
T
M

H
a

b

c

a

A
R
R
A
A

K
M
E
T

1

s
p
r
a
t
(
(
r
d

Z

w
t
M
l
o
o

0
d

Journal of Alloys and Compounds 509 (2011) 6503–6508

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

hermoelectric properties and electronic structure of p-type Mg2Si and
g2Si0.6Ge0.4 compounds doped with Ga

. Ihou-Moukoa,∗, C. Merciera, J. Tobolab, G. Pontc, H. Scherrera

Institut Jean Lamour (I.J.L.) – UMR 7198 – Nancy-Université, Ecole Nationale des Mines de Nancy, Parc de Saurupt, F 54042 Nancy, France
Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Cracow, Poland
Centre National d’Etudes Spatiales (CNES), 18 avenue Edouard Belin, 31401 Toulouse Cedex 09, France

r t i c l e i n f o

rticle history:
eceived 5 February 2011
eceived in revised form 8 March 2011
ccepted 11 March 2011
vailable online 21 March 2011

a b s t r a c t

Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and 0.8%) solid solutions have been synthesized by direct melt-
ing in tantalum crucibles and hot pressing. The effect of Ga doping on the thermoelectric properties has
also been investigated by measurements of thermopower, electrical resistivity, Hall coefficient and ther-
mal conductivity in temperature range from 300 to 850 K. All samples exhibit a p-type conductivity
evidenced by positive sign of both thermopower and Hall coefficient in the investigated temperatures.
eywords:
agnesium silicide

lectronic structure
hermoelectric properties

The maximum value of the dimensionless figure of merit ZT was reached for the Mg2Si0.6Ge0.4:Ga(0.8%)
compound at 625 K (ZT ∼ 0.36). The p-type character of thermoelectric behaviours of Ga-doped Mg2Si
and Mg2Si0.6Ge0.4 compounds well corroborates with the results of electronic structure calculations per-
formed by the Korringa–Kohn–Rostoker method and the coherent potential approximation (KKR-CPA),
since Ga diluted in Mg2Si and Mg2Si0.6Ge0.4 (on Si/Ge site) behaves as hole donor due to the Fermi level
shifted to the valence band edge. The onset of large peak of DOS from Ga impurity at the valence band

ith h
edge, well corroborates w

. Introduction

Intermetallic compounds of Mg2X (X = Si, Ge or Sn) and their
olid solutions have attracted attention of many research groups as
romising thermoelectric (TE) materials that can be used for heat
ecovery and energy conversion applications at 500–850 K temper-
ture [1–12]. There are some reasons as environmental constraints,
he abundance of constituent elements as well as the low densities
∼2–3.6 g/cm3) that make these TE materials particularly appealing
ZT ∼ 1), compared to PbTe or CoSb3, used in the same temperature
ange. The efficiency of TE materials are commonly defined by the
imensionless figure of merit

T = ˛2

��
T,

here ˛ is thermopower, � the electrical resistivity, and � the

hermal conductivity at temperature T. Due to the fact that all

g2X compounds exhibit a semiconductor-like or semimetallic-
ike behaviours, most of recent investigations have been focused
n solid solutions Mg2Si1−xGex, Mg2Si1−xSnx and Mg2Sn1−xGex in
rder to decrease electrical resistivity as well as thermal conductiv-

∗ Corresponding author. Tel.: +33 0383584165; fax: +33 0383584048.
E-mail address: Hilaire.Ihou-mouko@mines.inpl-nancy.fr (H. Ihou-Mouko).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.081
igh Seebeck coefficient measured in Ga-doped samples.
© 2011 Elsevier B.V. All rights reserved.

ity [4–7]. It was found that bulk polycrystalline compounds showed
rather high figure of merit for n-type materials doped with Bi
(ZT ∼ 0.9–1.01) [8,9] or Sb (ZT ∼ 0.7–1.11) [5,10,12]. It appears that
p-type materials are quite difficult to be stabilized in these phases.
However, Noda et al. have reported the ZT value as large as 1.68 at
629 K for Ag-doped Mg2Si0.6Ge0.4 [5]. Conversely, latter studies [9]
have rather achieved much smaller ZT values, e.g. 0.26.

In this work we present results of the chemical synthesis,
X-ray diffraction characterisation and thermoelectric properties
measurements in Ga-doped Mg2Si and Mg2Si0.6Ge0.4 compounds.
Electron transport behaviours in these systems are discussed
in view of electronic band structure calculations carried out by
the Korringa–Kohn–Rostoker method with the coherent potential
approximation (KKR-CPA). We will show that Ga doped in Mg2Si
and Mg2Si0.6Ge0.4 compounds, likely diluted on Si/Ge site, yields
p-type TE materials, characterised by relatively high ZT ∼ 0.36.

