Materialia 14 (2020) 100873

journal homepage: www.elsevier.com/locate/mtla

Contents lists available at ScienceDirect

Materialia = |

Materialia A

Full Length Article

Thermoelectric power factor of Ge; ,Sn, thin films R

A. Portavoce®*, H. Khelidj®®, N. Oueldna®¢, S. Amhil¢, M. Bertoglio? D. Mangelinck?,

L. Essaleh9, K. Hoummada?

Check for
updates

A CNRS/Aix-Marseille University, Faculté des Sciences de Saint-Jérome case 142, 13397 Marseille, France

b 1.3M, Ecole Nationale Supérieure des Mines et de la Métallurgie, Annaba, Algeria
¢LASMAR, University of Moulay Ismail, Faculté des Sciences, 11201 Meknes, Morocco

4 LMCN, Cadi-Ayyad University, Faculty of Sciences and Technology, Department of Applied Physics, Marrakech, Morocco

ARTICLE INFO ABSTRACT

Keywords:
Gel-xsnx

Thin films

Seebeck coefficient
Thermoelectricity

The Seebeck coefficients («) and the power factors of 100 nm-thick Ge;_,Sn, films grown by magnetron sputtering
were studied versus Sn composition (0.09 < x < 0.15) in the 220—330 K temperature range. The films present
particularly high Seebeck coefficients at room temperature but as they are undoped, their power factors are too
low for room temperature thermoelectric applications due to low electrical conductivity (¢). Nevertheless, as it
is possibile to modify both « and ¢ by adjusting x, as well as employ conventional doping techniques, the IV-IV

Ge,_,Sn, semiconductor is shown to be extremely interesting for complementary-metal-oxide-semiconductor-
compatible thermoelectric applications.

1. Introduction

Thermoelectric technology refers to heat-to-electricity conversion
[1]. In this case, thermoelectric devices exploit a temperature (T) gra-
dient to produce electricity. Their performance is mainly dependent on
inherent material properties, such as Seebeck coefficient (), electrical
conductivity (¢), and thermal conductivity (x) [1]. High-performance
thermoelectric devices typically use high-performance thermoelectric
materials exhibiting a high power factor PF = a?c and the highest possi-
ble figure of merit ZT = a?cT/«. With the development of mobile micro-
electronic and communication devices, energy conversion technologies
face new challenges, as it is desired to integrate energy harvesting solu-
tions in microelectronic circuits [2]. The goal of integrated energy har-
vesting devices is to use surrounding energy sources (thermal, mechani-
cal, electromagnetic waves...) to produce electricity that can be used by
the mobile device during operation, allowing increased autonomy. This
electricity production can be used either to partially charge the device
battery (or an integrated supercapacitor), or to execute some operations
without soliciting the battery. Thermoelectric devices should be partic-
ularly suited to this type of application, since temperature gradients are
generally present in microelectronic setups. Furthermore, the required
energy supply remains modest, as it does not need to entirely power
the device, and mobile devices generally use low-consumption micro-
electronic circuits. Additionally, thermoelectric modules are solid-state
and can be miniaturized. However, microelectronic applications have
specific technological constraints: energy harvesting must be performed

* Corresponding author:.
E-mail address: alain.portavoce@im2np.fr (A. Portavoce).

https://doi.org/10.1016/j.mtla.2020.100873

Received 26 May 2020; Accepted 13 August 2020

Available online 19 August 2020

2589-1529/© 2020 Published by Elsevier B.V. on behalf of Acta Materialia Inc.

at temperatures close to room temperature (RT), and in order to be in-
tegrated in microelectronic technology, materials as well as their fab-
rication processes must be compatible with the complementary metal-
oxide-semiconductor (CMOS) technology [2]. Moreover, the integrated
device should be based on thin films (micro- or nano- structure), and if
possible, made of common and non-toxic materials. Accordingly, current
thermoelectric materials exhibiting the best thermoelectric properties at
RT cannot be used for microelectronic applications. They are not com-
patible with CMOS technology, and use toxic or rare elements, such as
Bi,Sb,_,Tes (p-type) and Bi,Te;_,Se, (n-type) compounds [3,4].

