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Introduction

The industrial revolution occurred during the last century produced profound
changes in our society. An improvement of technological knowledge and production
techniques allowed a great increase of human population and together with it an
increase of consumption.

The main energy sources employed by humanity which allowed this great
industrial and technological revolution have always been derived from carbon-based
sources, initiated by the exploitation of wood and coal and later of petroleum. The
latter, which is nowadays the main global energy source, is not an eternal resource.

Estimations suggest that oil production is on its historical maximum and during the
rest of this century the sources will start to run out of petroleum. This theory is known
as the “peak oil” period. It is not possible to know for sure when the “petroleum age”
will end, but it appears clear that it will not last until the end of this century.

Together with these issues the use of fossil combustibles resulted on a great
increase of CO, and other greenhouse effect gases emissions, producing the well
accepted phenomenon of global warming and the prevision of catastrophes linked to
it.

Both these facts illustrate the urgent need to develop and improve alternative
energy conversion systems, such as solar, wind-power, hydroelectric, geothermal and
finally thermoelectric energy, with is the core of this work. Efforts have been made in
order to encourage the use of renewable energies by government institutions such as
the European Commission, who proposed to fix an objective of 20 % of the global
energy consumption to be derived from renewable sources until 2020 (against around
14 % nowadays).

Among the alternative energy conversion systems and methods known nowadays
the ones based on the thermoelectricity appears as very versatile and interesting
systems. The thermoelectric effect consists on the direct conversion of a temperature
gradient into electrical current and vice-versa. Another feature of a thermoelectric
conversion system is based on solid pieces with no moving parts.

Both these features are in the core of the advantages of this kind of system. First,
the main energy source employed is heat. This opens the opportunity of applications in
very different environments due to the omnipresence of heat losses in places such as
industrial activities, transports, and others. Moreover, the heat loss can be thought as
a “free” energy source, and the only cost related to the production of thermoelectric
energy in this case is the cost of the device itself. As an example, for an automobile,
more than 60 % of the available energy from the fuel is lost in the form of heat. In this
case, thermoelectric modules could be coupled to engines to power the automobile
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electrical components such as batteries, sensors and others, reducing the fuel
consumption.

The second major interest of thermoelectric modules comes from its high
reliability, precision and miniaturization possibility due to the device conception, which
contains neither moving parts nor complex parts. Probably the most successful
application of a thermoelectric module nowadays concern the RTG (Radioisotope
Thermoelectric Generator) used to power some of the NASA space probes. It consists
in a SiGe-based thermoelectric generator using as energy source the heat created from
radiative decay. The reliability of these modules allows the use in probes where no
maintenance work is possible.

The precision in temperature monitoring, local cooling and possibility of energy
recuperation allow also considering applications in the microelectronics industry.
Thermoelectric devices could be directed integrated in chips in order to avoid a device
overheating by local cooling or to manage local temperature changes, for example.
Also, small temperature differences could be employed to power small sensors and
other devices used in locations where human access is difficult.

The major reason why thermoelectric modules are still not well spread in
industrial applications concerns its low conversion efficiency, being of around 5 — 8 %
for commercial modules. Moreover, at room and medium temperatures the main
employed materials are based on Bi,Tes and PbTe, which contains toxic, rare or
expensive elements.

A possible solution is to improve the efficiency of SiGe based devices, which are
only efficient at high temperatures. The main advantages of this material are its low
toxicity, low cost and compatibility with microelectronic applications. If the global
efficiency of this material could be sufficiently increased, it could be possible to
employ it at lower temperatures.

In the early 90’s a novel approach was proposed in order to improve the
thermoelectrical efficiency of materials. At first, theoretical works were produced
showing that by nanostructuring thermoelectric material considerable gains could be
achieved.

These theoretical works motivated practical experiments and the new materials
produced after this date proved that increases of the thermoelectric properties were
possible, even though all the mechanisms involved are still not fully understood.

Several approaches exist to nanostructure the material and take advantage of its
benefits. In the case of this work the inclusion of nanometric Ti and Mo silicides inside
a SiGe matrix forming a thin film QDSL (Quantum Dots Superlattice) was chosen.