2. Experimental and theoretical details

The Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax powder samples (x = 0.4% and 0.8%) were
prepared by alloying a stoichiometric mixture of high purity (99.999%) commercially
available elements. Because of high vapour pressure of magnesium metal at elevated

temperature, it was necessary to use a closed system to avoid an important loss of
Mg during the thermal treatment. Hence, the starting materials were placed in Ta
crucibles which were sealed by arc-welding in a glove-box under high purity argon
atmosphere. The additional glassy carbon crucibles were used to recover properly
and easily the alloys. The Ta container was placed into silica under secondary vac-
uum and annealed for 2 days at 750 ◦C for the first thermal treatment. The product

dx.doi.org/10.1016/j.jallcom.2011.03.081
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Lattice parameter (a) and densities (d and dr) of Ga-doped Mg2Si and Mg2Si0.6Ge0.4

compounds. Relative density (dr) denotes the ratio of measured and theoretical
density.

Chemical composition a ( ´̊A) d (g/cm3) dr (%)

Mg Si:Ga(0.4%) 6.354 (3) 1.98 0.99

mobility �H and carrier concentration nP increase with increasing
Ga content, both for Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax compounds.
Ga-doped Mg2Si compounds exhibit the nP and �H values signif-
icantly lower than those of Ga-doped Mg2Si0.6Ge0.4 compounds,
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f the aforementioned reaction was crushed mechanically by using a agate mortar
nd compacted into pellets. The pellets were again put into the glassy carbon cru-
ible and then placed into the Ta crucibles. These Ta crucibles were put into silica
nder secondary vacuum and annealed for 2 days at 750 ◦C for the second thermal
reatment.

The Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and 0.8%) samples were crushed
nd the powders were sieved below 50 �m. The powders were compacted into pel-
ets (15 mm of diameter) using a graphite matrix by hot pressing process under
0 MPa at 800 ◦C during 2 h in argon atmosphere with a pressure of 50 MPa. The
ensities of the sintered materials were evaluated from their mass and dimensions
nd they represented ∼98% of the theoretical values.

The crystalline phase and its purity for obtained samples were checked by X-ray

iffraction analysis using (D8 Advance BRUKER diffractometer, �Cu/K� = 1.54056 ´̊A).
he chemical composition of the samples was verified by electron microprobe anal-
sis (EMPA) using a CAMECA-SX 100 device.

The thermopower (˛), the electrical resistivity (�) and Hall coefficient (RH) were
easured as a function of temperature using light pulse technique [13] and van

er Paw method [14] at in the 300–850 K temperature range. The thermal conduc-
ivity (�) was derived from the equation � = a·Cp·d that includes the experimental
hermal diffusivity (a), the heat capacity (Cp) and the material density (d). The ther-

al diffusivity and the heat capacity were measured (300–850 K) using a laser
ash technique (NETZSCH LFA 427) and a differential scanning calorimeter (DSC),
espectively.

Electronic structure computations were performed using the Korringa–Kohn–
ostoker (KKR) method in ordered parent compounds Mg2Si and Mg2Ge. To account

or chemical disorder in Mg2Si1−xGex alloys, the coherent potential approximation
CPA) has been incorporated into the KKR technique [15,16]. The crystal potential
f muffin-tin form was constructed within the local density approximation (LDA)
ramework, using von Barth–Hedin parameterization for the exchange-correlation
otential. For well-converged charges and potentials (below 0.1 mRy), the total, site-
ecomposed, and l-decomposed density of states (DOS) were computed applying
-space tetrahedron integration. The Fermi level was precisely determined from
he generalized Lloyd formula [17]. The electronic band structure with complex
nergy was also computed in selected alloys along high-symmetry directions in the
rillouin zone.

The influence of Ga dopant on the DOS and dispersion curves E(k) in the host
aterial was examined in more detail in the case of Mg2Si and Mg2Si0.6Ge0.4, cor-

esponding to the experimentally investigated samples. Since a small amount of
ntroduced Ga is actually hardly detectable by stardard EPMA analysis, the KKR-CPA
uns have been done considering dilution on two nonequivalent crystallographic
ites. This selective substitution with Ga has allowed to establish n or p charac-
er of carriers, basing on DOS analysis in the vicinity of the Fermi level. Note, that
hen diluting Ga in Mg2Si0.6Ge0.4, the “disordered” site contained three atoms

andomly distributed on the same crystallographic position. This case required to
xtend the self-consitent CPA condition for Green function GCP, to more general form
CP =

∑
iciGi with

∑
ici = 1.