Semiconductors are materials of particular interest for thermoelec-
tric applications, especially due to their doping capabilities. The same
semiconductor can be of either p- or n-type controlling dopant nature
(control of the carrier type: holes or electrons), with the semiconductor
Fermi level and the carrier concentration being adjusted by controlling
the dopant concentration, allowing for material ZT engineering [5-8].
Ge(Sn) is a CMOS-compatible IV-IV semiconductor, currently investi-
gated for CMOS optoelectronic applications as well as for Si photon-
ics [9-13]. The Ge;_,Sn, alloy forms a Ge-Sn binary random solution
exhibiting the cubic diamond structure with a lattice parameter ag,g,
larger than Ge, following the corrected-Vegard law

aGesn = (1 = X)ag, + xag, + bx(1 - x) (€]

With ag, = 0.565 nm and ag,, = 0.649 nm, the Ge and Sn lattice pa-
rameters in the diamond structure, respectively, and b = 0.0041 nm the
bowing coefficient [14-16]. Sn maximum solubility in Ge is only 1.1 at%
at 673 K [17] but meta-stable Sn-rich Ge;_,Sn, thin films can be elab-
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orated [18]. Interestingly for thermoelectric applications, Ge;_,Sn, al-
loys can possess higher carrier mobility [19-21] than Ge alone and lower
thermal conductivities [22,23]. Furthermore, Sn composition variations
are known to implicate serious modifications of the Ge;_,Sn,, alloy elec-
tronic band structure, as the semiconductor electronic band gap (Eg)
is indirect for x < 0.1 and direct for x > 0.1 [24-26]. Consequently,
the Ge;_,Sn, Seebeck coefficient [27] is expected to be significantly
dependent on the alloy Sn composition, allowing for ZT engineering
with a significant degree of freedom [28,29]. Ge;_,Sn, films are usu-
ally elaborated by molecular beam epitaxy or chemical vapor deposi-
tion [15,16,18-21] but magnetron sputtering seems more appropriate
for thermoelectric applications [14,30], since it involves a significantly
lower production cost, while being CMOS-compatible. This work reports
the investigation of the Seebeck coefficient and power factor variations
of 100-nm-thick Ge;_,Sn, films with Sn composition x comprised be-
tween 0.09 and 0.15 in the temperature range 220 < T < 330 K, for
CMOS-compatible RT energy harvesting.

2. Materials and methods

100 nm-thick Ge;_,Sn, films were deposited in a commercial mag-
netron sputtering system (base pressure of 1078 Torr) at T = 673 K
on 1.5 x 2.5 cm? glass substrates. The substrates were subsequently
cleansed for 10 min in acetone and alcohol baths in an ultrasonic
cleaner, and kept 30 min at 423 K in a baking furnace, before be-
ing loaded in the sputtering chamber. Commercial 99.999% Ge-pure
and 99.99% Sn-pure targets were co-sputtered using different sput-
tering powers for Sn in order to get different Sn compositions from
x = 0.0 to x = 0.15. Ge and Sn deposition fluxes were calibrated thanks
to ex-situ thickness measurements by X-ray reflectivity. Ge;_,.Sn, film
concentrations were systematically determined using X-ray diffraction
(XRD), and checked using Rutherford back scattering and atom probe
tomography measurements. The microstructure of the films was inves-
tigated using XRD in the Bragg-Brentano (—20) geometry using a Cu
K, source (1g, = 0.154 nm). The surface state of the films was checked
by atomic force microscopy (AFM). The electrical conductivities of the
films were measured with respect to temperature by impedance spec-
troscopy [31] using an impedance analyzer (HP 4284 A) operated be-
tween 20 Hz and 1 MHz, using an alternating signal of 100 mV am-
plitude. Contacts on the samples were achieved using a silver conduc-
tive paste. The temperature variations were controlled using a pro-
grammable Thermolyne heater, or using a liquid nitrogen cryostat for
the low temperatures. The Seebeck coefficients of the films were mea-
sured using a home-made setup [32].

