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Interdisciplinary Center of Materials Science

Nanotechnology pilot plant
✦ Nanostructuring: lithography, thin film deposition, device prototyping
✦ Nanoanalysis: electron microscopy, optical spectroscopy, 

positron annihilation
✦ 1800 m2 labs, 620 m2 cleanroom

Research 

✦ Energy conversion:  photovoltaics, photonics
✦ Energy storage:       batteries
✦ Energy recycling:     thermoelectrics



Thermoelectric devices

Thermoelectric generator

U =
T2�

T1

S dT

Seebeck effect

✦ Heat → electricity
✦ Heat flow drives free e- and h+ 

from hot to cold

[Snyder, Toberer 2008]
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effective mass, which increases with flat, narrow bands with high 
density of states at the Fermi surface. However, as the inertial 
effective mass is also related to m*, heavy carriers will move with 
slower velocities, and therefore small mobilities, which in turn leads 
to low electrical conductivity (equation (2)). The exact relationship 
between effective mass and mobility is complex, and depends on 
electronic structure, scattering mechanisms and anisotropy. In 
principle, these effective mass terms can be decoupled in anisotropic 
crystal structures20.

A balance must be found for the effective mass (or bandwidth) 
for the dominant charge carrier, forming a compromise between 
high effective mass and high mobility. High mobility and low 
effective mass is typically found in materials made from elements 
with small electronegativity differences, whereas high effective 
masses and low mobilities are found in materials with narrow bands 
such as ionic compounds. It is not obvious which effective mass 
is optimum; good thermoelectric materials can be found within a 

wide range of effective masses and mobilities: from low-mobility, 
high-effective-mass polaron conductors (oxides14, chalcogenides21) 
to high-mobility, low-effective-mass semiconductors (SiGe, GaAs).

ELECTRONIC THERMAL CONDUCTIVITY
Additional materials design conflicts stem from the necessity for low 
thermal conductivity. Thermal conductivity in thermoelectrics comes 
from two sources: (1) electrons and holes transporting heat (κe) and 
(2) phonons travelling through the lattice (κl). Most of the electronic 
term (κe) is directly related to the electrical conductivity through the 
Wiedemann–Franz law:
 κ = κe + κl (3a)
and
 κe = LσT = neµLT , (3b)

where L is the Lorenz factor, 2.4 × 10–8 J2 K–2 C–2 for free electrons.

The thermoelectric effects arise because charge carriers in metals 
and semiconductors are free to move much like gas molecules, while 
carrying charge as well as heat. When a temperature gradient is 
applied to a material, the mobile charge carriers at the hot end tend 

to diffuse to the cold end. The build-up of charge carriers results 
in a net charge (negative for electrons, e–, positive for holes, h+) 
at the cold end, producing an electrostatic potential (voltage). An 
equilibrium is thus reached between the chemical potential for 
diffusion and the electrostatic repulsion due to the build-up of 
charge. This property, known as the Seebeck effect, is the basis of 
thermoelectric power generation.

Thermoelectric devices contain many thermoelectric couples 
(Fig. B1, bottom) consisting of n-type (containing free electrons) 
and p-type (containing free holes) thermoelectric elements wired 
electrically in series and thermally in parallel (Fig. B1, top). A 
thermoelectric generator uses heat flow across a temperature 
gradient to power an electric load through the external circuit. The 
temperature difference provides the voltage (V = α∆T) from the 
Seebeck effect (Seebeck coefficient α) while the heat flow drives the 
electrical current, which therefore determines the power output. In a 
Peltier cooler the external circuit is a d.c. power supply, which drives 
the electric current (I) and heat flow (Q), thereby cooling the top 
surface due to the Peltier effect (Q = αTI). In both devices the heat 
rejected must be removed through a heat sink.

The maximum efficiency of a thermoelectric material for 
both power generation and cooling is determined by its figure of 
merit (zT):

 
2

 = . 

zT depends on α, absolute temperature (T), electrical resistivity 
(ρ), and thermal conductivity (κ). The best thermoelectrics are 
semiconductors that are so heavily doped their transport properties 
resemble metals.

For the past 40 years, thermoelectric generators have 
reliably provided power in remote terrestrial and extraterrestrial 
locations most notably on deep space probes such as Voyager. 
Solid-state Peltier coolers provide precise thermal management 
for optoelectronics and passenger seat cooling in automobiles. 
In the future, thermoelectric systems could harness waste heat 
and/or provide efficient electricity through co-generation. One 
key advantage of thermoelectrics is their scalability — waste heat 
and co-generation sources can be as small as a home water heater 
or as large as industrial or geothermal sources.