Furthermore, preliminary information on thermopower behaviour in investi-
ated series of compounds, has been estimated from the Mott’s formula:

˛

T
= − �2

3

k2
B

e

∂ ln �(E)
∂E

t E = EF . Assuming that the transport function �(E) is mainly driven by DOS at the
ermi level and the hole mobility is energy independent, the transport function
containing complete information on k-dependent velocities and relaxation times
f electrons) can be replaced by total DOS, n(E). Consequently, the linear part of
hermopower can be derived, accounting only for n(E) and its derivative dn(E)/dE at
he Fermi level, yielding

˛

T
≈ − 1

n(E)
dn(E)

dE

t E = EF . This approach allowed tentatively interpreting positive sign and large val-
es of thermopower observed in Ga-doped Mg2(Si–Ge) systems.

In all calculations of ordered and disordered systems, the experimental values
f lattice constants were employed.

. Experimental and theoretical results

.1. Crystal-chemistry and sample purity

The X-ray diffraction patterns indicate that the all compounds
tudied crystallize in the cubic anti-fluorite CaF2-type structure

Fm-3m space group). The lattice parameters were determined by
ietveld profile refinements using the software Fullprof [18] (see
able 1). The replacement of Si atoms by the larger Ge atoms leads to
small increase (∼0.2%) of the lattice parameter, which remains in
greement with previous data [4,7]. We have also observed that the
2

Mg2Si:Ga(0.8%) 6.355 (3) 1.96 0.98
Mg2Si0.6Ge0.4:Ga(0.4%) 6.368 (3) 2.43 0.98
Mg2Si0.6Ge0.4:Ga(0.8%) 6.369 (3) 2.42 0.98

Ga doping very slightly increases the unit volume when compared
to undoped compounds.

Electron microprobe analysis measurements have evidenced no
significant deviation from the ideal 2:1 atomic ratio between Mg
and Si/Ge. However, after hot pressing process experimental con-
centrations of Ga have been found to be lower than the nominal
concentrations (0.4% and 0.8% instead of 1% and 2%, respectively),
indicating serious difficulty to enter more Ga into the matrix. Both
microanalysis and X-ray diffraction have also revealed the presence
of small amount of silicon (less than 2–5 wt.%).

3.2. Thermoelectric properties

The thermal variation (300–850 K) of the electrical resistivity of
Ga-doped Mg2Si and Mg2Si0.6Ge0.4 compounds is shown in Fig. 1.
All � (T) curves decrease with increasing temperature, indicating
a semiconductor-like behaviour, and they tend to more or less
similar values at high temperature. The room-temperature � of
Ga-doped Mg2Si compounds are visibly larger than those of Ga-
doped Mg2Si0.6Ge0.4 ones. Moreover, with increasing Ga content,
both electrical resistivity and its slope decrease, that would sug-
gest a crossover to from semiconducting-like to semimetallic-like
behaviour. This is best seen for Mg2Si0.6Ge0.4:Ga(0.8%), where the
electrical resistivity only slowly decreases in the whole temper-
ature range. Interestingly, the Si/Ge alloying and p-type doping
affected the electrical resistivity curves in quite similar way as
in Ag-doped Mg2Si and Mg2Si0.6Ge0.4 compounds [9], but the
electrical resistivity was found to decrease more rapidly in the
latter.

The results of the Hall coefficient RH, carrier mobility �H and
carrier concentration nP at room temperature (RT) are presented
in Table 2. The RH values are positive for all compounds, indicating
a p-type conductivity mechanism related to holes. The RT carrier
200 300 400 500 600 700 800 900
0.0

T ( K )

Fig. 1. Electrical resistivity (�) of Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and
0.8%) compounds.
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Table 2
Experimental values of electron transport properties of Ga-doped Mg2Si and Mg2Si0.6Ge0.4 compounds at RT.

