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a b s t r a c t 

The Seebeck coefficients ( 𝛼) and the power factors of 100 nm-thick Ge 1- x Sn x 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 ( 𝜎). Nevertheless, as it 

is possibile to modify both 𝛼 and 𝜎 by adjusting x, as well as employ conventional doping techniques, the IV-IV 

Ge 1- x Sn x semiconductor is shown to be extremely interesting for complementary-metal-oxide-semiconductor- 

compatible thermoelectric applications. 
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. Introduction 

Thermoelectric technology refers to heat-to-electricity conversion
1] . In this case, thermoelectric devices exploit a temperature ( T ) gra-
ient to produce electricity. Their performance is mainly dependent on
nherent material properties, such as Seebeck coefficient ( 𝛼), electrical
onductivity ( 𝜎), and thermal conductivity ( 𝜅) [1] . High-performance
hermoelectric devices typically use high-performance thermoelectric
aterials exhibiting a high power factor PF = 𝛼2 𝜎 and the highest possi-

le figure of merit ZT = 𝛼2 𝜎T / 𝜅. With the development of mobile micro-
lectronic and communication devices, energy conversion technologies
ace new challenges, as it is desired to integrate energy harvesting solu-
ions in microelectronic circuits [2] . The goal of integrated energy har-
esting devices is to use surrounding energy sources (thermal, mechani-
al, electromagnetic waves…) to produce electricity that can be used by
he mobile device during operation, allowing increased autonomy. This
lectricity production can be used either to partially charge the device
attery (or an integrated supercapacitor), or to execute some operations
ithout soliciting the battery. Thermoelectric devices should be partic-
larly suited to this type of application, since temperature gradients are
enerally present in microelectronic setups. Furthermore, the required
nergy supply remains modest, as it does not need to entirely power
he device, and mobile devices generally use low-consumption micro-
lectronic circuits. Additionally, thermoelectric modules are solid-state
nd can be miniaturized. However, microelectronic applications have
pecific technological constraints: energy harvesting must be performed
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t temperatures close to room temperature (RT), and in order to be in-
egrated in microelectronic technology, materials as well as their fab-
ication processes must be compatible with the complementary metal-
xide-semiconductor (CMOS) technology [2] . Moreover, the integrated
evice should be based on thin films (micro- or nano- structure), and if
ossible, made of common and non-toxic materials. Accordingly, current
hermoelectric materials exhibiting the best thermoelectric properties at
T cannot be used for microelectronic applications. They are not com-
atible with CMOS technology, and use toxic or rare elements, such as
i x Sb 2 − x Te 3 ( p -type) and Bi 2 Te 3 − x Se x ( n -type) compounds [ 3 , 4 ]. 

Semiconductors are materials of particular interest for thermoelec-
ric applications, especially due to their doping capabilities. The same
emiconductor can be of either p - or n -type controlling dopant nature
control of the carrier type: holes or electrons), with the semiconductor
ermi level and the carrier concentration being adjusted by controlling
he dopant concentration, allowing for material ZT engineering [5-8] .
e(Sn) is a CMOS-compatible IV-IV semiconductor, currently investi-
ated for CMOS optoelectronic applications as well as for Si photon-
cs [9-13] . The Ge 1 − x Sn x alloy forms a Ge-Sn binary random solution
xhibiting the cubic diamond structure with a lattice parameter a GeSn 

arger than Ge, following the corrected-Vegard law 

 𝐺𝑒𝑆𝑛 = ( 1 − 𝑥 ) 𝑎 𝐺𝑒 + 𝑥 𝑎 𝑆𝑛 + 𝑏𝑥 ( 1 − 𝑥 ) (1)

With a Ge = 0.565 nm and a Sn = 0.649 nm, the Ge and Sn lattice pa-
ameters in the diamond structure, respectively, and b = 0.0041 nm the
owing coefficient [14-16] . Sn maximum solubility in Ge is only 1.1 at%
t 673 K [17] but meta-stable Sn-rich Ge 1 − x Sn x thin films can be elab-
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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 1 − x Sn x film with x = 0.09 

(b), 0.13 (c), and 0.15 (d). 