Box 1 Thermoelectric devices

Heat absorbed

Heat rejected

Metal
interconnects

Substrates

Thermoelectric 
elements

+Current

Heat absorption

Heat rejection

External 
electrical 
connection

e–

h+

n

pHeat flow

Figure B1 Thermoelectric module showing the direction of charge flow on 
both cooling and power generation.



Thermoelectrics
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Basic terms of thermoelectrics

ZT =
S2s

k
T

✦ Determined by the dimensionless figure of merit 

(S2σ power factor, σ electrical conductivity, κ thermal conductivity,!T!temperature) 
✦ High ZT requires S2σ ↑ and κ = κe + κph ↓
✦ Problem: Coupling between electrical and thermal conductivity
✦ Topical materials ZT ≤ 1
✦ Taylor materials by nanostructuring: Superlattices, nanowires, quantum dots

Conversion efficiency

S2σ ↑κ ↓
Phonon glass Electron crystal



Si as thermoelectric material
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✦ Bandstructure engineering

✦ Phonon scattering at interfaces, porous surfaces, defects

Nanostructuring



ZT =
S2s

kph +ke
T

Superlattices

Single-crystalline multilayer and quantum dot superlattices

t (Å)

Z
T

Thermoelectric efficiency ZT for 

anisotropic Bi2Te3 layers of the thickness t
[Hicks, Dresselhaus 1993]

(1) Cross plane
(2) In plane
---  Bulk material



kph =
1
3

Cu`

Reduction of thermal conductivity

Cross-plane transport in SL → Coherent phonon scattering at interfaces

Phonon

Electron

Phonon scattering at interfaces

Mean free path

ℓ ≈ 260 nm

ℓe ~ 10 nm

a

If layer thickness a < ℓ, the thermal 
conductivity of the lattice κph is reduced.

(C lattice heat capacity, υ speed of sound)



Phonon scattering

Superlattices, composites, quantum dot SLs, random multilayers

MD Simulation
[Frachioni, White 2012]

simulated thermal conductivities of 0.015 W/m-K at a mass
ratio of ten and 0.050 W/m-K at a mass ratio of four, repre-
senting thermal conductivity reductions of a factor of 10 000
and 3000, respectively. However, when the mass-altered
atoms no longer reside solely in the randomly selected
planes, but are located about a randomly selected plane as
determined by the Gaussian probability distribution function,
the thermal conductivity is found to increase by approxi-
mately an order of magnitude over that of the ideal random
multilayer structure. The thermal conductivity of the mass
disordered random multilayer remains below that of both the
random alloy and the superlattice structure for all cases
where size effects can be safely ignored in the simulations.

To understand these results, we calculate the inverse par-
ticipation ratio, R ¼

P
i ðwiw

#
i Þ

2, where wi is the displace-
ment of the ith atom in the eigenmode w; for atoms in a 200
atom one-dimensional chain where the atoms are connected
to nearest neighbors through an idealized harmonic potential
with a spring constant chosen to produce the correct longitu-
dinal speed of sound in silicon. As in the three-dimensional
solids examined by molecular dynamics simulations, 20% of
the atoms in this chain are randomly selected to have their
mass altered. Examination of the eigenmodes indicates that
for R> 0.015, the modes are localized with a localization
length smaller than the size of the lattice. In Figure 3, the per-
centage of modes localized in this simple one dimensional
model as a function of mass ratio is plotted indicating that at
mass ratios greater than approximately four, 90% of the
vibrational modes are localized and thus, in the limit of a har-
monic solid, have zero lattice thermal conductivity. Also
included in the inset of Figure 3 is the absolute value of the
atomic displacement for a typical eigenmode (from a system
with mass ratio of four) whose inverse participation ratio is

greater than 0.015. The displacements for these modes show
an exponential decay of the displacement in space, a charac-
teristic of Anderson localized eigenmodes.41,42 We empha-
size that this localization is not simply the result of the solid
containing interfaces between the mass-altered and regular
lattice planes given that the superlattice structure contains the
same number of such interfaces.

As further evidence that Anderson localization is re-
sponsible for the dramatically reduced thermal conductiv-
ities, we examined the temperature dependence of the
thermal conductivity in the simulated solids. Because of the
classical nature of the molecular dynamics simulations, all
phonon modes are active in the solid at all simulated temper-
atures. Thus, the variation of thermal conductivity with tem-
perature reflects, mainly, the variation in phonon-phonon
scattering (mode coupling) due to the strength of the anhar-
monic terms in the potential. In Figure 4, the temperature de-
pendence of the thermal conductivity is shown for the largest
mass ratio explored, ten. In the case of the random alloy, the
thermal conductivity is seen to be essentially constant in
temperature due to the temperature independent nature of the
alloy scattering in a classical simulation environment. In the
case of the superlattice structure, the thermal conductivity is
seen to increase with decreasing temperature, as expected for
a solid whose normal modes are plane waves (i.e., extended
states) and where phonon-phonon scattering is reduced as
the magnitude of the anharmonic terms in the potential are
reduced with decreasing temperature. In the case of the ran-
dom multilayer structures, the thermal conductivity is seen
to decrease as the temperature is decreased. This behavior is
typical of that seen in amorphous materials43 where a signifi-
cant fraction of the vibrational modes is believed to be local-
ized and the anharmonic terms in the potential enable mode
coupling, producing a nonzero lattice thermal conductivity.44