The work performed consists at the same time in a fundamental experimental
research and in a practical work related to possible industrial applications. This means
that this work will test the theory showing that the inclusion of Quantum Dots (QD)
increases the thermoelectric properties of a semiconductor matrix by producing
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samples using an industrial CVD (Chemical Vapor Deposition) tool employed by the
microelectronics industry.

In this context, the first chapter will be dedicated first to present the
thermoelectric history and effects. Latter, the main physical properties of a
thermoelectric material playing a role on the thermoelectrical conversion will be
presented. A discussion will be performed presenting the state of the art materials and
the possible applications for thermoelectric devices. The final part of this chapter
considers the nanostructuration effects and how they may affect the thermoelectric
properties. Together with these discussions, a bibliographic review will be presented
showing the already obtained improvements reported in literature after the
nanostructuration.

The second chapter consists in the growth of QDSL based on the inclusion of Ti
and Mo silicides QD in a SiGe matrix. In order to understand the method employed to
grow these materials, the thin film growth aspects and mechanisms using a CVD tool
will be presented. The results of the growth of these nanoparticles on SiGe substrates
will be presented as well as a discussion linking the growth parameters and the QD
properties such as mean diameters and surface densities.

The information obtained from Chapter Il will be employed to produce different
QDSL, and parameters such as dopant nature and matrix crystallinity will be evaluated.
In Chapter Il the produced QDSL will be first characterized morphologically by using
the TEM (Transmission Electronic Microscopy) technique. Thermoelectric
characterizations will also be made and discussions linking the obtained results with
the samples morphological properties will be performed. A comparison with literature
works will be also done, in order to validate the obtained results and to evaluate the
role of the inclusion of QD in doped SiGe matrixes. Finally, in conclusion, a synthesis of
the obtained results will be made and suggestions of future works will be presented in
order to optimize the obtained novel materials.
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1 - Principles of Thermoelectricity

1 - Principles of Thermoelectricity

1.1 - History of Thermoelectricity

The thermoelectric effect is considered by the scientific world as being first
observed and described by Thomas Johann Seebeck in 1821. His observations were
published by the name of “Magnetische Polarisation der Metalle und Erze durch
Temperatur-Differenz» in 1822-1823 [1]. In this article he described the deflection of a
compass needle placed in the middle of a closed loop made of a heated junction of
two different metals (Figure 1.1).

Seebeck noticed for the first time that a temperature gradient across a junction of
two materials could lead to electromagnetic effects. Not knowing at that time the
correlation of electricity and magnetism, he considered the phenomenon observed to
have a purely magnetic origin and called it thermomagnetism.

Figure 1.1: Seebeck apparatus. Image from [2].

Seebeck’s observations were further corrected by Hans Christian Oersted who at
that time was working on finding a relationship between magnetism and electricity. He
proposed the electrical origin of the effect and suggested a clear explanation for the
phenomenon calling it thermoelectricity [3].

Later in the year of 1834 the French scientist Jean-Charles Peltier observed that
thermal anomalies occurred at the junctions of two different conductors when an
electrical current imposed to the materials. The effect at that time was not fully
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understood and was wrongly described by Peltier, but four years later it was better
explained by Heinrich Lenz.

By passing an electrical current through a junction of bismuth and antimony wires
Lenz observed that depending on the direction of the current the junction was heated
or cooled. This effect, which was further called the Peltier effect, can be seen as the
reverse of the Seebeck effect.

It is interesting to notice that both of the Seebeck and Peltier effects were
observed before the Joule effect (1841), which describes the heat created by an
electrical current passing through a material.

In 1851 the English scientist William Thomson also known as lord Kelvin made a
synthesis of the thermoelectric effects. Together with the Seebeck and the Peltier
effects, he introduced the Thomson effect and the mathematical formulation
describing the three effects that is still employed nowadays. These three effects and
their mathematical representation will be separately described in the next session of
this chapter.

Even though a first prototype of a technological application based on the
thermoelectric effect called thermomultiplier was developed by the Italians scientists
Leopoldo Nobili and Macedonio Melloni in 1826, no relevant studies considering the
efficiency of thermoelectric devices were conducted until the 20th century.

