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SiGe films have attracted much atention recently due to experimental demonstrations of improved
thermoelectric properties over those of the corresponding bulk material. However, despite this increasing
attention, available information on the thermoelectric properties of SiyGe, films is quite limited, especidly for
nonuniform composition in wide temperature interval. In this paper we have used the Boltzmann equation under
the relaxation-time approximation to calculate the therma conductivity of Si;,Ge, films with nonuniform
composition. It is confirmed that SiGe films with nonuniform composition has significantly lower thermal
conductivity than its uniform counterpart. This suggests that an improvement in thermoelectric properties is
possible by using the SiGe films with nonuniform distribution of germanium.
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I ntr oduction

The semiconductor structures Si;Ge, are widely
used in the development of elements of microprocessor
technology [1], optodectronics [2] and infrared
photodetectors [3] due to their comparative low cost and
compatibility with the methods of obtaining silicon
technology for making devices and schemes. The
possibilities of silicon-germanium nanostructures with
guantum dots or quantum wires are aso intensively
studied to create memory cells [4], lasers [5], and
photovoltaic cells [6] on their basis. In recent years, the
powerful direction of research has been formed in solid
state physics, where structures, in particular Si;Ge
films, are considered as one of the promising materials
for improving the energy conversion efficiency of
semiconductor thermoelectric elements [7]. At the same
time, great attention is paid to the search of methods of
influence on the processes of thermoe ectric conversion
in a material by changing its structural, electrica or
thermal characteristics.

It is known that the efficiency of semiconductor
thermoelectric  elements is proportional to the
dimensionless value of ZT, which is caled the
thermoelectric figure-of-merit, and depends on the
electrical conductivity o of the materia, its thermal
conductivity k and the Zeebeck coefficient S
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where T is the temperature. So reducing the therma
conductivity of the working material is one of the
effective ways to increase the efficiency of energy
conversion in thermoelectric eements. Different ways of
reducing the heat conductivity of Si;,Ge, structures were
proposed, including nanostructuring of the material,
usage of Si/Ge superlattices, changes in ther
composition compound [8]. The usage of structures with
a nonuniform distribution of doping impurities i.e. the
modulated SiGe alloying films is considered an
aternative way of increasing the thermoelectric figure-
of-merit of Si;Ge, [9]. Scattering of phonons on
nonuniformly distributed doping impurities, for example,
phosphorus or boron, leads to a decrease in the therma
conductivity of the working material, which results an
increase of thermoel ectric figure-of-merit.

In this paper we study the possibility of tuning the
thermal conductivity of Si;.xGe, films by the nonuniform
digtribution of germanium aoms on film thickness.
Using the Boltzmann equation, the thermal conductivity
k of Si1Ge films is calculated in both - in film plane
and in the perpendicular direction. The temperature
dependences Kk(T) of films with different types of
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distribution of the content of germanium on the thickness
of the film are analyzed.

. Research Methods

Si;Gec films with nonuniform content x of
germanium atoms on the thickness d of the film were
studied (Fig.1). The calculation of thermal conductivity
was done by using the Boltzmann equation in the
framework of the approximation of relaxation time using
the model proposed in [10] and improved in [11]. To
calculate the thermal conductivity of inhomogeneous
films at the initiad stage, the breskdown of the
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Fig. 1. Scheme of the investigated structure (on the
left) and distribution of the atoms of germanium in it
(on theright).

investigated structure into thin layers was performed (the
dashed lines in the Fig. 1) and in each layer the Ge
content x was constant. According to our calculations,
the thickness of the films was chosen equal to 1 micron.
The thermal conductivity k, of each layer with the
number n was determined as the sum of the phonon

therma conductivity of one longitudinal k. and two
transverse ky modes:
_k 2k
3 2