To estimate the impact such a low lattice thermal con-
ductivity could have on the thermoelectric properties of

FIG. 3. The percentage of modes localized as a function of mass ratio for an
ideal one-dimensional mass and spring lattice. The spring constant was cho-
sen to produce the correct speed of sound in silicon. Inset: The absolute
value of the atomic displacement as a function of position for a representa-
tive eigenmode with inverse participation ratio, R> 0.015 of the one-
dimensional ball-spring model in which mass ratio four atoms are randomly
placed in the lattice. The eigenmode clearly shows the exponential decay
typical of Anderson localization.

FIG. 4. Simulated thermal conductivity as a function of temperature for ran-
dom multilayer (blue), disordered random multilayer (red), random alloy
(yellow), and superlattice (green) silicon based solids where the mass ratio
of the mass-altered atoms is ten.

014320-3 A. Frachioni and B. E. White, Jr. J. Appl. Phys. 112, 014320 (2012)
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Reduction in the thermal conductivity

K. Bertram - DPG SKM Frühjahrstagung, Regensburg 13.03.2013

Reduction of the thermal conductivity

• Different approaches through nanostructures like 

- Superlattices (SL)

- Nanowires (NW)

- Quantum-dot 

superlattices (QDSL)

- Nanowires containing 

superlattices (SLNW)



MBE of Si–Ge layers

Si–Ge SL

Si capping layer

✦ Stack of alternating layers of Si and Si1 – xGex alloy 

✦ Precision of single layers: ± 0.2 nm

Si substrate

Ge 0.2…10 nm

Si 1.5…12 nm



Quantum dot Si–Ge superlattice

✦ (001), (111) orientation of the Si substrate

✦ Si (111) → flat layers

✦ Si (100) → Ge islands (density ~ 109…1011 cm-2)

Si substrate

10…30 nm

3…5 nm

Quantum dot (Ge island)

100 nm

[Tonkikh et al 2011]



Cross-plane measurement

✦ Direct measurement of thin layers 
on a substrate rather demanding

✦ Cross-plane and in-plane electrical 
conductivity of specially designed 
samples (mesa) obtained via 
transmission line model

✦ Determination of the contact 
resistances

✦ Small error of resistivity 
measurement only with slight 
doping

S, σ, κ

H
ei

gh
t



Current–voltage distribution

Finite-element simulation of the current–voltage distribution 

in mesa structures of different widths
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Seebeck cross-plane measurement

✦ Measurement of the thermoelectric voltage close to the superlattice mesa

✦ Metals 1 and 2 form the thermocouple 
→ determination of the temperature difference ΔT

✦ Measurement of further thermovoltages to eliminate the in-plane contribution

✦ Where to place the heater?

Metal 1

Metal 2

U1

U1U2

U2

Δ
T



3ω measurements

✦ Deposition of a 100 nm insulating Al2O3 layer by ALD

✦ Reference sample without the multilayer structure

✦ Differential 3ω measurement of the thermal conductivity 
of thin films, U3ω = f(κ)

Al2O3Al2O3

Substrate + Buffer
Substrate + Buffer

Multilayer

w w

df



Temperature increase

✦ Current I = I0 cos ωt is related to the increase in temperature

ΔT = ΔT0 cos(2ωt + φ)

✦ Resistance of a metallic wire

R = R0(1 + αΔT) 

Voltage U = RI = R0[1 + αΔT0 cos(2 ωt + φ)] I0 cos ωt

✦ The U3ω = 1/2 I0R0αΔT0 component contains information about the 

thermal properties of the underlying matter and is measured with a 

lock-in amplifier.