Chemical composition � (	 m) RH (cm3 C−1) nP (cm−3) �H (cm2

V−1 s−1)
˛ (�V K−1) nF m∗

p/m0 Eg (eV)

Mg2Si:Ga(0.4%) 9.43 × 10−4 0.460 1.36 × 1019 4.87 380 0.75 1.08 0.79
Mg2Si:Ga(0.8%) 6.03 × 10−4 0.386 1.62 × 1019

Mg2Si0.6Ge0.4:Ga(0.4%) 2.74 × 10−4 0.203 3.08 × 1019

Mg2Si0.6Ge0.4:Ga(0.8%) 1.60 × 10−4 0.198 3.29 × 1019
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hich remains in line with the aforementioned behaviours of the
lectrical resistivity curves showing more semimetallic character
f the latter.

In intrinsic region, the energy gap at absolute zero Eg, may
e estimated from the slope of a plot of Log (RHT3/2) = f(1/T)
see, Fig. 2). The energy gap, as obtained by least-squares fits
o the data in the linear region is given in Table 2. These val-
es of energy gap Eg are between 0.79 eV for Mg2Si:Ga(0.4%)
nd 0.68 eV for Mg2Si0.6Ge0.4:Ga(0.8%), values very close to those
eported by several authors for the Mg2Si1−xGex solid solution
1,2,4,5,19].

Fig. 3 shows the temperature dependences of the thermopower
f Ga-doped Mg2Si and Mg2Si0.6Ge0.4 compounds. The sign of

he Seebeck coefficient of all compositions is positive, which
ell corroborates p-type conductivity observed from Hall coef-
cient RH measurements. All ˛(T) curves present a maximum,
eing the most pronounced for the case of Mg2Si:Ga(0.4%).
he thermopower maximum slightly shifts towards higher tem-
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ig. 3. Thermopower (˛) of Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and 0.8%)
ompounds.
6.39 347 0.82 1.11 0.75
7.36 310 0.91 1.52 0.73

11.84 300 0.94 1.54 0.68

peratures with increasing Ga content both for Mg2Si:Ga and
Mg2Si0.6Ge0.4:Ga compounds. Within the investigated samples, the
largest thermopower value is ∼412 �V/K (at 475 K) obtained for
Mg2Si:Ga(0.4%).

It is possible to obtain some information about the effective
masses of holes m∗

p at RT from experimental results of the ther-
mopower ˛, and carrier concentration np. These effective masses
m∗

p were calculated within a single parabolic band model and
assuming that the acoustic phonon scattering is the predominant
mechanism at RT for Ga-doped Mg2Si and Mg2Si0.6Ge0.4 alloys, as
reported by LaBotz et al. [4] and Noda et al. [5]. The thermopower
˛ and carrier concentration np are given by:

˛ = kB

e

(
2F1(nF )
F0(nF )

− nF

)

np = 4�
(

2m∗
p × kBT

h2

)3/2

F1/2(nF )

with

Fi(nF ) =
∫ ∞

0

xi dx

1 + e(x−nF )

where Fi(nF) are the Fermi-Dirac integrals, nF the reduced Fermi
level, kB the Boltzmann constant and h the Planck constant. The
values of reduced effective masses of holes m∗

p/mo, where mo is the
mass of the free electron obtained at RT are given in Table 2. As can
be seen, these values increase with increasing carrier concentration
np and Ga content, suggesting that the band structure is modified
by the Ga doping (in particular the hole bands near EF, which are
responsible for transport of charge carriers).
compounds is shown in Fig. 4. In both cases, the thermal con-
ductivity (�) decreases with increasing Ga content. The � values
of Ga-doped Mg2Si compounds reaches a minimum (at ∼700 K)
2.3 and 2.4 W/m K for Mg2Si:Ga(0.4%) and Mg2Si:Ga(0.8%), respec-
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Fig. 4. Thermal conductivity (�) of Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and
0.8%) compounds.
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nd 0.8%) compounds.

ively. Conversely, the Ga-doped Mg2Si0.6Ge0.4 compounds exhibit
hermal conductivities that slowly decrease with increasing tem-
erature and these values are lower compared to those found in
a-doped Mg2Si compounds. This decrease of thermal conductiv-

ty of Ga-doped Mg2Si0.6Ge0.4 compounds can be likely attributed
o Si/Ge disorder in the Mg2Si1−xGex alloys, as reported by Akasaka
t al. [7].

Accounting for the thermal conductivity � of a material is
ommonly expressed by a sum of a electronic (�el) and lattice
�ph) contributions (� = �el + �ph), the first part can be calculated
rom the Wiedemann–Franz law �el = L0T/� (L0: Lorentz number
.45 × 10−8 V2/K2, �: electrical resistivity, T: absolute tempera-
ure). The lattice contribution (�ph) is simply obtained from a
ifference between total and electronic thermal conductivities
ph = � − �el.