The work performed by Edmund Altenkirch during the years 1909-1911 fulfilled
this lack of theoretical work and allowed a best understanding and improvement of the
efficiency of thermoelectric devices. He proposed a theory based on the Seebeck effect
to build a thermal generator and on the Peltier effect to make a cooler device. Both
forms of devices had their maximum efficiency derived from his calculations. By doing
this, he showed that a good thermoelectric material should have a high thermoelectric
power (also called Seebeck coefficient), a low thermal conductivity as well as a high
electrical conductivity.

After the work of Altenkirch, the possibility of using thermoelectricity to build
generators and coolers led to an intensive research during the first and second World
Wars period.

In 1949 Abram Fedorovich loffe developed the modern theory of thermoelectricity
making several contributions to further development on the field. He developed the
concept of the figure of merit “ZT”, an adimensional number that relates the intrinsic
material properties such as the Seebeck coefficient, the electrical and the thermal
conductivities with the thermoelectrical efficiency of a material used on a device as a
cooler or a generator. Another great contribution of loffe’s work is the promotion of
the use of doped semiconductor as thermoelectric materials, such as tellurides of
antimony, bismuth and lead. His works were followed by those of H. Julian Goldsmid
who did one of the first demonstrations of 0 °C cooling by using thermoelements
based on bismuth telluride Bi,Tes.
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From 1960 to the 1990 decade, a few punctual achievements on successfully
implementing thermoelectric generators were made, but none of them as a large scale
production. The choice of using thermoelectric generators or coolers in these cases is
certainly not driven by the efficiency of the device, but rather by the intrinsic reliability
of solid-state generators. Indeed, thermoelectric devices have no moving parts, which
make them well suited for using in situations where maintenance cannot be made and
for continuous operation during long periods. The most remarkable of this successful
application is called RTG (Radioisotope thermoelectric generator), a thermoelectric
generator used for powering satellites and space probes (see section 2.2.a - ).

Besides these achievements, not much improvement was made allowing the
increasing of the energetic efficiency of thermoelectric devices, and the research on
this field decreased.

This situation lasted until 1993 when L.D. Hicks and M. Dresselhaus published a
theoretical work [4] showing that possible improvements could be achieved by using
the nanostructuration of materials. Since then, a new interest emerged concerning
thermoelectric materials, encouraged by the recent and continuous development of
nanotechnologies.

In the following section, the origins and implications of the Seebeck and Peltier
effects will be provided as well as a review on the possible applications of
thermoelectric devices. Specific emphasis will be given to thin film devices as well as to
the gains obtained by nano-structuring thermoelectric materials.

1.2 - The thermoelectric effects

1.2.a - The Seebeck effect

It will be first presented in this section a macroscopic view of the Seebeck
coefficient (also called thermopower). Consider a piece of an electrical conductor,
named “A” connected to two electrodes as represented in Figure 1.2.
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®

T T+dT

Figure 1.2: The ideal Seebeck coefficient measurement.

When heat is applied to one side of the material (represented as T + dT), an
electrical potential difference is observed, noted as dV. The Seebeck coefficient S, for
the Material “A” is then defined as the proportionality coefficient linking these two
guantities, as shown in Equation 1.1

%4
_ z 1.1
i )

Where S, is the Seebeck coefficient of the material “A”, “dV” is the measured
potential difference and “dT” is the temperature difference between each side of the
material. It should be noticed that the Seebeck coefficient is dependent on the
temperature and is better represented by Si(T) but it can be approximately
considered to be constant for the temperature interval (T = T + dT).

This schematic representation presents however a problem. The electrodes used
to measure “dV” are also electric conductors, and their Seebeck coefficient, even if in
some cases can be neglected, is different from zero. In order to take into account the
contribution of the electrodes, the representation of the Seebeck coefficient should be
made as shown in Figure 1.3.
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®

BA

T T T+dT T

Figure 1.3: Measurement of the Seebeck coefficient of a junction of two materials.

In this case, the electrode material is represented as “B” and the potential
difference “dV” is a sum of the potential drops due to contributions both for the “A”
and “B” materials and can be defined as:

dV = SB.(T_T) +SA-dT+SB.(_dT) 1.2

In this case, it is assumed that both the “BA” junctions as well as the exterior part
of the electrodes are at the same temperature “T”. The Equation can then be written
as:

av
Sy—Sg = Sup = — 1.3

This result means that in practice the Seebeck coefficient is always measured as a
combination of the coefficient of two materials, Sag. This statement demonstrates the
importance to know the Seebeck coefficient of the electrodes (material “B”) employed
to measure the Seebeck coefficient of material “A” precisely.

