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a-MgAgSb thin films are expected to be compatible with the complementary metal oxide semiconductor
(CMOS) technology, and could be used to develop thermoelectric modules integrated to microelectronic
devices for energy harvesting. However, bulk studies showed that the presence of secondary phases in
addition to a-MgAgSb, such as the metallic phase AgsSb, deteriorates the thermoelectric properties.
Consequently, understanding phase transformations in Mg-Ag-Sb thin films produced by CMOS-compatible
magnetron sputtering is capital for the production of homogeneous a-MgAgSb thin films to be used in
energy harvesting thermoelectric modules integrated into microelectronic devices. In this work, different
Mg-Ag-Sb films were deposited by magnetron sputtering using either a single alloyed target with the
average composition Mgy;3Ag,/3Sby3 or using Mg, Ag, Sb co-deposition from three elementary targets. In
situ X-ray diffraction measurements were used to investigate the phase transitions in the films, aiming to
determine the thermal stability of «-MgAgSb and to investigate the possibility of producing a-MgAgSb films
without secondary phases. The results show that the use of the single alloyed target does not allow the
production of homogenous a-MgAgSb films. The phase formation sequence observed in the films is different
from bulk samples in this case. Co-sputtering of the three elements Mg, Ag, and Sb, allowing the compo-
sition of the as-deposited film to be better controlled, confirmed that the Mg;;3Agq/3Sby/3 stoichiometry
does not allow the production of homogenous a-MgAgSb films. Contrasting with usual belief, the results
show that the Ag and Sb compositions of the phases a-MgAgSb and y-MgAgSb vary during annealing, and
the phase transitions a-to-g, -to-y, and a-to-y are not allotropic. These finding are of major importance for
the production of the thermoelectric compound a-MgAgSb, and explain the large variations of the a-
MgAgSb Seebeck coefficient reported in the literature.
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1. Introduction thermally lost, the integration of thermoelectric devices appears as a
potential EH solution [6-11]. For this purpose, the integrated ther-

The increase of functionality of mobile technologies has led to an moelectric device should be based on nanostructures, such as thin

increase of energy consumption, limiting the autonomy of mobile
devices. In this context, new technologies allowing for environ-
mental energy harvesting (EH) are currently investigated [1-5].
These energy-harvesting devices should enable the autonomy of
mobile devices to be extended by either partially recharging the
battery of the device or allowing some operations to be performed
without using the energy stored in the battery.

In the case of technologies such as micro-sensors, microelec-
tronics integrated circuits (IC) etc., for which part of the energy is
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films, elaborated with industrial processes compatible with the
complementary metal oxide semiconductor (CMOS) technology
[12-15], and the material application domain should be around
room temperature. Bismuth telluride based compounds are known
as the best materials operating at room temperature and have at-
tracted a wide attention [16-18]. However, these materials are toxic
and scarce [19,20] as well as not CMOS-compatible. Hence, the de-
velopment of alternative CMOS-compatible high-efficient thermo-
electric materials made from non-toxic and earth-abundant
elements is crucial.

Tremendous research studies on bulk MgAgSb-based materials
have been conducted since 2012. MgAgSb was first described as a
promising p-type thermoelectric material by Kirkham et al. and Zhao
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et al. [21,22]. They studied the different crystal structures of MgAgSb
and reported a high thermoelectric figure of merit ZT ~ 1 at room
temperature (RT) for the phase a-MgAgSb, which can be increased
by doping [22-29]. Compared to the traditional Bi,Tes based solid
solutions, the elements in the composition of a-MgAgSb are in ex-
tremely high abundance and have a low toxicity.