In our samples, the electronic thermal conductivity (�el) is much
ower than the lattice part and is of order of 0.15 W/m K being
lmost independent of temperature. The values of lattice thermal
onductivities �ph obtained in our investigated samples shows that
or all compounds, this phonon thermal conductivity (�ph) domi-
ates the magnitude as well as the temperature dependence of total
hermal conductivity (�), indicating that phonon-phonon interac-
ions are predominantly responsible for the character of thermal
esistance.

We can note that the values of thermal conductivities mea-
ured for Ga-doped Mg2Si and Mg2Si0.6Ge0.4 are comparable to
he � values reported for undoped samples [4,7], also varying
etween 6.9 and 3.2 W/m K for Mg2Si and 2.5–2.1 W/m K for
g2Si0.6Ge0.4.
The dimensionless figure of merit ZT was calculated from the

easured electrical resistivity (�), thermopower (˛) and thermal
onductivity (�) as a function of temperature.

Fig. 5 shows the thermal variation curves of ZT for p-type
g2Si:Gax and Mg2Si0.6Ge0.4:Gax (x = 0.4% and 0.8%) compounds.

or the all compounds, the ZT values increase with the temperature
ncreasing then decrease after reaching maximum values between
600 and 650 K. The maximum ZT value of ∼0.36 is obtained at
25 K for Mg2Si0.6Ge0.4:Ga(0.8%).

.3. Theoretical results
The Mg2Si compound exhibits an indirect 
 –X energy gap (Eg)
f order of 0.2–0.3 eV from our KKR method, being in line with
ery recent electronic calculations [20]. Much larger experimen-
al values of Eg, ranging from 0.66 to 0.78 eV [1,21,22], have been
ell interpreted from the GW method [23], yielding Eg = 0.65 eV.
Fig. 6. The real part of electronic dispersion curves of Ga-doped Mg2Si compound
(Ga on Si-site).

Electronic structure calculations commonly revealed that the band
gap comes from strong hybridization of p-states of Mg and (s,p)-
states of Si. From the chemical point of view, the crystal structure
of Mg2X (X = Si, Ge, Sn) is stabilized by covalent sp3 bonding for
particular number of peripheral electrons (VEC). For divalent Mg
and tetravalent X elements, the bonds are completely filled for
VEC = 8 (2 × 2 + 4), which is manifested by formation of energy gap
above fourth valence band [9,11,20]. The top of valence bands is
triply degenerated at 
 point (Fig. 6), which is generally favourable
to increase thermopower. Noteworthy, one of the valence bands
(well seen along 
 –K direction) is much more flat than the oth-
ers, which suggests relatively heavy effective hole masses, being
favourable for thermopower enhancement. Unlikely, at the bottom
of the conduction bands (X point) there are two intersecting bands,
which are non-degenerated [6,9,11]. It is interesting to remind
that the degeneracy of these two conduction bands may appear
when Si is substituted with Sn [6], which is likely related to the
expansion of the unit cell. Contrary, this unusual electronic struc-
ture feature does not occur when alloying with Ge, likely due
to smaller variation of the lattice constant in Mg2Si1−xGex alloy
[9].

Bearing in mind that LDA generally tends to underestimate mea-
sured value of energy gap, we focus mostly on the shape of valence
and conduction electronic bands, as well as the effect of impu-
rity energy levels on overall DOS in the vicinity of the Fermi level.
It should be noted that our previous electronic structure com-
putations showed that alloying isoelectronic Mg2Si and Mg2Ge
compounds does not lead to substantial modifications of electronic
bands near the energy gap [9]. This is mostly due to very close crys-
tal potentials of Si and Ge, which is reflected as similiar shape of
their corresponding component DOSs (Fig. 3b in [9]).