Fig. 2. X-ray diffractograms measured on Ge 1 − x Sn x films with x = 0.0, 0.09, 

0.13, and 0.15. 
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rated [18] . Interestingly for thermoelectric applications, Ge 1 − x Sn x al-
oys can possess higher carrier mobility [19-21] than Ge alone and lower
hermal conductivities [ 22 , 23 ]. Furthermore, Sn composition variations
re known to implicate serious modifications of the Ge 1 − x Sn x alloy elec-
ronic band structure, as the semiconductor electronic band gap ( E g )
s indirect for x ≤ 0.1 and direct for x ≥ 0.1 [24-26] . Consequently,
he Ge 1 − x Sn x Seebeck coefficient [27] is expected to be significantly
ependent on the alloy Sn composition, allowing for ZT engineering
ith a significant degree of freedom [ 28 , 29 ]. Ge 1 − x Sn x films are usu-
lly elaborated by molecular beam epitaxy or chemical vapor deposi-
ion [ 15 , 16 , 18-21 ] but magnetron sputtering seems more appropriate
or thermoelectric applications [ 14 , 30 ], since it involves a significantly
ower production cost, while being CMOS-compatible. This work reports
he investigation of the Seebeck coefficient and power factor variations
f 100-nm-thick Ge 1 − x Sn x films with Sn composition x comprised be-
ween 0.09 and 0.15 in the temperature range 220 ≤ T ≤ 330 K, for
MOS-compatible RT energy harvesting. 

. Materials and methods 

100 nm-thick Ge 1 − x Sn x films were deposited in a commercial mag-
etron sputtering system (base pressure of 10 − 8 Torr) at T = 673 K
n 1.5 × 2.5 cm 

2 glass substrates. The substrates were subsequently
leansed for 10 min in acetone and alcohol baths in an ultrasonic
leaner, and kept 30 min at 423 K in a baking furnace, before be-
ng loaded in the sputtering chamber. Commercial 99.999% Ge-pure
nd 99.99% Sn-pure targets were co-sputtered using different sput-
ering powers for Sn in order to get different Sn compositions from
 = 0.0 to x = 0.15. Ge and Sn deposition fluxes were calibrated thanks
o ex-situ thickness measurements by X-ray reflectivity. Ge 1 − x Sn x film
oncentrations were systematically determined using X-ray diffraction
XRD), and checked using Rutherford back scattering and atom probe
omography measurements. The microstructure of the films was inves-
igated using XRD in the Bragg-Brentano ( 𝜃− 2 𝜃) geometry using a Cu
 𝛼 source ( 𝜆K 𝛼 = 0.154 nm). The surface state of the films was checked
y atomic force microscopy (AFM). The electrical conductivities of the
lms were measured with respect to temperature by impedance spec-
roscopy [31] using an impedance analyzer (HP 4284 A) operated be-
ween 20 Hz and 1 MHz, using an alternating signal of 100 mV am-
litude. Contacts on the samples were achieved using a silver conduc-
ive paste. The temperature variations were controlled using a pro-
rammable Thermolyne heater, or using a liquid nitrogen cryostat for
he low temperatures. The Seebeck coefficients of the films were mea-
ured using a home-made setup [32] . 

. Results and discussion 

In order to measure the Seebeck coefficient and the electrical con-
uctivity of the 100 nm-thick films without the substrate influence, the
e 1 − x Sn x films were deposited on commercial glass substrates that can
xhibit a high surface roughness compared to the surface of regular
emiconductor substrates. Fig. 1 a shows an AFM image of the glass
ubstrate before deposition. The substrate exhibits a surface roughness
RMS) r = 5.13 nm, which is about one order of magnitude higher than
hat of a silicon substrate for example, but which is significantly less
han the thickness of the films. Furthermore, the surface roughness of
he three Ge 1 − x Sn x films ( Figs. 1 a − 1d) is found to decrease when the
n 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.
he Ge 0.91 Sn 0.9 ( Fig. 1 b) and Ge 0.87 Sn 0.13 ( Fig. 1 c) films show similar
verage lateral grain size w ~ 60 nm, according to AFM observations.
owever, grains cannot be observed in the AFM images acquired on the

urface of the Ge 0.85 Sn 0.15 film ( Fig. 1 d). 
Fig. 2 a shows the X-ray diffractograms measured in the Bragg-