The results exposed in this section do not take into account the origin or the
nature of the Seebeck effect. Different mathematical representations and theories
explaining it are nowadays accepted, most of the time using non-equilibrium
thermodynamics concepts, transport equations and some fundaments of quantum
mechanics.
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However these equations are complex and for a non-specialist in the field it could
be impossible to fully understand the origin of thermoelectric effects. Instead, in order
to make the understanding of these phenomena more straight-forward, as long as
possible the use of graphical representation such as band diagrams will be employed in
this thesis.

The Seebeck coefficient of a material is considered to be related to the asymmetry
of the concentration of charge carriers around the Fermi level. First consider the
density of states of a material (DOS) represented as “N(E)” and the Fermi function
“f(E)” described by the Equation 1.4:

1.4

fE) =7 | oE—Ep)/kpT

Where “E” is the energy of a single carrier, “Ef’ is the Fermi level, “kg” is the
Boltzmann constant and “T” is the absolute temperature. The Fermi-Dirac distribution
represents the probability of occupation of a certain energy level by charge carriers as
a function of the temperature.

By multiplying the density of states N(E) (Figure 1.4-a) by the Fermi-Dirac
distribution f(E) it is possible to obtain the density of occupied states of the material.
This new function represents the number of charge carriers per unit of energy and per

unit of volume.

T,>T,

=0

Energy
Energy

N(E) f(E)

Figure 1.4: Density of states N(E) of the conduction band (a) and f(E) as a function of temperature (b)
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At 0 K, only the states at the Fermi level are occupied. As the temperature of the
material increases, the occupation probability at energies other than the Fermi energy

becomes different from zero, as shown in Figure 1.4-b.
By integrating the function N(E).f(E) over the energies of the conduction band the

total number of carriers per unit volume in the conduction band is obtained.

In order to simplify the visualization of the phenomenon responsible for the origin
of the Seebeck effect the examples presented here will be “n” type semiconductors
(where electrons are the majority carriers). It should be noticed that the same is valid

for “p” type materials (where holes are the majority carriers).
For a given temperature T; an average energy for the electrons occupying the

conduction band can be obtained as represented in Figure 1.5.

occupied states

7
> > - / average carriers
Qo oo oo ener
5 sq__) o / &
uC_l 777777777777777777 k = - c —
Ef m Ef e Ef
N(E) f(E) N(E) . f(E)
Figure 1.5: Density of occupied states N(E).f(E) for a “n” type semiconductor showing the average energy of
carriers at a temperature T,.
The same can be obtained for a temperature T,>T; (Figure 1.6).
occupied states
average carriers
> > energy
S %
2 :
S =
e Ef * e I Ef
N(E) f(E) N(E) . f(E)

Figure 1.6: Density of occupied states N(E).f(E) for a “n” type semiconductor showing the average energy of
carriers at a temperature T,>T;.
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It is now easy to see that when each side of a material is kept at different
temperatures the average energy of electrons in the conduction band will be different
(Figure 1.7).

charge carriers displacement

Energy

T T+dT

Figure 1.7: Schematic representation showing the movement of electrons in a ”n” type semiconductor driven by
the difference of average carriers energy AE.

To bring back the system to the thermodynamic equilibrium, the electrons will
then move from the hot to the cold side, creating an electrical current.

To compensate this movement of charges, the Fermi level of the cold side will rise
until the average charge carriers energy will be the same. The resulting difference of
the Fermi levels between each side of the material is what causes the difference of
electric potential as demonstrated in Figure 1.2 and Equation 1.1.

1.2.b - The Peltier effect

The Peltier effect can be thought as the opposite of the Seebeck effect. Consider a

IIIII

junction of two materials “A” and “B”. An electrical current is imposed trough the
materials as represented in Figure 1.8.