Each of the contributions kL and kr was calculated

according to therelation:
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where | =L (longitudinal mode) or T (transverse mode),
ks is the Boltzmann congtant, h is the Planck constant, v,
is the speed of i-th phonon mode. The integrals liy, iy, lis
in (2) were defined as:
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where 6, is the Debye temperature, £ is is the reduced
energy for phonon, &=hwlksT. The total relaxation time
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of phonons was determined by the Matisson rule, taking
into account the possible scattering mechanisms:

11 1

t i t N,i t R , (7)
where zy; is the phonon relaxation time due to norma
phonon scattering, r; is the phonon relaxation time
which takes into account the Umklapp-scattering 7,
alloy scattering zaj, phonon scattering at the boundary
(surface) of afilm zg; and phonon-e ectron scattering e;:
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The relaxation time for the normal scattering can be
written as:

1 kagfT™? [ Vg (1- %) +VgeX]
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(9)
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where y isthe Griineisen parameter, Mg, Mge iSthe mass
of aSi and Ge atoms, Vg, Ve isthevolume of aSi and
Ge atoms respectively. The relaxation time for the
Umklapp scattering can be expressed as
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Finally, the relaxation times for scattering on
stoichiometric inhomogeneities, film surfaces, and
phonon-el ectron scattering were cal culated as:
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where « isthe coefficient of surface specularity, E¢ isthe
deformation potential, mis the electron effective mass, p
isthe dengty of crystal, u isthechemica potentid, f, =
v’/ (2kgT).

Further in the work the integral thermal conductivity
of the investigated film was determined and calculated in
accordance with (2) the therma conductivity of each
layer. In this case, the thermal conductivity in the plane
of thefilmis:

k=2 kn
no (15)
while the therma conductivity in the direction

perpendicular to the area of the film:
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Fig. 2. Distributions of the germanium atoms content in
the studied film: 1 — o = d/5; 2 — ¢ = d/2. Rectangles
schematically show the thickness of layers with a
nonuniform content of germanium.

, (16)

1. Results and discussion

It is known that the thermal conductivity of Si1Ge;
depends on the germanium content: with an increase in
the Ge fraction x in the S matrix, a monotonous decrease
in the coefficient of therma conductivity is observed, at
x=~0.5 the value of k reaches a minimum, and with the
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Fig. 3. Calculated the temperature dependence k(T) of

the thermal conductivity in the plane of Si;..Ge, film with
nonuniform distribution of germanium. The curves 1, 2
correspond to the distributions 1 and 2 in Fig. 2. The
curve 3 corresponds to a uniform digribution of
germanium.
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subsequent growth of the fraction x, the thermal
conductivity of the compound gradualy increases and
goes to the value of the thermal conductivity of the pure
Ge. Taking into account the described k(x) dependence
we sdected Siy,Ge, films with a average content of
germanium X =0.5 which corresponds to the minimum
on the curve k(X) for further research. At the same time,
for the films with a nonuniform digribution of
germanium x(2) in thickness, the condition was fulfilled:

1d
X == X(2)dz
do (17)
In this work, we studied the thermal conductivity of
Si1xGe, films with a digribution of germanium, whose
profile is approximated by the functions of the form:

, (18)

where A, ¢ are constants. In Fig. 2 it is shown the x(2)
distributions, described by the relation (18) for two
different values of ¢. Each distribution which is shown
above can be characterized by a different degree of
nonuniformity ox:

dx= Xmax = Xmin
Ximax (19)

where Xme and Xmin is the maximal and minimal content
of germanium in the film, respectively. In Fig. 2
digtribution 1 is characterized by a higher degree of
nonuniformity in comparison with Ge didribution 2.
Each of these distributions has different thicknesses of
layers with the same content of germanium: the value of
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Fig. 4. Cdculated the temperature dependence k. (T) of
the thermal conductivity in the perpendicular direction
to the area of the Si«Gec film with nonuniform
distribution of germanium. The curves 1, 2 correspond
to the distributions 1 and 2 in Fig. 2. The curve 3
corresponds to a uniform distribution of germanium.
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o increases when the layers thickness of the same be noted that our theoretical results are completely
component composition Si;.Ge, isalso increased. consistent with the experimental data of other authors

Fig. 3 and Fig. 4 show the temperature dependences [12], where the reduction of the therma conductivity
k() ad k.(T) for films with different x(2) with the simultaneous growth of thermoelectric figure-

distributions, which are represented in Fig. 2. These
findings are compared with analogous dependences for
Si;Ge films with homogeneous germanium contents

germanium distribution was confirmed.

