlled film composition by adjusting the
applied potential and the electrolyte composition can be found in our previous publications®”?2. After the amor-
phous Ag,Sb,Te, thin films are deposited on SiO, (300 nm)/Ti (30 nm)/Au (50 nm) films on a Si substrate, we
deposit a 150 nm SiO, layer by e-beam deposition to electrically passivate the films, and we fabricate the nickel
electrodes required for the thermal conductivity measurements through photolithography patterning and elec-
tron beam evaporation of Cr (20nm)/Ni (100 nm) films. The film temperature during all fabrication steps is
limited to 50 °C to prevent any phase transition®”.

The 3w method®*>36>¢ s used to measure the cross-plane thermal conductivity. Briefly, in this method pat-
terned metal lines, with a width ranging from 2 to 100 um and a length ranging from 200 to 1000 um, are used as
both heaters and sensors. When an AC current (Keithley™ 6221 current source) at frequency w causes Joule
heating, it induces a temperature oscillation at 2w, which results in a voltage drop across the heater at 3w due to
the metal characteristic electrical resistivity change with temperature®”. The third harmonic of the voltage V5,

which is recorded using a Stanford Research™ SR830 lock-in amplifier, is used to compute the temperature rise

asAT = ﬁ’ where the temperature coefficient of resistance [ TCR = Ri% is computed by the best fit to the

0
measured resistance at different sample temperatures. The circuit used to measure the third harmonic is detailed
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in Fig. S2. The lock-in amplifiers are phase- and frequency-locked to the current source to avoid measuring the
grid noise. To avoid saturating the lock-in amplifier with the first harmonic, an operational amplifier circuit is
used to cancel the first harmonic, which is read by the multimeter and generated by the second lock-in amplifier
in phase and at the same frequency. The temperature rise with a given applied current depends on how the under-
lying materials dissipate the heat generated and, therefore, is used to fit a multilayer heat conduction solution that
accounts for the thermal resistance of each film, substrate, and relevant interfaces®. In order to accurately capture
the thermal conductivity and thermal boundary resistances of the other layers (SiO, and adhesion metal layers),
we perform a differential measurement by measuring first the layer stack without the electrodeposited film. To
identify the thermal conductivity variation with the film phase and crystallinity, the as-deposited amorphous
AgSbTe, and Ag; 4Sb;; ¢ Teg, 5 thin films are annealed at temperatures up to 160 °C for 30 minutes and then cooled
down to room temperature to measure the thermal conductivity. The films then are heated on a hot plate using a
Lake Shore™ 330 temperature controller in vacuum (Janis™ VPF-800) and a resistance temperature detector
mounted on the chip holder provides an accurate temperature reading. Additionally, the formation kinetics of
both materials is analyzed by annealing amorphous AgSbTe, and Ag; ¢Sbs; ¢ Teg;, 5 films at 94 °C for 5.5 hours while
measuring their thermal conductivity every 5 minutes with the 3w method after the temperature of the sample
stabilizes within 30 mK of the annealing temperature; and the heat transport mechanisms are studied using the
temperature-dependent thermal conductivity after pre-annealing at different temperatures.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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