The current passing through the material will cause a heat absorption “dQ” in one
junction as well as a heat release “-dQ” in the other junction. The heat absorbed or
released is proportional to the current applied and the proportionality coefficient is

called Peltier coefficient, II.
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l dQ tdQ

BA AB

Figure 1.8: Macroscopic view of the Peltier effect.

Taking the BA junction as an example, the Peltier coefficient can be described by
the Equation 1.5:

d
Mip() = (D) ~ (D) = 7 [V] 15

Where MM, is the Peltier coefficient of the material “A”, Mg for the material “B” and
Mag the coefficient for the junction “BA” at temperature “T”.

BA AB 1

Figure 1.9: Schematic representation showing the heat absorption and release by the electrons moving from the
conductor “B” to the semiconductor “A”.
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The origin of the Peltier effect can also be represented by band diagrams. Consider
the material “B” as a metal and the material “A” as an “n” type semiconductor. A
potential difference is applied to the materials as represented in Figure 1.9.

The applied voltage will cause a lowering of the Fermi level at the junction “AB”.
The electrons at the “B” conduction band in the “BA” junction (left side) will absorb
energy (heat) in order to enter in the conduction band of the semiconductor "A”. At
the right side (junction “AB”), the electrons will release their energy in the form of heat
in order to enter in the conduction band of the “B” material.

Once again, the same kind of representation can be made with a “p” type
semiconductor as the material “A”. The Peltier effect is used in calculations concerning

the design of cooling systems.

1.2.c - The Thomson effect

The last of the thermoelectric effects is the Thomson effect, described by William
Thomson, also known as lord Kelvin. It is however considered of low importance for
practical applications [5], and it will be presented in a succinct manner. Consider a
conductor having a temperature difference “dT” along its extremities and having a

IIIII

current “1” imposed trough (Figure 1.10).

.- Qe . lld ”
Providing small temperature differences, the amount of heat exchanged d—z is

4 IIIII

. . . £AT . .
proportional to the thermic gradient o and the current “I”. The proportionality

coefficient is called the Thomson coefficient, “B”, according to Equation 1.6.

Jda

T T+dT

dx

Figure 1.10: Macroscopic view of the Thomson effect.
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The units of the Thomson coefficient are the same as for the Seebeck coefficient,

[V/K].

dQ dT

— = pR.].— 1.6
dx 'Bldx

1.2.d - The Kelvin Relationships

William Thomson also developed relationships between the coefficients cited
above. They were further called the Kelvin relationships. The first one expresses the
proportionality between the Seebeck coefficient “Sas” and the Peltier coefficient “IMag”
of a junction made with the materials “A” and “B” as showed in Equation 1.7.

Il
SAB :$ 1.7

The second Kelvin relationship relates the Seebeck coefficient of the junction to
the Thomson coefficient of each material (Equation 1.8).

dSap - _ T 1.8
2 = (Ba—Fr)/ -

The validity of these equations was demonstrated for several materials and it is
accepted that they are valid for all materials employed for thermoelectric applications.
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1.3 - Principles of thermoelectric converters

A thermoelectric converter is a device that can be considered as a thermodynamic
system allowing the direct transformation of thermic to electric energy and vice-versa.

The systems used as an example in this thesis are considered as ideal. This means
that for the calculations no heat losses are included.

HEAT INPUT HEAT ABSORBED T.
349 . 0 A T N A
p type ntype?
p type n type
® ©)
v C? C? 7 ? ? %
| Te

' o { FTR AR RS R
HEAT REJECTED T,
M
L

Figure 1.11: A thermoelectric generator (a) and a thermoelectric refrigerator (b).

Consider a junction of two materials (legs), a “p” and “n” type semiconductors
linked by a metallic element, as represented in Figure 1.11. The device is called a
“thermocouple” (TC) in this situation.

First consider the generator mode. When a heat input is applied to the upper side
of the junction, a charge displacement will occur towards the lower part of the
junction. Only the majority charge carriers are considered.

The temperature gradient created (Ty — T¢) applied to this type of junction will
create by Seebeck effect a current “I”. The voltage created can be increased by
increasing the number of legs by adding more junctions (thermally in parallel and
electrically in series).