Bulk MgAgSb presents three different crystal structures as a
function of temperature: the phase a at RT, the phase g at inter-
mediate temperatures, and the phase y at high temperatures [30]. a-
MgAgSb has a tetragonal structure corresponding to the space group
(I4c2). The RT lattice parameters are a=9.1631A and c=12.701 A
[31]. The Ag site-filling pattern for this phase forms one-dimensional
chains of unfilled Mg-Sb pseudo-cubes in all three primary direc-
tions. The resulting unit cell is a superlattice with three different
types of Ag atoms (Ag', Ag? and Ag>) depending on their position. g-
MgAgSb also crystallizes in a tetragonal structure corresponding to
the space group (P4/nmm). It is stable between 588 and 633 K. The
structure is similar to the Cu,Sb structure with Mg and Ag atoms
occupying one of the two Cu sites. y-MgAgSb is a half-Heusler with a
cubic structure corresponding to the space group (F4 3 m). It is stable
at temperatures higher than 633 K, but was also observed at RT after
cooling [21]. Among these three phases, only a-MgAgSb presents
interesting thermoelectric properties close to RT. However,
achieving the fabrication of a homogeneous « phase remains a ser-
ious challenge, while its thermoelectric properties are considerably
influenced by the presence of undesired phases such as AgsSb
[21-24,32-37]. Indeed, contrasting with other alloys [38], Mg-Ag-Sb
secondary phases are detrimental to a-MgAgSb thermoelectric
properties. For example, a bulk a-MgAgSb matrix containing the
secondary phases AgsSb and Sb shows a reduced ZT ~ 0.5 [21]. The
difficulty of obtaining a homogeneous a phase is generally attributed
to a very small equilibrium window (temperature and composition)
of this ternary phase. However, no data are currently available re-
garding the ternary phase diagram of Mg-Ag-Sb at low tempera-
tures. Frost [39] gives the Mg-Ag-Sb ternary phase diagram only at
450 °C and 550 °C, and the stability limits of the phase a-MgAgSb at
these temperatures are not in agreement with experimental data
reported at RT [23].

To date, MgAgSb has been only studied in its bulk state using
elaboration methods incompatible with the CMOS technology.
However, a-MgAgSb thin films produced by CMOS-compatible
magnetron sputtering may be used for the integration of EH devices
in microelectronics technology [6,40-42]|. Furthermore, a-MgAgSb
nanocrystalline thin films may present improved thermoelectric
properties due to nano-effects such as a higher Seebeck coefficients
(charge carrier energy filtering [43-45]) or a lower thermal con-
ductivity [28]. Thus, it is important to study the stability of a-
MgAgSb in thin films as well as their properties for thermoelectric
applications.

This work reports the fabrication of 300 nm-thick Mg-Ag-Sb
films by magnetron sputtering using two different methods (alloyed
target or co-sputtering), as well as the study of Mg-Ag-Sb phase
stability up to 823 K in the thin films using in situ X-ray diffraction
(XRD). Despite the significant control offered by the magnetron
sputtering technique on the amount of deposited materials (con-
trolled thickness below 3 nm), elaboration of homogeneous a-
MgAgSb films is not trivial. The results show that the phase transi-
tions a-to-p, -to-y, and a-to-y are not allotropic, and that the phases
a-MgAgSb and y-MgAgSb are not stoichiometric compounds.

2. Experiments

300 nm-thick Mg-Ag-Sb films were deposited on the silicon na-
tive oxide of commercial Si(001) wafers using a commercial mag-
netron sputtering setup exhibiting a base pressure of 1078 Torr. The
thin SiO, layer was used as a diffusion barrier, preventing any
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interactions between the film and Si. All the samples were deposited
at RT using the same 99.9999% pure argon gas flow (3.107 mbar).
The samples were rotating at a rate of 5rpm during deposition in
order to improve thickness homogeneity.