rentano geometry on the three Ge Sn samples as well as on a Ge film
1 − x x 
 x = 0.0) deposited in the same conditions. The four films are polycrys-
alline and exhibit the same texture along the normal of the surface: the
ame four diffraction peaks are observed in each sample, corresponding
from left to right) to the (111), (220), and (311) atomic planes of the
iamond structure. Pure-Sn diffraction peaks are not detected. As ex-
ected, the shift of Ge 1 − x Sn x diffraction peaks towards the lower angles
 Fig. 2 b) 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
hree samples is given in Table 1 with the corresponding lattice param-
ter 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 1 − x Sn x 
rains in the direction perpendicular to the film surface using the Scher-
er equation [ 14 , 27 ]: d ~ 30, 25, and 10 nm for x = 0.09, 0.13, and 0.15,
espectively. The grains in the Ge 1 − x Sn x layers are not columnar and
resent sizes d in the same range as reported in previous works [ 14 , 27 ].
he comparison between AFM and XRD measurements suggests that the
rains are wider than thick, or that the grains located at the surface are
igger than those deeper in the Ge 1 − x Sn x films. Furthermore, the grains
n the Ge 0.85 Sn 0.15 film are significantly smaller than those in the two
ther films of lower Sn composition according to both AFM and XRD
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Table 1 
Diffraction angle of the (111) peak ( 𝜃), lattice parameter ( a ), Sn composition ( x ), and 

ΔE 𝛼 of the three samples #1, #2, and #3. The gap energy ( E g ) corresponding to each 

sample composition according to ref. [55] is also given. 

Sample 𝜽 (°) a (Å) x 𝚫E 
𝜶

(eV) E g (eV) (Indirect) E g (eV) (direct) 

#1 13.49 5.73 0.09 0.03 0.51 0.53 

#2 13.41 5.76 0.13 0.11 0.45 0.42 

#3 13.37 5.78 0.15 0.07 0.42 0.37 

Fig. 3. Electrical conductivity (a) and Seebeck coefficient (b) measured versus 

temperature on three different 100 nm-thick Ge 1 − x Sn x films with x = 0.09, 0.13, 

and 0.15. 

m  

m  

v  

e  

r  

a
 

G  

r  

w  

t  

F  

0  

G  

t  

t  

f  

e  

g  

c  

a  

p  

i  

μ  

p  

h
 

e  

a  

≤  

t  

t  

𝛼  

fi  

s

𝛼

q  

o  

e  

e  

c  

t  

i  

c  

r  

t  

r  

t  

G  

f  

d  

t  

T  

t  

r

𝑝  

 

C  

i  

a  

e  

r
 

c  

t
f  

t  

f  
easurements. One should note that due to tip effects, the lateral sizes
easured by AFM are generally overestimated. Furthermore, the obser-

ation of grain boundaries (GBs) by AFM is usually due to the grooving
ffect [33] , as the size of GBs (~ 0.5 nm) is smaller than AFM lateral
esolution. Thus, the “grains ” observed by AFM could correspond to the
ggregation of several grains not separated by the AFM tip. 

Fig. 3 a presents the electrical conductivity measured on the three
e 1 − x Sn x films versus temperature, in the 220–330 K temperature

ange. As expected for non-degenerate semiconductor layers, 𝜎 increases
ith temperature and furthermore increases with x , the conductivity of

he Ge 1 − x Sn x films being higher than the conductivity of intrinsic Ge.
or example, 𝜎 = 0.029, 3.08, and 9.05 Ω− 1 cm 

− 1 at 300 K for x = 0.09,
.13, and 0.15, respectively, whereas 𝜎 ~ 0.02 Ω− 1 cm 

− 1 for undoped
e at the same temperature [34] . One can note that the conductivity of

he Ge 0.91 Sn 0.09 film is significantly lower (~ two orders of magnitude)
han that of the two other Ge 0.87 Sn 0.13 and Ge 0.86 Sn 0.15 films. This dif-
erence may be related to the significant electronic band structure differ-
nce between Ge 1 − x Sn x alloys of Sn compositions below (indirect band
ap) and above (direct band gap) x = 0.1 [ 24 , 25 ]. The Seebeck coeffi-
ients of the Ge 1 − x Sn x films measured in the same temperature range
re shown in Fig. 3 b. For the three films, 𝛼 is positive, corresponding to
 -type semiconductors. The Seebeck coefficients of the Ge 1 − x Sn x films
s found to be significantly high around RT, with 𝛼 = 120, 377, and 248
V K 

− 1 at 300 K for x = 0.09, 0.13, and 0.15, respectively. In com-
arison, 𝛼 = 190, 160, 200, and − 140 μV K 

− 1 for Bi 2 − x Sb x Te 3 [35] ,
ole-doped SnSe [36] , SnS 0.91 Se 0.09 [37] , and Mg 2 Sn 0.75 Ge 0.25 [38] . 