The same logic is valid for the thermoelectric refrigerator. When a current is
imposed trough the junction, the charge carriers will absorb energy in the upper side in
order to enter the conduction band of the semiconductor as explained in section 1.2.b
- . The carriers will then release the heat when they achieve the lower part of the

junction.
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This will cause a cooling in the surroundings of the upper part and inversely a
heating in the lower part of the device. An increase of this effect is also obtained by
increasing the number of legs.

In order to obtain a mathematical expression of the conversion yield, an ideal
generator with no heat losses is assumed. The energetic yield (@) is then expressed by
the ratio between the energy supplied to the load (W) and the thermal energy
supplied to the system, i.e., the heat absorbed on the hot side (Qy), as stated by
Equation 1.9.

Q= W/QH 1.9

The electrical power W can be expressed as a function of the Seebeck effect of the
p-n junction (Syn) as:

W =(S,—S,).I.AT 1.10
The absorbed heat on the cold side can be expressed as:

QH = Sp‘l’l'I'TH + A,AT 111

“w. . n

Where “N” is the thermal conductance of the materials “n” and “p” (assuming
that this value is approximately the same for both materials). By including Equations
1.10 and 1.11 in Equation 1.9, the following expression is obtained:

_ Spn. AT
¢ = Spn-1.Ty + A'.AT 1.12

The maximal efficiency of the system can be expressed by the product of Carnot
efficiency “N. “and the efficiency of the thermoelectric system “Ny”, where:
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N, = 1.13

and:

0. = J1+Z.T,—1
th — T 1.14
1+ Ze T + 75 -
H

Where T,, is the mean temperature:

Ty + T
T, = —2—¢ 1.15
2
“z2” is defined as the figure of merit of the couple “p” and “n” as follows:
SZ
Ze="""p y 1.16

Where “R” is the electrical resistance of the device. In practice, the two legs of the
junction are made of materials with similar material constants and the figure of merit
can be generalized for any material in the form of an adimensional number, “ZT”.

2T = <52-0//1>.T 1.17

Where “0” is the electrical conductivity and “A” is the thermal conductivity of the
material. The parameter “S%.0” is also called the electrical power factor. The bigger is
the figure of merit of a material, the higher is the energetic efficiency of a device made
with it.
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Figure 1.12: Conversion efficiency as a function of operating temperature difference and the thermocouple figure
of merit “ZT”. The cold side of the junction is maintained at 300K. Image from [6].

By analyzing Figure 1.12 some important information can be obtained concerning
the energetic efficiency of thermoelectric devices. First of all, the role of the
temperature difference between the cold and the hot side of the junction.

As demonstrated by Equation 1.13, the efficiency increases with the temperature
difference. It can also be seen the role of the “ZT” of the thermocouple. For example, if
a temperature difference of 100 K is applied to a device made of a thermocouple
having a “ZT” of 2, the resulting efficiency would be similar to that of a geothermal
organic Rankine device, i.e., around 10%.

These results support the fact that further research is necessary in order to obtain
materials with the higher possible “ZT”.

1.4 - Main thermoelectric parameters

It was demonstrated importance of using high “ZT” materials for having the
maximum possible thermoelectric efficiency. However until now no information
concerning how the “ZT” varies as a function of the chosen material was provided. In
other words, when designing a thermoelectric device one should ask himself which
class of materials would be the best.

Further in this section each one of the variables composing the “ZT”, i.e., “0” ,”\”
and “S” will be explained and studied separately. These parameters will be considered
primarily for the case of semiconductors, which are the materials employed in this
work. One parameter that characterizes a semiconductor is its charge carriers
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concentration, expressed in carriers x cm'3, and the role of this value on the variables
composing the material’s “ZT” will be demonstrated.

1.4.a - Electrical conductivity (o)

The electrical conductivity of a semiconductor can be defined by:

o=n.q.U 1.18

o _n

Where “n” is the charge carriers concentration, “q” is the electron charge and “p”
is the carriers mobility. In this case, the conductivity is proportional to the dopants
concentration.

The mobility of the charge carriers is also dependent on the dopants
concentration. An increase in the number of dopants atoms causes a reduction of the
mean free path and the collision time of carriers, reducing the mobility of the electrons
by scattering. For high doping levels (more than 1x10™® atoms/cm®) however the
mobility approaches a constant and the electrical conductivity increases almost linearly
with dopants concentration.