3. Results and discussion

In order to measure the Seebeck coefficient and the electrical con-
ductivity of the 100 nm-thick films without the substrate influence, the
Ge;_,Sn, films were deposited on commercial glass substrates that can
exhibit a high surface roughness compared to the surface of regular
semiconductor substrates. Fig. 1 a shows an AFM image of the glass
substrate before deposition. The substrate exhibits a surface roughness
(RMS) r = 5.13 nm, which is about one order of magnitude higher than
that of a silicon substrate for example, but which is significantly less
than the thickness of the films. Furthermore, the surface roughness of
the three Ge;_,Sn, films (Figs. 1a—1d) is found to decrease when the
Sn concentration increases: r = 4.56, 2.75, and 2.31 nm for x = 0.09
(sample #1), 0.13 (sample #2), and 0.15 (sample #3), respectively.
The Gej 9;Sng o (Fig. 1b) and Geg g,Sng 13 (Fig. 1c) films show similar
average lateral grain size w ~ 60 nm, according to AFM observations.
However, grains cannot be observed in the AFM images acquired on the
surface of the Geg g5Sng 15 film (Fig. 1d).

Fig. 2a shows the X-ray diffractograms measured in the Bragg-
Brentano geometry on the three Ge; _,Sn, samples as well as on a Ge film
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Fig. 1. AFM images obtained on the surface of the glass substrate before growth
(a) as well as after the growth of a 100 nm-thick Ge;_,Sn, film with x = 0.09
(b), 0.13 (¢), and 0.15 (d).
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Fig. 2. X-ray diffractograms measured on Ge,_,Sn, films with x = 0.0, 0.09,
0.13, and 0.15.

(x = 0.0) deposited in the same conditions. The four films are polycrys-
talline and exhibit the same texture along the normal of the surface: the
same four diffraction peaks are observed in each sample, corresponding
(from left to right) to the (111), (220), and (311) atomic planes of the
diamond structure. Pure-Sn diffraction peaks are not detected. As ex-
pected, the shift of Ge;_,.Sn, diffraction peaks towards the lower angles
(Fig. 2b) corresponds to x = 0.09, 0.13, and 0.15 according to eq. 1.
The diffraction angle of the (111) diffraction peak of each of the
three samples is given in Table 1 with the corresponding lattice param-
eter and Sn composition. The full width at half maximum (FWHM) of the
(111) peaks was used to determine the average size d of the Ge;_,Sn,
grains in the direction perpendicular to the film surface using the Scher-
rer equation [14,27]: d ~ 30, 25, and 10 nm for x = 0.09, 0.13, and 0.15,
respectively. The grains in the Ge;_,Sn, layers are not columnar and
present sizes d in the same range as reported in previous works [14,27].
The comparison between AFM and XRD measurements suggests that the
grains are wider than thick, or that the grains located at the surface are
bigger than those deeper in the Ge,_,Sn, films. Furthermore, the grains
in the Ge( g5Sn 15 film are significantly smaller than those in the two
other films of lower Sn composition according to both AFM and XRD
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Table 1
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Diffraction angle of the (111) peak (), lattice parameter (a), Sn composition (x), and
AE, of the three samples #1, #2, and #3. The gap energy (E,) corresponding to each
sample composition according to ref. [55] is also given.

Sample 0() a (A) x

AE, (eV)

E, (eV) (Indirect) E, (eV) (direct)

#1 1349 573
#2 13.41 5.76
#3 1337 5.78

0.09 0.03
0.13  0.11
0.15  0.07

0.51 0.53
0.45 0.42
0.42 0.37
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Fig. 3. Electrical conductivity (a) and Seebeck coefficient (b) measured versus
temperature on three different 100 nm-thick Ge, _,Sn, films with x = 0.09, 0.13,
and 0.15.

measurements. One should note that due to tip effects, the lateral sizes
measured by AFM are generally overestimated. Furthermore, the obser-
vation of grain boundaries (GBs) by AFM is usually due to the grooving
effect [33], as the size of GBs (~ 0.5 nm) is smaller than AFM lateral
resolution. Thus, the “grains” observed by AFM could correspond to the
aggregation of several grains not separated by the AFM tip.