Two different deposition conditions were used: for the first set of
samples (#1), the Mg-Ag-Sb film was obtained from the 150 W DC
sputtering of a single 99.99% pure Mg-Ag-Sb alloyed target exhibiting
the averaged Mg:Ag:Sb stoichiometry 1/3:1/3:1/3 purchased from
CODEX international. The Mg-Ag-Sb film growth rate was 1.41 nms™".
For the second set of samples (#2), the Mg-Ag-Sb film was obtained
from the co-sputtering of three 99.999% pure Ag, Mg and Sb elemen-
tary targets supplied by CODEX international. The Mg and Sb targets
were sputtered in the DC mode, while the Ag target was sputtered in
the RF mode. The deposition flux of each target was calibrated thanks
to the measurement by X-ray reflectivity of the thickness of pure Mg,
Ag, or Sb films deposited at RT on the native SiO, layer of Si(001)
substrates, considering a sticking coefficient of unity. The sputtering
power of the Mg and Sb targets was set to 133 W, while the sputtering
power of the Ag target was set to 150 W, corresponding to the stoi-
chiometry Mg;3Ag1/3Sb1/3 and to a global growth rate of 5.17 nm s
The composition of the as-deposited films was determined using
Energy Dispersive X-ray Spectroscopy (EDS) measurements, performed
with an EDAX Octane Silicon Drift Detector (129 eV energy resolution
for Manganese) on a Zeiss Gemini 500 field emission gun scanning
electron microscope (SEM) operating at 10kV. In situ XRD measure-
ments were performed in the Bragg-Brentano geometry (6-26), using a
Cu Ka source (Ag,= 0.154 nm). The samples were loaded in an Anton
Paar TTK 600 chamber under vacuum (107® Torr) equipped with a
heating stage, in a Philips X'pert MPD system equipped with an
X'celerator PSD detector designed for high-speed data collection. The
temperature (T) was increased from 303 to 823 K using 5 K min™"! steps
and five minute-long XRD acquisitions, which correspond to an average
temperature ramp of 0.5Kmin’. The phase identification was per-
formed using the X'Pert High Score software package for diffraction
data analysis (files #96-154-3082 for a-MgAgSb, #96-154-3081 for p-
MgAgSb, #96-154-3080 for y-MgAgSb, #96-101-1093 for AgsSb, and
#00-035-0732 for Sb).

3. Results and discussion

3.1. Phase transitions in thin films sputtered from the Mg;/3Ag1/35b13
alloyed target

Fig. 1a shows the diffractograms acquired during in situ an-
nealing of samples #1. The XRD intensity is presented as color gra-
dients (from blue to red for low to high intensity) versus the Bragg-
Brentano angle 26 (20-65°) on the abscissa axis and the annealing
temperature on the ordinate axis. The as-deposited film already
presents five diffraction peaks at RT at 20=34.42°, 37.21°, 39.39°,
51.72°, and 61.77°, respectively corresponding to the atomic planes
(101), (020), (111), (022), and (103) of the same binary phase AgsSb
(Fig. 1). The XRD peaks correspond to AgsSb nano-grains distributed
in an amorphous matrix [41]. The intensity of these diffraction peaks
increases during annealing due to the growth of the AgsSb nano-
grains, and at T ~ 433K eleven additional diffraction peaks appear
simultaneously (Fig. 1b). Eight diffraction peaks at 26 =24.2°, 26.14°,
31.68° 41.12°, 44.75°, 53.37°, 58.1°, and 59.39° respectively belong to
the atomic planes (202), (220), (114), (411), (422), (433), (008), and
(514) of the phase a-MgAgSb; and three peaks at 20 =28.88°, 40.18°,
and 42.12° respectively belong to the atomic planes (012), (104), and
(110) of the Sb crystal. The diffraction peaks of the phase a-MgAgSb
disappear at T ~ 713K, concomitantly with the appearance of six
peaks at 20=23.09°, 38.01°, 44.93°, 54.85°, 60.25°, and 61.03° re-
spectively corresponding to the atomic planes (111), (022), (222),
(040), (133), and (042) of the phase y-MgAgSb (Fig. 1a). The phase
transitions observed during the annealing ramp correspond to the



N. Oueldna, A. Portavoce, M. Bertoglio et al.

a)
700
—
=
o 600
S
=]
-
o
o 500
Q.
£
|q_; = S s
400 S SE g g
2 a = 8 &
20 30 40 50 60
2 theta (°)
c)
1.0
2
» 0.8
c
2
£
5 064
@
N
T 04
g 0.4
2 —9— Ag,Sb(111)
0.2 1 —9— Ag,Sb(101)
—9— Ag,Sb(020)
Ag,Sb(020)
0.0 i ; . . 0 g, 5h(103)
300 400 500 600 700

Temperature (K)

800

Journal of Alloys and Compounds 900 (2022) 163534

(=)
-

0.44 «(220)

—o—y(111)
0.24 —v—Ag,Sb(111)
—o—Sh(012) n?