[Jacquot et al. ETC 1999]
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Thermal conductivity of the thin film

Measurement at a reference sample of the thickness 

tref and the sample containing the thin film with the 

total thickness ttot (b width of the bolometer)



Thin film thermal conductivity

1D heat flow

Measurement with one bolometer 
stripe, width b ⨠ df

ΔΤf → 1D thermal conductivity κ1D

2D heat flow

Measurements with two bolometer stripes, 
b1 and b2 

ΔΤf → in-plane thermal conductivity κ||                   

→ cross-plane thermal conductivity κ⊥

ΔΤf

Multilayer

Reference

Δ
T 

(K
)

0

0.5

1.0

1.5

Frequency (Hz)
1 10 100 1000

Bolometric temperature increase 
ΔΤ measured in a multilayer and 

a reference sample as a function 
of the frequency



SiGe Superlattices

total Ge content of the film

1.7 % 3.5 % 17 %

10 nm 50 nm 10 nm

0.2 nm Ge + 3.3 nm Si

171×

1.6 nm Ge + 12 nm Si

39×

2 nm Ge + 1.5 nm Si

171×



Thermal conductivity of periodic SL

17 % Ge, period 4.5 nm

1.7 % Ge, period 4.5 nm

1.7 % Ge, period 4.5 nm

3.5 % Ge, period 13.6 nm

3.5 % Ge, period 13.6 nm

In-plane and cross-plane thermal conductivities for SLs 
with different Ge contents and periods
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Aperiodic multilayers

Ge content

2.9 % 3.3 %

20 nm

1.2 nm Ge + 12 nm Si

1.2 nm Ge + 12 nm Si
1.8 nm Ge + 12 nm Si

0.9 nm Ge + 12 nm Si

1.6 nm Ge + 12 nm Si

6×, ≈ 600 nm

0.6 nm Ge + 4.1 nm Si

0.3 nm Ge + 5.1 nm Si
0.8 nm Ge + 4.8 nm Si

0.6 nm Ge + 5.7 nm Si

0.6 nm Ge + 3.8 nm Si

34×, ≈ 940 nm



Results of random multilayers

κ||

SL

Random multilayer

SL

Random multilayer

κ⊥

Thermal conductivities in a random multilayer (2.9 % Ge) 
in comparison to a superlattice( 3.5 % Ge).
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Defect issues

thermal (>1010 cm!2 dislocation density) conductivities,
with the electrical conductivity exhibiting the greatest
decrease. This results in a sharp decrease in the ratio of the
electrical to thermal conductivities, which cannot be com-
pensated for by the associated increase in the Seebeck coeffi-
cient (thermoelectric power), indeed due to the dominance of
the dislocation density the Seebeck coefficient has begun to
saturate within this region.

IX. IMPACT OF DISLOCATION SCATTERING ON THE
THERMO-ELECTRIC DESIGN OF THE N AND P-TYPE
QUANTUM WELLS

The dependence of ZT for our designs is evaluated for
threading dislocation densities from 1" 104 cm!2 to
1" 1014 cm!2. This is sufficient to cover the published range

of dislocation densities obtained in the growth of strained Ge
heterolayers on Si. These dislocation densities vary from
1" 106 cm!2 to 1" 1010 cm!2 (Refs. 50 and 51) the varia-
tion being dependent on the substrate thickness and growth
conditions. The effect of the dislocation scattering on the
thermoelectric figure of the dimensionless figure of merit ZT
(T¼ 300 K assumed) for the individual designs is shown in
Fig. 5, for both the p-channel and n-channel designs. We can
clearly see that for both electrons and holes that the effect of
dislocation scattering has little effect on the dimensionless
figure of merit, below a dislocation density of $108 cm!2.
Above this density, dislocation scattering becomes increas-
ingly important and the thermoelectric figure of merit drops
rapidly. Below a dislocation density of $108 cm!2, the
figure or merit for the holes actually increases by a small
amount as can be seen most clearly from the insert in Fig. 5,
which shows the figure of merit Z. The reason for this is that
although dislocation scattering has a negative impact on both
electrical and thermal transport, the critical factor is the ratio
of the electrical to the thermal conductivity as compared to
the Seebeck coefficient. As discussed in the previous section
the mechanism for this small increase is due to an enhance-
ment in the Seebeck coefficient from dislocation scattering,
Fig. 2, as the Seebeck coefficient is associated with the
entropy per charge carrier.

X. CONCLUSIONS

We have investigated the impact of the dislocation
density for both components of a quantum well Si/Si1-xGex

thermoelectric module consisting of n-channel and p-chan-
nel Si/Si1-xGex quantum well structures. We have shown
that the thermoelectric figure of merit for both the n and
p-channel components remains acceptable for many applica-
tions up to a dislocation density of $108 cm!2 and then
decreases rapidly.