Fig. 3a presents the electrical conductivity measured on the three
Ge;_,Sn, films versus temperature, in the 220-330 K temperature
range. As expected for non-degenerate semiconductor layers, ¢ increases
with temperature and furthermore increases with x, the conductivity of
the Ge;_,Sn, films being higher than the conductivity of intrinsic Ge.
For example, ¢ = 0.029, 3.08, and 9.05 Q! cm~! at 300 K for x = 0.09,
0.13, and 0.15, respectively, whereas 6 ~ 0.02 Q=1 cm~! for undoped
Ge at the same temperature [34]. One can note that the conductivity of
the Ge 91 Sng g film is significantly lower (~ two orders of magnitude)
than that of the two other Geg g,Sn 13 and Geg ggSng ;5 films. This dif-

ference may be related to the significant electronic band structure differ-
ence between Ge;_,Sn, alloys of Sn compositions below (indirect band
gap) and above (direct band gap) x = 0.1 [24,25]. The Seebeck coeffi-
cients of the Ge;_,Sn, films measured in the same temperature range
are shown in Fig. 3b. For the three films, « is positive, corresponding to
p-type semiconductors. The Seebeck coefficients of the Ge;_,Sn, films
is found to be significantly high around RT, with « = 120, 377, and 248
uv K ~ 1 at 300 K for x = 0.09, 0.13, and 0.15, respectively. In com-
parison, a = 190, 160, 200, and —140 pV K ~ 1 for Bi,_,Sb,Tes [35],
hole-doped SnSe [36], SnS 9;Seg g9 [37], and Mg,Sn 75Geg o5 [38].

Sn composition variations have a strong impact on the Seebeck co-
efficient. Variations of a versus temperature are different for each film
and are not proportional to x, since at a given temperature a(x = 0.09)
< alx = 0.15) < a(x = 0.13). The Seebeck coefficient difference be-
tween the films is significant despite relatively low composition varia-
tions since a difference of about 100 uV K ~ ! separates a(x = 0.09) from
a(x = 0.15), as well as a(x = 0.15) from a(x = 0.13). The Seebeck coef-
ficient of a single-valley semiconductor with spherical constant-energy
surface can be expressed as [39,40]:

AE,

a=+
qT

@

q is the elementary charge with the sign “+” for p-type semiconductors
or “~” for n-type semiconductors, AE, = ¢ — Ep with E the Fermi level
energy in the semiconductor, and ¢ can be considered as the average
energy of the charge carriers contributing to the electronic conduction,
comprising potential energy (electronic structure) and kinetic energy
that is dependent on scattering mechanisms (phonon scattering, ion-
ized impurity scattering...). In the case of non-degenerate doped semi-
conductors, |a| increases with temperature in the extrinsic temperature
range as the Fermi level moves away from the edge of the valence (p-
type) or the conduction (n-type) band, and || is at a maximum before
reaching the mixed conduction temperature range [41]. It was shown
that at this maximum AE, ~ % Eg with an error less than 20% (< 3% for
Ge) [41], meaning that ¢ is close to the energy of the valence band (Ey)
for p-type semiconductors or to the conduction band for n-type semicon-
ductors (see Fig. 7.12 in ref. [39]). The values of AE, determined from
the Seebeck coefficients of the three samples at T = 300 K are given in
Table 1. Considering in our case that AE, ~ |Ey, — Eg|, the hole concen-
tration (p) in the Ge;_,Sn, films was estimated at T = 300 K using the
relation:

-AE,
p= Nyexp T 3)

Ny is the effective density of states in the valence band of Ge;_,Sn,.
Calculations showing that the Ge valence band is not significantly mod-
ified by Sn alloying [42,43], the value of Ny, was set for all the samples
as equal to that of Ge (N}, = 5 x 1024 m ~ 3). The hole concentrations
estimated in our samples are compared in Fig. 4 to those measured in
relaxed Ge;_,Sn, layers reported in the literature.

p was also determined for an additional sample grown in the same
conditions with x = 0.06. Our results are similar to those of the litera-
ture, the hole concentrations vary between 5 x 106 to 5 x 10!® cm=3
for x < 0.15. Experiments [44-46] and ab initio calculations [47] show
that holes in undoped Ge;_,Sn, layers are due to acceptor-like defects
formed by the association of substitutional Sn atoms with one or several
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Fig. 4. Hole concentrations in relaxed Ge;_,Sn, layers. Open symbols corre-
spond to polycrystalline layers, while solid symbols correspond to single crys-
tals. The dashed line shows the indirect-to-direct band gap transition [56-59].