Sn composition variations have a strong impact on the Seebeck co-
fficient. Variations of 𝛼 versus temperature are different for each film
nd are not proportional to x , since at a given temperature 𝛼( x = 0.09)
 𝛼( x = 0.15) ≤ 𝛼( x = 0.13). The Seebeck coefficient difference be-

ween the films is significant despite relatively low composition varia-
ions since a difference of about 100 μV K 

− 1 separates 𝛼( x = 0.09) from
( x = 0.15), as well as 𝛼( x = 0.15) from 𝛼( x = 0.13). The Seebeck coef-
cient of a single-valley semiconductor with spherical constant-energy
urface can be expressed as [ 39 , 40 ]: 

= ± 

Δ𝐸 𝛼

𝑞𝑇 
(2) 

 is the elementary charge with the sign “+ ” for p -type semiconductors
r “− ” for n -type semiconductors, ΔE 𝛼 = 𝜀 − E F with E F the Fermi level
nergy in the semiconductor, and 𝜀 can be considered as the average
nergy of the charge carriers contributing to the electronic conduction,
omprising potential energy (electronic structure) and kinetic energy
hat is dependent on scattering mechanisms (phonon scattering, ion-
zed impurity scattering…). In the case of non-degenerate doped semi-
onductors, | 𝛼| increases with temperature in the extrinsic temperature
ange as the Fermi level moves away from the edge of the valence ( p -
ype) or the conduction ( n -type) band, and | 𝛼| is at a maximum before
eaching the mixed conduction temperature range [41] . It was shown
hat at this maximum ΔE 𝛼 ~ 1 

2 E g with an error less than 20% ( < 3% for
e) [41] , meaning that 𝜀 is close to the energy of the valence band ( E V )

or p -type semiconductors or to the conduction band for n -type semicon-
uctors (see Fig. 7.12 in ref. [39] ). The values of ΔE 𝛼 determined from
he Seebeck coefficients of the three samples at T = 300 K are given in
able 1 . Considering in our case that ΔE 𝛼 ~ | E V − E F |, the hole concen-
ration ( p ) in the Ge 1 − x Sn x films was estimated at T = 300 K using the
elation: 

 = 𝑁 𝑉 𝑒𝑥𝑝 

( 

−Δ𝐸 𝛼

𝑘 𝐵 𝑇 

) 

(3)

N V is the effective density of states in the valence band of Ge 1 − x Sn x .
alculations showing that the Ge valence band is not significantly mod-

fied by Sn alloying [ 42 , 43 ], the value of N V was set for all the samples
s equal to that of Ge ( N V = 5 × 10 24 m 

− 3 ). The hole concentrations
stimated in our samples are compared in Fig. 4 to those measured in
elaxed Ge 1 − x Sn x layers reported in the literature. 

p was also determined for an additional sample grown in the same
onditions with x = 0.06. Our results are similar to those of the litera-
ure, the hole concentrations vary between 5 × 10 16 to 5 × 10 18 cm 

− 3 

or x ≤ 0.15. Experiments [44-46] and ab initio calculations [47] show
hat holes in undoped Ge 1 − x Sn x layers are due to acceptor-like defects
ormed by the association of substitutional Sn atoms with one or several
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Fig. 4. Hole concentrations in relaxed Ge 1 − x Sn x 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]. 
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Fig. 5. Electrical conductivity (left axis) and grain size (right axis) measured in 

the polycrystalline Ge 1 − x Sn x layers versus Sn concentration. 