Normalized Intensity

0.0+

500 600
Temperature (K)

T T
300 400

=

o~ Ag,sb(111)
1.0 {9 Ag,sb(101)
—0— Ag,$b(020)

Ag;SH(020) o
0.8 4——Ag;sb(103) §*

0.6

0.4+

Normalized Intensity

0.2

0.0

600
Temperature (K)

T T 1
300 400 500

Fig. 1. a) X-ray diffractograms (20° < 20 < 60°) acquired at different temperatures during in situ ramp annealing of samples #1 from 303 to 753 K; variations of integrated and
normalized XRD peak intensities versus temperature measured during the same annealing: b) a-MgAgSb(220) (spheres), y-MgAgSb(111) (open circles), AgsSb(101) (open tri-
angles) and Sb(012) (open squares); c) AgsSb detected peak variations versus temperature normalized to their maximum; and d) Ag;Sb detected peak variations versus tem-

perature normalized to the maximum of the peak Ag;Sb(111).

three steps: (RT) AgsSb — (433 K) Ag3Sb +Sb +a — (713 K) AgsSb +Sb
+y. According to bulk observations [21], a-MgAgSb is expected to
transform into p-MgAgSb at T ~ 588 K, and p-MgAgShb is expected to
transform into y-MgAgSb at T ~ 633 K. p-MgAgSb is not observed in
the present case, and the stability domain of a-MgAgSb is extended
from 588 K to 713 K (AT = 125 K). But as observed in bulk, the phase «
coexists with the two undesired phases AgsSb and Sb. Fig. 1b shows
the variations of the integrated diffraction peak intensities of each
phase during the ramp annealing. The figure presents only the var-
iations of the highest intensity peak of each phase. Indeed, during
growth or consumption, the intensities of all the diffraction peaks of
a same phase vary simultaneously in the same way and at the same
rate. The presented measurements being normalized, the addition of
the contribution of all the peaks gives the same results as that ob-
tained from the diffraction peak with the highest intensity. As an
example, Fig. 1c presents the integrated intensity variations of all the
diffraction peaks of AgsSb normalized to their maximum during the
ramp annealing. All the peak intensity variations are similar, only the
peaks (020) and (103) present some fluctuations. Fig. 1d presents the
same intensity variations normalized to the maximum intensity of
the peak (111) that shows the highest diffraction intensity. It shows
that the (020) and (103) peak fluctuations are actually due to de-
tection limit, as the peaks (020) and (103) present the lowest in-
tensities. Furthermore, considering the contribution of other peaks
than that of the peak (111) does not significantly change the results.
Fig. 1b shows that part of Ag3Sb is consumed during the formation of
the phase a, while Ag and Sb are rejected during the a-to-y transi-
tion, as the diffracted intensity (i.e. the volume) of AgsSb and Sb
increases with the increase of the diffracted intensity of the phase .
These observations lead to the conclusion that: i) the film stoichio-
metry does not correspond to the stoichiometry of the phase « in the
investigated temperature range (above 433 K), the film contains an

excess of Ag and Sb compared to Mg (no Mg phase observed); and ii)
the phases «a and y do not possess the same stoichiometry, « is richer
in both Ag and Sb.