FIG. 4. (Color online) (a) The phonon contribution to the thermal conductivity j (W=Km) as a function of the dislocation density from 0 to 1014 cm!2 for the
p-channel Si1-xGex design discussed in the text. The individual contributions are denoted as follows: The thermal conductivity for the strained Ge quantum
wells: (red squares). The thermal conductivity for the Si0.3Ge0.7 barriers: (black triangles). The weighted average of the thermal conductivity for the quantum
wells and barriers: (green diamonds). (b) The phonon contribution to the thermal conductivity j(W=Km) as a function of the dislocation density from 0 to 1014

cm!2 for the n-channel Si1-xGex design discussed in the text. The individual contributions are denoted as follows: The thermal conductivity for the strained Si
quantum wells: (red squares). The thermal conductivity for Si0.5Ge0.5 barriers: (black triangles). The weighted average of the thermal conductivity for the
quantum wells and the barriers: (green diamonds)

FIG. 5. (Color online) The dimensionless thermoelectric figure of merit ZT
(T¼ 300 K assumed) as a function of the dislocation density from 0 to 1014

cm!2 for the n-channel design (blue solid-line with circles) and the p-chan-
nel design (red dashed-line with circles) as discussed in the text. The ther-
moelectric figure of merit Z (T!1) as a function of the same dislocation
density is shown in the inset.

114508-6 J. R. Watling and D. J. Paul J. Appl. Phys. 110, 114508 (2011)
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(b) Si0.3Ge0.7 barrier
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Comparison of thermal conductivities

[Frachioni, White 2012]

Mass ratio

under constant pressure and temperature conditions was used
to equilibrate these systems.

Following initial equilibration, a RNEMD technique34

was employed for determination of thermal conductivity.
Periodically, atoms with the smallest energies in a region at
the center of the sample were exchanged with atoms having
the largest energies at the ends of the sample. The regions of
energy (and momentum) exchange were confined to one
[001] lattice plane at each end of the sample and a pair of
[001] lattice planes at the center. The thermal conductivity
of the solid was determined from the extracted energy flux
and the corresponding temperature gradient developed as a
result of this energy exchange.

To verify the appropriateness of the Stillinger-Weber
potential in these simulations, the thermal conductivity of
silicon containing its natural isotopes (4.6% 29Si, 3.1% 30Si,
92.3% 28Si) was determined using a Green-Kubo based equi-
librium molecular dynamics (EMD) technique, the details of
which can be found in Refs. 35–37. A 512 atom system
(4! 4! 4 unit cells) was equilibrated at 300 K followed by
extraction of the heat current autocorrelation function from
data generated out to 5! 106 time steps (5 ns). The derived
thermal conductivity using this approach was 160 W/m-K
for silicon containing its natural isotopes, in good agreement
with experimental data at 300 K (Ref. 12) and other EMD
derived values for silicon containing its natural isotopes.38

We note that in the case of an isotopically pure 28Si solid,
the simulated 300 K thermal conductivity is approximately
220 W/m-K in agreement with previous equilibrium molecu-
lar dynamics simulations of this material.38,39

Four types of solids were examined in this work
(Figure 1). In each case, 20% of the atoms were mass-altered
in the form of either (1) a random alloy in which the mass-
altered atoms were randomly distributed throughout the solid;
(2) a superlattice in which the mass of each atom in every fifth
[001] lattice plane was altered; (3) a random multilayer in
which the mass of each atom in randomly selected [001] lat-
tice planes was altered; or (4) a disordered random multilayer
in which the mass-altered atoms were distributed about the
random multilayer mass-altered planes as determined by a
Gaussian probability distribution function with a standard
deviation of one lattice plane. In the case of the random multi-
layer, 80 atomic planes (corresponding to 20% of the atoms)
were randomly selected using a pseudorandom number gener-
ator that produced a uniform probability distribution in the
range from zero to one, with the mass of atoms contained in
the atomic plane being altered when the random number gen-
erator produced values less than 0.2.40 In all cases, to elimi-
nate issues associated with poorly known potentials and to
focus on the opportunities presented solely by mass disorder,
the bonding remained that of Stillinger-Weber silicon.

III. RESULTS AND DISCUSSION

The simulated thermal conductivity at 300 K as a func-
tion of mass ratio (pseudomorphically grown layer atomic
mass/silicon mass) is shown in Figure 2 along with the experi-
mental data from reference 12 for silicon (containing its natu-
ral isotopes). Isotopically pure silicon simulated using the
reverse equilibrium molecular dynamics technique shows a
substantial reduction in lattice thermal conductivity when
compared with the experimental data and the EMD simulated
data, due to the artificially reduced phonon mean free paths
provided by the finite size of the simulation box. For the mate-
rials simulated here, thermal conductivities less than 1 W/m-K
were verified to be free of size effects by doubling the length
of the simulated structure in the [001] direction and observing
no change in lattice thermal conductivity.