vacancies (V) or with dislocations. Due to the lower melting temper-
ature of Sn with respect to Ge, equilibrium vacancy concentration in
Ge;_,Sn, alloys increases with x. Furthermore, layers grown at lower
temperatures are expected to contain more vacancies [48,49]. Thus, Sn-
rich Ge;_,Sn, alloys grown at low temperature are expected to exhibit
higher hole concentrations. Fig. 4 shows that the hole concentration
seems to generally increase with x, but significant variations can be ob-
served for same Sn concentrations depending on authors. Furthermore,
these variations cannot be easily attributed to the microstructure (open
symbols correspond to polycrystals and solid symbols correspond to
monocrystals in Fig. 4) or to the growth temperature (solid hexagon and
solid up-triangle correspond to T ~ 423 K; and open squares, open left-
triangle and solid diamonds correspond to T ~ 623 to 723 K in Fig. 4) or
to the growth technique (sputtering—open squares; evaporation—open
circles; MBE—solid hexagon, solid up-triangle, and open left-triangle;
CVD-solid diamonds in Fig. 4). However, in some cases, the hole con-
centration was shown to decrease if the sample is annealed after growth,
especially under hydrogen atmosphere [44], which is in agreement with
the mechanisms of point-defect (Sn-V) annihilation and/or passivation.
In this case, the hole concentration decrease is accompanied by an in-
crease of charge carrier mobility [50], suggesting that acceptor-like Sn-V
defects have a non-negligible influence on hole scattering.

Sn composition is shown to be an important parameter allowing for
the simultaneous modification of « and ¢. « is known to depend on the
concentration, the effective mass (m*), and the scattering coefficient (y)
of the charge carriers close to the Fermi level. Eq. (4) corresponds to
the case of degenerate semiconductors, but is often used to qualitatively
predict the influence of these different parameters on the Seebeck coef-
ficient [3,40].

m*T<7r>
a X _—
q \3p

This equation shows that the increase of « through the modification
of any of the cited parameters results in a decrease of the electronic
conductivity. As expected, the increase of the Seebeck coefficient of the
Ge;_,Sn, films can be associated with a decrease of ¢ (Eq. (4)): when
x decreases from 0.15 to 0.13, a increases from 248 to 377 pV K — 1
and o decreases from 9.05 to 3.08 Q1 ecm™! at T = 300 K. However, x
modification can also remarkably lead to the concomitant increase of «
and o, when x increases from 0.09 to 0.13 or 0.15 (Fig. 3), for exam-
ple. The simultaneous increase of « and ¢ has already been observed in
nanocrystalline p-type Si with high B segregation levels in GBs [40, 51].
This effect was explained by a similar contribution of grains and GBs in
charge carrier transport in nanocrystalline structures and the formation
of a depletion region around the GBs, allowing for the Fermi level in the
GBs to be located in the valence band of the grains but below the energy
barrier of the GBs. In our case, Sn is also expected to strongly segregate
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the polycrystalline Ge;_,Sn, layers versus Sn concentration.

T (°C)
-50 -25 0 25 50
0.8 ! 8 U T ,°
0.7 P
L ° ‘Vi .
I g '
4 0.4 0/0/0:0/0/
< 03] 09— "0
.E 0.2] o—9—, o
o 0.1;50” L
= 0.0008] —W—GeqeSno s
=0.0006] ~® Ce0s75M0.13 /
0 0.0004] O CeossSNoss Sy
0.0002]
0.0000{m—p—m—w—n—

220 240 260 280 300 320
T

Fig. 6. Ge;_,Sn, film power factors versus temperature determined from the
electrical conductivities and the Seebeck coefficients presented in Fig. 3.

in extended defects such as GBs, due to the significant difference of melt-
ing temperatures between Sn and Ge. Indeed, Sn was observed to segre-
gate in Ge;_,Sn, threading dislocations for example [52]. Equilibrium
segregation in extended defects is known to increase with the impurity
bulk concentration. Thus, the amount of Sn segregated in Ge;_,Sn, GBs
is expected to increase with x. Consequently, the effect previously re-
ported in B-doped nanocrystalline Si should have the largest effect on
nanocrystalline Ge,_,Sn, layers exhibiting the smallest grains and the
highest Sn concentrations, as observed in this case (Fig. 5).