Fig. 2a presents in situ XRD measurements acquired during the
sample cooling under vacuum (heater switched off). The phase
transition observed during cooling corresponds to the two steps:
(823 K) AgsSb +Sb +y — (513 K) AgsSb +Sb +y + «, which is identical
to the observations made in bulk [21]. Atom transport is progres-
sively reduced during cooling, and only allotropic phase transitions
are generally observed. The phase a appears at T=513K during
cooling and its diffraction intensity increase is proportional to the
diffraction intensity decrease of the phase y (Fig. 2b). However, only
a small fraction of y is changed to a, and the main fraction of y is still
observed back to RT. This is in agreement with a different stoichio-
metry between the phases « and y, as in this case atomic transport is
needed for the transformation, and is prevented due to the tem-
perature decrease below 513 K. Indeed, Sb diffracted intensity is
constant during cooling (Fig. 2b). However, the diffracted intensity of
AgsSb increases during cooling from T ~ 650K down to T ~ 450K
(Fig. 2b). The reason for this behavior is not obvious, but the increase
of AgsSb XRD intensity appears to be independent of the simulta-
neous growth of « and respectively consumption of y, as it starts at a
temperature more than one hundred of Kelvin higher than the y-to-«
transition. One can note that the a-to-y transition occurs at T=693 K
during heating, while the y-to-« transition occurs at T=513 K during
cooling, corresponding to a AT ~ 200 K. The a-to-y transition is not
observed in bulk as the phase g is detected before the phase y.
Nevertheless, the y-to-a transition temperature in the thin film is
close to that in bulk (T ~ 473 K). The shift of the y-MgAgSb(111) peak
observed versus temperature in Fig. 2a is mainly related to thermal
expansion. Fig. 3 presents the coefficient of thermal expansion ay4
=ATxd/Ad determined from the variations of the distance d
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Fig. 3. Coefficient of thermal expansion a4 of y-MgAgSb determined from de varia-
tions of the interatomic distance of y-MgAgSb(111) planes during cooling. The ex-
perimental data are compared with calculations from Ref. [46].

between the planes (111) of y-MgAgSb recorded during cooling. It is
compared to the coefficient of thermal expansion calculated by
Wang et al. [46]. The coefficient calculated by Wang et al. is in
average about four times larger than the coefficient determined
experimentally. Considering that thermal expansion may not be
isotropic, our data corresponding to (111) planes nevertheless sug-
gest that the shift of the y-MgAgSb(111) diffraction peak is mainly
related to thermal expansion.

Phase stability in relaxed bulk at given temperature depends on
composition. However, phase stability can be more complex in thin
films, as it includes surface and interface energy minimization ef-
fects, as well as stress effects due to the difference of volume and/or
thermal expansion between the coexistent phases. Furthermore,
phase nucleation in thin films is influenced by surface and interfaces
(surface segregation and hetero-nucleation). Even so, missing the
phase p-MgAgSb in the phase formation sequence during heating
suggests that the film composition is different from the Mg;;3Agq,
3Sby3 stoichiometry. The composition of the as-deposited film was
found to be 27 at% of Mg, 38 at% of Ag, and 35 at% of Sb using EDS
measurements. This composition is different from the stoichiometry
Mg1,3Ag1/3Sby3, but is still not too far off considering the usual EDS
2-3 at% error [47]. The overall composition of the sputtered target
corresponds to Mgq;3Ag1/3Sby3. However, the target is crystallized,
and thus, contains different phases with probably an in-
homogeneous distribution. Consequently, the sputtering rates of the
elements Mg, Ag and Sb from the different phases in this target can
be different and are not controlled. For example, the melting tem-
perature of Mg (923 K) and Sb (904 K) being similar, their sputtering

rates are expected to be comparable. However, their sputtering rate
is expected to be significantly different from that of Ag, as the
melting temperature of Ag (1235K) is much higher. Thus, similar
experiments are reported in the next section performed on samples
#2. In this case, the Mg-Ag-Sb film exhibits the same thickness and
was deposited using sputtering powers adjusted for each of the
three elementary targets in order to independently control the ele-
mentary fluxes of Mg, Ag, and Sb. As expected, flux calibrations
showed that the same sputtering power is used in order to get same
Mg or Sb deposition fluxes, but a different sputtering power is
needed for Ag. This way, the stoichiometry of samples #2 is expected
to be Mgy ,3Ag1,3Sby;3 with an error below 1%.