In the case of the superlattice structure, the thermal con-
ductivity decreases from a size effect limited value of 20 W/
m-K to a value of approximately 0.5 W/m-K as the mass ratio
is varied from 1 to 10. We note that this range is experimen-
tally accessible with the column IV elements Ge (mass ratio
2.6), Sn (mass ratio 4.2), and Pb (mass ratio 7.4). A decrease
in the mass ratio from 1 to 0.1 (noting that C produces a mass
ratio of 0.43 and H a mass ratio of 0.03) also produces a no-
ticeable reduction in the lattice thermal conductivity for the
superlattice structure. In the case of the random alloy, the
reduction in lattice thermal conductivity is found to be similar
to that found in the cases of the superlattice structure.

The results for the random multilayer show a substan-
tially reduced lattice thermal conductivity over both the
random alloy structure and the superlattice structure with

FIG. 1. A schematic of the four silicon like solids explored in this work. (a)
Random multilayer, (b) disordered random multilayer, (c) superlattice, and
(d) random alloy.

FIG. 2. Simulated thermal conductivity as a function of mass ratio for the
indicated silicon based solids at 300 K. Ideal random multilayer (blue), mass
disordered random multilayer (red), random alloy (yellow), and superlattice
(green).
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✦ Only a small reduction in κ⊥ for random 

multilayers   compared to SL  observed 
due to low mass ratio in the multilayers 
investigated so far

✦ Random multilayers exhibit as well 
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Comparison of thermal conductivities

κ(Si) ≈ 150 W K-1
 m-1

κ(SiGe SL) ≈ 2 W K-1
 m-1

      mGe/mSi ≈ 2.6

κ(SiSn aML) < 0.1 W K-1
 m-1

      mSn/mSi ≈ 4.2

SiSn Alloys: Motivation

A.A Tonkikh, tonkikh@mpi-halle.de

Si-based Thermoelectrics: Reduction in Si Thermal Conductivity

λλλλ(Si) ~ 150 W/m-K

λλλλ(SiGe SL) ~ 1.5 W/m-K

λλλλ(SiSn) < 1 W/m-K

mGe/mSi~ 2.6

mSn/mSi~ 4.2

2

Mass ratio

under constant pressure and temperature conditions was used
to equilibrate these systems.

Following initial equilibration, a RNEMD technique34

was employed for determination of thermal conductivity.
Periodically, atoms with the smallest energies in a region at
the center of the sample were exchanged with atoms having
the largest energies at the ends of the sample. The regions of
energy (and momentum) exchange were confined to one
[001] lattice plane at each end of the sample and a pair of
[001] lattice planes at the center. The thermal conductivity
of the solid was determined from the extracted energy flux
and the corresponding temperature gradient developed as a
result of this energy exchange.

To verify the appropriateness of the Stillinger-Weber
potential in these simulations, the thermal conductivity of
silicon containing its natural isotopes (4.6% 29Si, 3.1% 30Si,
92.3% 28Si) was determined using a Green-Kubo based equi-
librium molecular dynamics (EMD) technique, the details of
which can be found in Refs. 35–37. A 512 atom system
(4! 4! 4 unit cells) was equilibrated at 300 K followed by
extraction of the heat current autocorrelation function from
data generated out to 5! 106 time steps (5 ns). The derived
thermal conductivity using this approach was 160 W/m-K
for silicon containing its natural isotopes, in good agreement
with experimental data at 300 K (Ref. 12) and other EMD
derived values for silicon containing its natural isotopes.38

We note that in the case of an isotopically pure 28Si solid,
the simulated 300 K thermal conductivity is approximately
220 W/m-K in agreement with previous equilibrium molecu-
lar dynamics simulations of this material.38,39

Four types of solids were examined in this work
(Figure 1). In each case, 20% of the atoms were mass-altered
in the form of either (1) a random alloy in which the mass-
altered atoms were randomly distributed throughout the solid;
(2) a superlattice in which the mass of each atom in every fifth
[001] lattice plane was altered; (3) a random multilayer in
which the mass of each atom in randomly selected [001] lat-
tice planes was altered; or (4) a disordered random multilayer
in which the mass-altered atoms were distributed about the
random multilayer mass-altered planes as determined by a
Gaussian probability distribution function with a standard
deviation of one lattice plane. In the case of the random multi-
layer, 80 atomic planes (corresponding to 20% of the atoms)
were randomly selected using a pseudorandom number gener-
ator that produced a uniform probability distribution in the
range from zero to one, with the mass of atoms contained in
the atomic plane being altered when the random number gen-
erator produced values less than 0.2.40 In all cases, to elimi-
nate issues associated with poorly known potentials and to
focus on the opportunities presented solely by mass disorder,
the bonding remained that of Stillinger-Weber silicon.