X = 05 (curves 3 in Fig. 3 and Fig. 4). The thermal Conclusions
conductivity k; in the plane of Si;.Ge films shows a
tendency for decreasing when the nonuniformity degree Finally, in the presented paper we made the thermal

of-merit in S / Ge sructures with nonuniform

of the germanium distribution increases (curves 2 and 3 conductivity calculations of the nonuniform Si;.Ge,

in Fig. 3). It is noteworthy that the thermal conductivity films, using the Boltzmann equation in

k) in the region of low temperatures for a film with a  approximation time of relaxation. It is shown that when
lower degree of heterogeneity is smaller compared to a  the degree of film nonuniformity increases, the thermal
homogeneous film. But the inverserelations are observed ~ conductivity decreases and turns out to be less than the
in the region of high temperatures. Therefore, calculating ~ thermal conductivity of films with uniform distribution
the therma conductivity k. in the perpendicular of germanium. The obtained results may form the basis

direction to the area of the Si;.,Ge films shows that the
magnitude decreases with increasing degree of
nonuniformity of the Ge digtribution and is less than the
thermal conductivity of the homogeneous film SigsGeys

the heterogeneous film structures based on Siy.Ge;.

in the development of thermoelectric converters, using

in the whole studied temperature range (Fig.4). In  Kuryliuk V. - PhD of physics and mathematics, associate

addition, comparing the thermal conductivities k, and  professor, department of metal physics;
k. for films of the same nonuniformity degree, the value

department of meta physics.
k. at any temperature is slightly lower than k; . It should
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Po3paxyHok TemjionpoBiaHOCTi MIiBoK Si;GE 3 HEOMHOPIAHUM CKIIAT0OM

Kuiscoruil nayionanohuil ynisepcumem imeni Tapaca Llesuenxa, gizuunuii paxynomem, 01601, m. Kuis,
6yi. Bornooumupcoka 64113, men. (044)526-23-26, e-mail: kuryluk@univ.kiev.ua

3 BHUKOpUCTaHHAM piBHAHHA bonbliMaHa B HaOMMKEHHI dYacy penakcailil po3paxoBaHO TeMIIEpaTypHi
3aJIKHOCTI  KoedillieHTa TEeIUIONPOBIAHOCTI KpPEMHiH-TepMaHi€BUX IUIBOK 3 HEOAHOPIAHUM PO3IOJIIIOM
repMaHil0 10 TOBLIMHI CTPYKTypH. IlokazaHo, IO TEIUIONPOBiAHICTH IUIBOK Si;.GE 3MeHIIyeThCs 3i
30iIbLIEHHSIM  CTyneHs iX HeomHopingHocti. Ilpoananmi3oBaHo MexaHi3MH (DOHOHHOTO pO3CiIOBaHHS B
JIOCHI/DKYBaHMX ~ IUIIBKaX Ta BCTAHOBJICHO JIOMIHYIOYi IIPOLECH, SKHMH BH3HAYalOTBCS  IIPOLIECH
TEIUIONEPEHECEHHS B 00JIaCTi BUCOKHX 1 HU3BKUX TEMIIEpaTyp.

KirouoBi ci10Ba: xoedinieHT TEIIONPOBITHOCTI, IUIIBKA, KPEMHI, repMaHii, piBHsHHS Bonbimana.
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