Furthermore, since the hole concentration is dependent on the for-
mation of Sn-V acceptor-like complexes in undoped Ge;_,Sn,, the com-
bined effects of high temperature growth (T = 673 K) and V annihilation
at GBs lead to a particularly low V concentration in our films exhibit-
ing nano-grains (d < 30 nm), leading to a low concentration of Sn-V
complexes and holes. One can note that when x increases from 0.09 to
0.13 (or 0.15), p decreases from 1.5 x 10'® cm3 t0 6.3 x 10'® cm~3 (or
2.8 x 107 em~3) suggesting a decrease of the Sn-V concentration. The
decrease of p should favor the increase of « according to Eq. (4), while
the decrease of the Sn-V concentration should favor the decrease of hole
scattering, and thus possibly lead to a simultaneous increase of o.

Fig. 6 presents the PF variations of the Ge;_,Sn, films versus tem-
perature. The PF increases with x despite a(x = 0.15) < a(x = 0.13).
Due to the large difference in electrical conductivities, the PF of the
Geg 1SN oo film (PF = 4.2 x 104 yW ecm~! K ~ 2 at 300 K) is much
lower than that of the two other films Ge, g;Sng 13 (PF = 0.44 yW cm™!
K ~ 2 at 300 K) and Ge g¢Sng 15 (PF = 0.56 uW cm~! K ~ 2 at 300 K).
Despite significantly high Seebeck coefficients, the PF of the films is two
orders of magnitude smaller (for x = 0.13 and 0.15) than that of current
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best materials for RT thermoelectric applications, such as Bi,Sb,_, Te;
[35], hole-doped SnSe [36], SnS 91 Seq o9 [37] or Mg,Sn 75Geg o5 [38].
The Ge;_,Sn, PF is actually impaired by the low electrical conductiv-
ity of the films. For example, for x = 0.13 at 300 K« = 377 uwV K ~ 1
but 6 = 3.08 Q! cm™! leading to PF = 0.44 yW cm~! K ~ 2. Former
works have shown that Ge doping with Sn concentrations of about 101°
at cm™3 (x = 1 x 1073) is p-type and leads to 6 ~ 1 Q! em™! with n
~ 2.2 x 10'® em=3 [53]. One can note that the hole concentration is
in this case three orders of magnitude smaller than the concentration
of Sn, which is usually explained considering the formation of the Sn-V
acceptor-like defects [19,20]. These low-Sn-concentrated layers exhibit
p and o of same magnitudes as that of our high-concentrated films. De-
spite the significant difference in Sn concentrations, our films are still
weakly doped [21]. Consequently, doping the Ge;_,Sn, films with regu-
lar dopants such as B can be an interesting way to significantly increase
the electrical conductivity of the Ge;_,Sn, films, likely boosting their
power factors. Indeed, three orders of magnitude higher p-type and n-
type doping levels have been demonstrated (n = 1 to 5 x 10!° cm~3) in
Ge;_,Sn, using As, P, and B [54].

4. Conclusion

In summary, the power factor of 100 nm-thick polycrystalline
Ge;_,Sn, films with 0.09 < x < 0.15 has been determined with the
aim of RT CMOS-compatible thermoelectric applications. The Ge; _,Sn,
films are p-type and possess particularly high Seebeck coefficients at
RT. As expected, Sn composition variations result in significant modifi-
cations of a without x being modified proportionally. However, the low
electrical conductivity of the layers leads to power factors too low for
RT applications. Nevertheless, the Sn composition is shown to be an effi-
cient parameter for modifying both « and o, sometimes allowing for the
concomitant increase of these two factors. Thus, the possibility of adjust-
ing the alloy Sn composition combined with structural and doping modi-
fication capabilities offer significant degrees of freedom for Ge;_,.Sn, PF
and ZT engineering. Therefore, Ge;_,Sn, is a CMOS-compatible semi-
conductor exhibiting high potential for thermoelectric applications and
in particular for those at RT as the electrical conductivity of Ge;_,Sn,
films is potentially increased by three orders of magnitude by conven-
tional doping.
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