3.2. Phase transitions in thin films sputtered from Mg, Ag, and Sb
elementary targets

Fig. 4 shows the diffractograms recorded versus temperature during
the ramp annealing of samples #2. Similar to samples #1, five diffraction
peaks are detected at RT after deposition at 26=34.42°, 37.21°, 39.39°,
51.72°, and 61.77°, corresponding to the atomic planes (101), (020), (111),
(022), and (103) of the binary phase AgsSb. Thirteen additional peaks
appear simultaneously at T=423 K. Ten peaks at 20=23.95°, 31.02°,
39.6°, 41.14°, 41.87°, 46.44°, 46.92°, 56.6°, 57.58°, and 58.8° respectively
correspond to the atomic planes (202), (114), (224), (411), (330), (422),
(206), (440), (008) and (514) of the phase a-MgAgSb, and three peaks at
20=23.53° 28.72°, and 48.21°, respectively correspond to the Sb atomic
planes (003), (012), and (006). The XRD peaks of the phases AgsSb and «
vanish at T=623 K while nine additional peaks appear concomitantly at
20=23.97°, 3145°, 38.97°, 40.85°, 43.02°, 44.55° 53.29°, 5797° and
59.08°, respectively corresponding to the atomic planes (101), (111),
(112), (200), (201), (103), (004), (203), and (220) of the phase s-MgAgSb
(Figs. 4 and 5). At the same time, Sb XRD intensity is constant (Fig. 5).
Finally, at T=673K the g XRD peaks disappear concurrently with the
appearance of two peaks at 26 =23.07° and 26=47.07°, corresponding to
y-MgAgSb(111) and y-MgAgSb(222), respectively. Furthermore, the dif-
fracted intensities of the phases AgsSb and Sb increase during the
growth of the phase y up to 720K (Fig. 5). At higher temperature, the
diffracted intensities of Sb and of the phase y are almost constant, while
the diffracted intensity of Ag;Sb decreases up to 823 K. In summary, the
phase transitions observed during the annealing ramp correspond to the
four steps: (RT) AgsSb — (423 K) AgsSb +Sb +a — (623K) Sb +8 —
(673 K) Sb + AgsSb +7. -MgAgSb is now observed in the phase sequence.
The phase transitions versus temperature are in better agreement with
the transitions reported in the case of bulk material suggesting that the
overall composition of the film is closer to that of the experiments re-
ported on bulk material. The composition of the as-deposited film was
found to be 33at% of Mg, 30at% of Ag, and 37 at% of Sb using EDS
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measurements, which is close to the stoichiometry Mg;;3Ag1/35b13
considering EDS measurement error. However, three differences can be
mentioned compared to bulk samples: i) the RT initial state of the as-
deposited film before the formation of the phase a corresponds to an
amorphous film containing AgzSb nanocrystals, while the bulk samples
already contained the three phases AgsSb, Sb, and «-MgAgSb at RT after
elaboration; ii) AgsSb vanishes during the g-to-y transition in thin films,
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Integration of the diffraction peak intensities (Fig. 5) shows that part of
AgsSb is consumed during the formation of the phases Sb and «, as
observed during annealing of samples #1. Furthermore, AgsSb is fully
consumed during the a-to-# transition, while the Sb volume slightly
increases, meaning that the phase p incorporated the Ag atoms con-
tained in the AgsSb phase, but not all the Sb coming from the same
phase. However, AgsSb reappears and the Sb volume again increases
during the p-to-y transition, meaning that Ag and Sb are rejected from
the phase y. The consumption of the phase Ag;Sb observed for T > 720K
while the volumes of Sb and y-MgAgSb are almost constant was also
observed during the annealing of samples #1 (Fig. 1b). In the two cases
(samples #1 and #2), the DRX intensity decrease is observed on all the
detected peaks of AgsSb, and thus, cannot be explained by AgsSb grain
growth competition. However, AgsSb consumption could be related to
an increase of Ag “solubility” in the phase y with temperature. These
observations lead to the conclusion that: i) the stoichiometry of the films
#2 correspond to the stoichiometry Mg;3Ag;/3Sby3, but this stoichio-
metry may not correspond to the phase « in the investigated tempera-
ture range (above 433 K); ii) the phases « and g do not possess the same
stoichiometry, $3 is significantly richer in Ag and richer in Sb; and iii) the
phases g and y do not possess the same stoichiometry, g is also sig-
nificantly richer in Ag and Sb than y, but the stoichiometry of y may
largely depends on temperature, the concentration of Ag and probably
Sb increasing with temperature.