Fig. 6. Ge 1 − x Sn x film power factors versus temperature determined from the 

electrical conductivities and the Seebeck coefficients presented in Fig. 3 . 
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acancies ( V ) or with dislocations. Due to the lower melting temper-
ture of Sn with respect to Ge, equilibrium vacancy concentration in
e 1 − x Sn x alloys increases with x . Furthermore, layers grown at lower

emperatures are expected to contain more vacancies [ 48 , 49 ]. Thus, Sn-
ich Ge 1 − x Sn x alloys grown at low temperature are expected to exhibit
igher hole concentrations. Fig. 4 shows that the hole concentration
eems to generally increase with x , but significant variations can be ob-
erved for same Sn concentrations depending on authors. Furthermore,
hese variations cannot be easily attributed to the microstructure (open
ymbols correspond to polycrystals and solid symbols correspond to
onocrystals in Fig. 4 ) or to the growth temperature (solid hexagon and

olid up-triangle correspond to T ~ 423 K; and open squares, open left-
riangle and solid diamonds correspond to T ~ 623 to 723 K in Fig. 4 ) or
o the growth technique (sputtering − open squares; evaporation − open
ircles; MBE − solid hexagon, solid up-triangle, and open left-triangle;
VD − solid diamonds in Fig. 4 ). However, in some cases, the hole con-
entration was shown to decrease if the sample is annealed after growth,
specially under hydrogen atmosphere [44] , which is in agreement with
he mechanisms of point-defect (Sn- V ) annihilation and/or passivation.
n this case, the hole concentration decrease is accompanied by an in-
rease of charge carrier mobility [50] , suggesting that acceptor-like Sn- V
efects have a non-negligible influence on hole scattering. 

Sn composition is shown to be an important parameter allowing for
he simultaneous modification of 𝛼 and 𝜎. 𝛼 is known to depend on the
oncentration, the effective mass ( m 

∗ ), and the scattering coefficient ( 𝛾)
f the charge carriers close to the Fermi level. Eq. (4) corresponds to
he case of degenerate semiconductors, but is often used to qualitatively
redict the influence of these different parameters on the Seebeck coef-
cient [ 3 , 40 ]. 

∝ 𝑚 

∗ 𝑇 

𝑞 

( 

𝜋

3 𝑝 

) 

2 
3 ( 3 

2 
+ 𝛾

)
(4)

This equation shows that the increase of 𝛼 through the modification
f any of the cited parameters results in a decrease of the electronic
onductivity. As expected, the increase of the Seebeck coefficient of the
e 1 − x Sn x films can be associated with a decrease of 𝜎 ( Eq. (4) ): when
 decreases from 0.15 to 0.13, 𝛼 increases from 248 to 377 μV K 

− 1 

nd 𝜎 decreases from 9.05 to 3.08 Ω− 1 cm 

− 1 at T = 300 K. However, x
odification can also remarkably lead to the concomitant increase of 𝛼

nd 𝜎, when x increases from 0.09 to 0.13 or 0.15 ( Fig. 3 ), for exam-
le. The simultaneous increase of 𝛼 and 𝜎 has already been observed in
anocrystalline p -type Si with high B segregation levels in GBs [ 40 , 51 ].
his effect was explained by a similar contribution of grains and GBs in
harge carrier transport in nanocrystalline structures and the formation
f a depletion region around the GBs, allowing for the Fermi level in the
Bs to be located in the valence band of the grains but below the energy
arrier of the GBs. In our case, Sn is also expected to strongly segregate
n extended defects such as GBs, due to the significant difference of melt-
ng temperatures between Sn and Ge. Indeed, Sn was observed to segre-
ate in Ge 1 − x Sn x threading dislocations for example [52] . Equilibrium
egregation in extended defects is known to increase with the impurity
ulk concentration. Thus, the amount of Sn segregated in Ge 1 − x Sn x GBs
s expected to increase with x . Consequently, the effect previously re-
orted in B-doped nanocrystalline Si should have the largest effect on
anocrystalline Ge 1 − x Sn x layers exhibiting the smallest grains and the
ighest Sn concentrations, as observed in this case ( Fig. 5 ). 