III. RESULTS AND DISCUSSION

The simulated thermal conductivity at 300 K as a func-
tion of mass ratio (pseudomorphically grown layer atomic
mass/silicon mass) is shown in Figure 2 along with the experi-
mental data from reference 12 for silicon (containing its natu-
ral isotopes). Isotopically pure silicon simulated using the
reverse equilibrium molecular dynamics technique shows a
substantial reduction in lattice thermal conductivity when
compared with the experimental data and the EMD simulated
data, due to the artificially reduced phonon mean free paths
provided by the finite size of the simulation box. For the mate-
rials simulated here, thermal conductivities less than 1 W/m-K
were verified to be free of size effects by doubling the length
of the simulated structure in the [001] direction and observing
no change in lattice thermal conductivity.

In the case of the superlattice structure, the thermal con-
ductivity decreases from a size effect limited value of 20 W/
m-K to a value of approximately 0.5 W/m-K as the mass ratio
is varied from 1 to 10. We note that this range is experimen-
tally accessible with the column IV elements Ge (mass ratio
2.6), Sn (mass ratio 4.2), and Pb (mass ratio 7.4). A decrease
in the mass ratio from 1 to 0.1 (noting that C produces a mass
ratio of 0.43 and H a mass ratio of 0.03) also produces a no-
ticeable reduction in the lattice thermal conductivity for the
superlattice structure. In the case of the random alloy, the
reduction in lattice thermal conductivity is found to be similar
to that found in the cases of the superlattice structure.

The results for the random multilayer show a substan-
tially reduced lattice thermal conductivity over both the
random alloy structure and the superlattice structure with

FIG. 1. A schematic of the four silicon like solids explored in this work. (a)
Random multilayer, (b) disordered random multilayer, (c) superlattice, and
(d) random alloy.

FIG. 2. Simulated thermal conductivity as a function of mass ratio for the
indicated silicon based solids at 300 K. Ideal random multilayer (blue), mass
disordered random multilayer (red), random alloy (yellow), and superlattice
(green).
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Si–Ge–Sn Sn crystallographic phases

αααα-Sn
Grey tin

ββββ-Sn
White tin

T < 13.2 °С

aαααα-Sn=6.49 Å

T > 13.2 °С

Basic Properties

A.A Tonkikh, tonkikh@mpi-halle.de

Periodic Table Band Structure
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αααα-Sn
Grey tin
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White tin

T < 13.2 °С
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SiSn growth

Si

Si

SiSn

10 nm

Cross-section TEM

SiSn Growth

A.A Tonkikh, tonkikh@mpi-halle.de

Cross-Section Scanning 
Transmission Electron Microscopy

Difference from GeSn case: a higher 
growth temperature is required ≥ 200 °C
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SiSn multilayers

Defective growth with stacking faults 
➀, voids ➁, amorphous Si/SiSn ➂ 

Defect-free multilayers with Si insertions 
grown at high temperatures ➃

Tonkikh et al J Cryst Growth 392 (2014) 49

➀ ➁

➂

➃



Si–Ge nanowires

Silicon nanowires fabricated 
by metal-assisted etching

Si–Ge superlattice 
nanowires, ∅ below 20 nm 

Further reduction of the thermal conductivity
100× smaller than bulk Si for ∅ below 100 nm

Geyer et al Nano Lett 9 (2009) 3106; 
J Phys Chem 116 (2012) 13446



Si nanoparticles in Al2O3

SiOx

Fabrication of nanoparticles in thin-film oxides

✦ Annealing T > 560 °C

✦ Conductivity ~ 100 S/cm, Seebeck coefficient S ≈ 400 µV/K

3 SiO2 + 4 Al → 3 Si + 2 Al2O3



Composite films with Si quantum dots

High power factor can be achieved near to the percolation limit (σ > 100 S/cm, 
S ≈ 400 µV/K), thermal conductivity close to the oxide

Hartmut�S.�Leipner ,�Martin�Kittler1 2

*�Corresponding�author:�hartmut.leipner@cmat.uni-halle.de

Hybrid�Si/Ge-based�thin�films�of�the
electron�crystal–phonon�glass�type�for
thermoelectric�applications

1

2

Interdisziplinäres�Zentrum�für�Materialwissenschaften�(IZM@MLU),�Martin-Luther-Universität
Joint�Lab�IHP/BTU�Cottbus
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(BMBF-project�SiGe-TE)
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(BMBF-project�SINOVA)

c-Si
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Fabrication�techniques
PECVD
Thermal�evaporation
E-beam�evaporation

Anneal

Degree�of�crystallization�Fc
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depends�on�oxygen�concentration�in�starting�film
the�lower�the�oxygen�concentration�the�smaller�the�dotsize
control�of�randomly�distributed�particles�or�layered�structure
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Oxygen�content�in�the�starting�film�material�adjustable
(0<x<2)�by�varying�the�N O/SiH flow�ratio�Ro2 4

SiO :�1050°C,�1h1.3SiO :�900°C,�1h0.1

Control�of�oxygen�content
PECVD:

N O/SiH ratio" 2 4

Particle�size,�shape�and�arrangement�depend�on
annealing�temperature�and�time.