Fig. 6 presents in situ XRD measurements acquired during the
sample cooling under vacuum. The phase transition observed during
cooling corresponds to the two steps: (823 K) AgsSb + Sb +y —
(473 K) AgsSb +Sb +y+a. It is identical to the observations made on
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Fig. 6. a) X-ray diffractograms (20° < 20 < 60°) acquired at different temperatures during in situ cooling of samples #2 from 773 to 313K, b) Variations of integrated and
normalized XRD peak intensities versus temperature measured during the cooling: a-MgAgSb(202) (spheres), y-MgAgSb(111) (open circles), AgsSb(101) (open triangles) and Sb

(003) (open squares).
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the samples #1 as well as in bulk [21]. However, the phase a appears
at T=473K instead of 513K for samples #1, which is the same
temperature as in bulk. Similar to samples #1, the XRD intensity
increase of the phase « is proportional to the XRD intensity decrease
of the phase y (Fig. 6b), and only a small fraction of y is changed to q,
the main fraction of y being observed at RT. As mentioned before, the
stability of y during cooling could be explained by the difference of
stoichiometry between the three phases y, 8, and a, and the atom
mobility reduction due to cooling. Similar to the case of samples #1,
the volume of the phase Sb is constant during cooling, while the
volume of AgsSb increases and reaches a plateau as well as y and « at
T ~ 400K, as atomic transport is probably stopped below this tem-
perature. Fig. 3 shows that ag determined from samples #2 cooling is
similar to that determined from samples #1.

4. Conclusion

Phase transitions in 300 nm-thick Mg;,3Ag1/3Sb1/3 thin films de-
posited by magnetron sputtering have been studied using in situ
XRD during an average temperature ramp of 0.5 Kmin™'. Two types
of samples were studied: samples #1 were deposited from a single
alloyed target, while samples #2 were deposited from three ele-
mentary Mg, Ag, and Sb targets. The use of a single Mgy3Ag1/35b1/3
target (samples #1) does not allow a film with the initial target
composition to be deposited, probably due to the difference of
sputtering rate of the three elements Mg, Ag and Sb in the different
phases present in the target. In this case, the phase p-MgAgSb is
missing in the phase formation sequence compared to results ob-
tained in bulk. Co-sputtering of three elementary Mg, Ag, and Sb
targets (samples #2) allows the composition of the deposited films
to be controlled. The binary phase AgsSb is present in the as-de-
posited film, as in the reported case of bulk Mg;,3Ag;/3Sby,3 samples,
and the phase formation sequence is the same as in bulk materials,
excepted that the transition temperatures of the a-to-g and p-to-y
transformations are shifted to higher temperatures (35 < AT<40K).

The comparison of the XRD intensity of the phases during the
ramp annealing of the two samples leads to the conclusion that the
phase transitions a-to-g, p-to-y, and a-to-y are not allotropic. The
phases «, # and y do not possess the same composition, and « and y
are not stoichiometric compounds. « is richer than y in both Ag and
Sb, and g is significantly richer in Ag and Sb than both « and y, the
composition of @ and y being closer than that of 3. These results show
that the thermoelectric phase a-MgAgSb should be obtained using a
stoichiometry different from 1/3:1/3:1/3, which can vary with
temperature. Furthermore, the phase a-MgAgSb accepting sig-
nificant stoichiometry variations, significant variations of its Seebeck
coefficient can be expected depending on elaboration conditions, in
agreement with the variations already reported in the literature
(74-240pVK™).
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