Furthermore, since the hole concentration is dependent on the for-
ation of Sn- V acceptor-like complexes in undoped Ge 1 − x Sn x , the com-

ined effects of high temperature growth ( T = 673 K) and V annihilation
t GBs lead to a particularly low V concentration in our films exhibit-
ng nano-grains ( d ≤ 30 nm), leading to a low concentration of Sn- V
omplexes and holes. One can note that when x increases from 0.09 to
.13 (or 0.15), p decreases from 1.5 × 10 18 cm 

− 3 to 6.3 × 10 16 cm 

− 3 (or
.8 × 10 17 cm 

− 3 ) suggesting a decrease of the Sn- V concentration. The
ecrease of p should favor the increase of 𝛼 according to Eq. (4) , while
he decrease of the Sn- V concentration should favor the decrease of hole
cattering, and thus possibly lead to a simultaneous increase of 𝜎. 

Fig. 6 presents the PF variations of the Ge 1 − x Sn x films versus tem-
erature. The PF increases with x despite 𝛼( x = 0.15) ≤ 𝛼( x = 0.13).
ue to the large difference in electrical conductivities, the PF of the
e 0.91 Sn 0.09 film ( PF = 4.2 × 10 − 4 μW cm 

− 1 K 

− 2 at 300 K) is much
ower than that of the two other films Ge 0.87 Sn 0.13 ( PF = 0.44 μW cm 

− 1 

 

− 2 at 300 K) and Ge 0.86 Sn 0.15 ( PF = 0.56 μW cm 

− 1 K 

− 2 at 300 K).
espite significantly high Seebeck coefficients, the PF of the films is two
rders of magnitude smaller (for x = 0.13 and 0.15) than that of current
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est materials for RT thermoelectric applications, such as Bi x Sb 2 − x Te 3 
35] , hole-doped SnSe [36] , SnS 0.91 Se 0.09 [37] or Mg 2 Sn 0.75 Ge 0.25 [38] .
he Ge 1 − x Sn x PF is actually impaired by the low electrical conductiv-

ty of the films. For example, for x = 0.13 at 300 K 𝛼 = 377 μV K 

− 1 

ut 𝜎 = 3.08 Ω− 1 cm 

− 1 leading to PF = 0.44 μW cm 

− 1 K 

− 2 . Former
orks have shown that Ge doping with Sn concentrations of about 10 19 

t cm 

− 3 ( x = 1 × 10 − 3 ) is p -type and leads to 𝜎 ~ 1 Ω− 1 cm 

− 1 with n
2.2 × 10 16 cm 

− 3 [53] . One can note that the hole concentration is
n this case three orders of magnitude smaller than the concentration
f Sn, which is usually explained considering the formation of the Sn- V
cceptor-like defects [ 19 , 20 ]. These low-Sn-concentrated layers exhibit
 and 𝜎 of same magnitudes as that of our high-concentrated films. De-
pite the significant difference in Sn concentrations, our films are still
eakly doped [21] . Consequently, doping the Ge 1 − x Sn x films with regu-

ar dopants such as B can be an interesting way to significantly increase
he electrical conductivity of the Ge 1 − x Sn x films, likely boosting their
ower factors. Indeed, three orders of magnitude higher p -type and n -
ype doping levels have been demonstrated ( n = 1 to 5 × 10 19 cm 

− 3 ) in
e 1 − x Sn x using As, P, and B [54] . 

. Conclusion 

In summary, the power factor of 100 nm-thick polycrystalline
e 1 − x Sn x films with 0.09 ≤ x ≤ 0.15 has been determined with the
im of RT CMOS-compatible thermoelectric applications. The Ge 1 − x Sn x 
lms are p -type and possess particularly high Seebeck coefficients at
T. As expected, Sn composition variations result in significant modifi-
ations of 𝛼 without x being modified proportionally. However, the low
lectrical conductivity of the layers leads to power factors too low for
T applications. Nevertheless, the Sn composition is shown to be an effi-
ient parameter for modifying both 𝛼 and 𝜎, sometimes allowing for the
oncomitant increase of these two factors. Thus, the possibility of adjust-
ng the alloy Sn composition combined with structural and doping modi-
cation capabilities offer significant degrees of freedom for Ge 1 − x Sn x PF

nd ZT engineering. Therefore, Ge 1 − x Sn x is a CMOS-compatible semi-
onductor exhibiting high potential for thermoelectric applications and
n particular for those at RT as the electrical conductivity of Ge 1 − x Sn x 
lms is potentially increased by three orders of magnitude by conven-
ional doping. 
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