Resulting�film�thickness�depends�on Al�film�thickness
Possible�substrates�are�quartz�and�thermaly�oxidized�Si.

Annealing�techniques
Rapid�thermal�annealing
(RTA)
Light-induced�crystallization
(LIC)

Current–voltage�measurements�on�undoped�films�with
different�oxygen�content�(film�thickness�100�nm).�For
details�see [2]�.

Electron-energy�loss�analysis�with�contributions�from�the
SiO matrix�and�the�crystalline�Si�(c-Si)�nanoparticles.2

Si

SiO2

Current�flow

Properties�of�undoped�films
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Alternative�methods�with�higher�deposition�rates

Fabricate�a�device�test�structure

Model�system Influence�of�fabrication�parameters�and�doping�on
structural�and�thermoelectric�properties.
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Si�in�SiO system2
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Starting�with�randomly�distributed�particles.

Optimization�of�particle�size�and�shape.

Layered�nc-Si/SiO structures�with�SiO layer
thicknesses�<�2�nm.

Final,�adapt�PECVD�process�in�preliminary�tests�for�the
formation�of�Ge-�or�Si-Ge-nc�in�SiO matrix.

In�situ�doping�of�PECVD�deposited�films.

2 2
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E-beam�and�thermal�evaporationPECVD

Deposition�at�low�oxygen�partial�pressure:
Formation�of�randomly�oriented�particles.�Shape�and
size�depend�on�the�annealing�conditions.

Lithographic�prepared�measurement�structure�(left).�FEM-Simulation�of�the�current-voltage�distribution�in�a�multilayer
sample,�prepared�for�measurement�of�the�cross-plane�electrical�conductivity�for�two�different�mesa�width�d�(middle).
Electrical�potential�along�the�buffer�layer,�showing�the�non-linear�behaviour�due�to�current-crowding�effect.�Measured
electrical�conductivity�and�deviation�from�the�real�value�if�current�crowding�is�neglected.

Layered�structure�of�nc-Si�and�SiO2

Particle�size,�shape�and
arrangement�are�well�defined�by

the�process�parameters.

Current�flow
through�percolation
paths.

Distances�<�2nm
showing�increased
current�density.
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Schematic�view�of�the
sample�containing�a
dislocation�network
within�a�thin�SOI
layer.

TEM�plan�view�of�a�corresponding�dislocation�network.

The�resistance�of�the�SOI�layer�is�reduced�about�104
times�after�introduction�of�a�dislocation�network�(R�disl-
network�~�4�x�10 Ohm,�R�reference�~�2�x�10 Ohm).
Accordingly,�ZT ~�1/ of�the�Si�layer�strongly�increases
and�for�the�SOI�Si-layer�containing�a�network�ZT >�1
might�be�expected.
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Controlled�solid-to-solid�phase�transformation�of
amorphous�Si�into�crystalline�Si�by�light. The
differences�of�light�absorption�coefficients,�here
around�500�nm,�cause�a�preferential�heating�of�a-Si.
If�the�crystalline�state�is�reached�further�heating
stops�due�to�self-regulation.�For�details�see�e.g. .[2]

Light-induced�crystallization�of�a-SiDislocation�network�in�Si�affecting�the�charge�carrier
transport
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RIE Mask�removement

Alternating�oxygen�partial
pressure:
Formation�of�layered�structures.
Size�of�nc�particles�is�limited�by
the�SiO layers.2
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Develope�proper�measurement�structures.

Measurement�of�the�thermoelectric�properties.

Compare�different�fabrication�techniques.

Optimization�of�the�annealing�process.

Compare�obtained�results�with�previous�results�for
SiGe�superlattices�and�dislocation�network�samples.

Realization�of�Phonon-glass�Electron-
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Conclusions

➡ High-efficient thermoelectric thin-film devices based on Si 

and Ge possible

➡ Figure of merit for optimum structures higher than 2 

for temperatures of RT … 300 °C 

➡ Diverse approaches such as Si–Ge SL, incorporation of defects, 

fabrication of nanopillars

➡ Technological feasibility:  Epitaxy, PVD etc.
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