In the case of Ga-doped samples, it can be noticed that Ga intro-
duced to Mg2Si (also to Mg2Si0.6Ge0.4) may behave either as an
electron or hole donor, depending on the crystallographic site, it
is diluted. Ga substituting Mg, delivers electrons to the system
and the Fermi level is placed on increasing conduction-like DOS,
which suggests negative thermopower. This result would contra-
dict with positive thermopower measured experimentally in our
Ga-doped samples. Conversely, Ga substituting Si in Mg2Si (Fig. 7)
forms important p-DOS peak at the valence band edge and the Fermi
level lies on strongly decreasing DOS slope. This prediction well
supports positive thermopower detected in real samples Mg2Si:Gax

and Mg2Si0.6Ge0.4:Gax.
The fact that Ga impurity constitutes sharp peak in the vicinity
of EF (Fig. 7) indicates that valence states are strongly modified and
both density of states n(EF) its derivative dn(EF)/dE visibly depend
on Ga contents. This result suggests that a simple rigid band model,
often used when predicting electron transport behaviours in doped
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ystems, in principle fails in the case of Ga doping. On the other
and, for impurities having close crystal potential to the atom that
hey substitute (e.g. Bi [9] or Sb [11] replacing Si in Mg2Si), this
pproach seems to be well justified.

Fig. 6 presents the real part of complex energy bands in disor-
ered Mg2Si:Ga alloy. One observes that at 0.8% Ga concentration,
F shifts to the valence bands edge and it cuts three hole-like
ockets centered at 
 point. It appears that the highest valence
and becomes even more flat when the Ga concentration increases.
nspecting in more details DOS in Ga-doped near the energy band

dge and applying the simplified Mott’s formula for thermopower
lope ˛/T, one can conclude that quite large values of thermopower
an be expected both in Mg2Si (Fig. 8) and Mg2Si0.6Ge0.4 containing
he amount of Ga smaller than 1%. Depending on Ga content (actu-

able 3
eebeck coefficient derived from KKR-CPA DOS and Mott’s formula in Ga-doped
g2Si and Mg2Si0.6Ge0.4 compounds at RT, compared to experimental values.

Chemical composition n (EF) (Ry−1

per f.u)
˛ (th)
(�V K−1)

˛ (exp)
(�V K−1)

Mg2Si:Ga(0.4%) 2.2 310 380
Mg2Si:Ga(0.8%) 2.7 195 347
Mg2Si0.6Ge0.4:Ga(0.4%) 2.3 275 310
Mg2Si0.6Ge0.4:Ga(0.8%) 2.6 192 300

[
[
[
[
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ally varying hole concentration) thermopower may reach even
300–400 �V/K at room temperature. Table 3 presents the Seebeck
coefficient values computed from the KKR-CPA density of states and
Mott’s formula for Mg2Si:Gax and Mg2Si0.6Ge0.4:Gax (at RT) which
well supports the experimental findings at x = 0.4%. The discrep-
ancy between theoretical and experimental values of thermopower
is much more important for x = 0.8%, which may suggest that the
real amount of Ga in the alloys is smaller. On the other hand, we
should bear in mind that this estimation of thermopower should be
taken with care, since it is based on DOS analysis, without account-
ing for transport parameters as relaxation time and velocities [24]
and such simplified analysis tends to underestimate the measured
Seebeck coefficient.

4. Summary and conclusions

We have presented experimental and theoretical investigations
on the effect of Ga doping in Mg2Si and Mg2Si0.6Ge0.4 compounds
by measurements electrical resistivity, thermopower, Hall coeffi-
cient and thermal conductivity as well as electronic band-structure
calculations. Such minute amount of impurities are sufficient to
modify the thermoelectric properties of the aforementioned Mg2Si
and Mg2Si0.6Ge0.4 compounds. All samples are p-type materials evi-
denced by positive sign of both thermopower and Hall coefficient
in the investigated temperatures. The temperature dependence of
electrical resistivity � decreases with Ga content and revealed that
all materials are heavily doped semiconductors with the energy
gaps Eg, ranging between 0.68 eV and 0.79 eV. The increase of effec-
tive mass of holes with Ga content as well as carrier concentration
suggest that the band structures is modified by Ga doping. The
p-type character of thermoelectric behaviours of Ga-doped Mg2Si
and Mg2Si0.6Ge0.4 compounds, as well as the modification of bands
structures are well supported by our theoretical discussion from the
KKR-CPA calculations. One observes overall qualitative agreement
between experimental and theoretical values of thermopower at
RT, but the simplified analysis based only on calculated DOSs and
Mott’s formula to reach the slope ˛/T, tends to underestimate the
measured Seebeck coefficient. The thermal conductivity � of Ga-
doped Mg2Si and Mg2Si0.6Ge0.4 compounds decreases with the
increase Ga content. The maximum ZT value of ∼0.36 is obtained at
625 K for Mg2Si0.6Ge0.4:Ga(0.8%). This study shows that the Ga dop-
ing give the possibility to obtain p-type thermoelectric materials in
Mg2Si1−xGex alloys.
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