1.4.b - The thermal conductivity (A)

Heat transport in materials is mainly due to the displacement of electrons and
phonons. Electrons, which act at the same time as charge and heat carriers are
responsible for the most part of the conduction in metals. Phonons, on the other hand,
are quasiparticles representing a vibration in a lattice made of atoms or molecules, and
are the responsible for heat transport in insulating materials.

Heat transport in semiconductors has contributions of both of the two modes, i.e.,
electrons and phonons, as described by the equation 1.19.

A=A+ A 1.19

Where “A.” is the electronic contribution and “A” the lattice contribution
(phonons) to the thermal conductivity. The electronic contribution can be
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approximately expressed by the Wiedemann-Franz law, considering no inelastic
collisions between electrons and phonons.

Where Ly is the Lorentz number. For degenerate semiconductors it can be
considered a constant number approximated to:

2. k3
2

- "B -8 V2
Ly = 32~ 2,45.10 /K2 1.21

The lattice contribution “A;” can be expressed as:

B Cy.(v).T
===

A 1.22

Where “C,” is the phonon’s specific heat, “(v)” is the phonons average speed and
“” is the phonons relaxation time. This equation is obtained from the kinetic gas
theory applied to phonons and is valuable at low temperatures, where the phonons
dispersion relation is negligible.

It can be seen from Equation 1.20 that the electronic contribution for the heat
transport “A.” depends on the material’s electrical conductivity. This is easily
understood, since electrons are the particles responsible for heat transport. By
increasing the number of charge carriers by further doping the material, the electrical
conductivity is increased (Equation 1.18) but A. is increased as well, making this
strategy not suitable for increasing the material’s “ZT”.

Equation 1.22 shows that the lattice contribution to heat transport is constant
concerning the charge carriers. The reduction of the lattice thermal conductivity is the
strategy chosen for the present work in order to increase the “ZT” of SiGe alloys. This is
done by including quantum dots that will act as barriers for the phonon (and heat)
transport inside a SiGe matrix (section 3.2 - ).
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1.4.c - Seebeck Coefficient (S)

For simplicity, only the case of degenerate semiconductors will be considered,
which are the materials employed in this work. This coefficient can be determined via
derivation of the Mott’s formula [7]:

m?kiT| 1 dn(E) 1 du(E)
S= + 1.23
3q [n(E) dE u(E) udE E=Ey

By approximating this equation using the Sommerfeld model for an electron gas
[8] the effect of the charge carriers concentration “n” on the Seebeck coefficient is:

|S| o< n=2/3 1.24

The Seebeck coefficient of a degenerate semiconductor thus decreases when
increasing the dopant concentration.

1.4.d - Ideal carriers concentration

The results exposed in the last sections showed that both of “A”, “c” and “S”
depend on the doping level. A summary of these results is represented in Figure 1.13.

The highest power factor is achieved by using semiconductors materials with
doping levels around 1x10"° atoms.cm>.

Moreover, for this carrier concentration, the larger contribution to the thermal
conductivity comes from the lattice thermal conduction by phonons. For this work, a
doping level around the optimal concentration was chosen.
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Figure 1.13: Power factor and thermal conductivity as a function of carriers concentration. Image modified from

[5].

2 - Thermoelectric applications

First in this section a brief description of the best materials employed nowadays
for thermoelectric applications will be performed, followed by traditional and new
possible applications for devices made with these materials.

2.1 - State of the art materials

As discussed earlier, in general the best materials for thermoelectric applications
are highly doped semiconductors, even though some exceptions exist such as
intermetallic compounds. A convenient way to classify the materials is according to
their working temperature, i.e., the temperature corresponding to their maximum
“ZT”, as described in Figure 1.14.
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Figure 1.14: Figure of merit (ZT) for conventional materials as a function of temperature [9].

2.1.a - Low and medium temperature materials

For low temperatures (up to 450 K), the best materials employed are tellurium and
bismuth compounds such as Bi,Te;. By doping this material with antimony and
selenium “p” and “n” materials are obtained, respectively. For medium temperatures,
between 500 and 800 K, the reference material is PbTe with partial substitution of lead
by tin and of tellurium by selenium. Even though it has a lower “ZT”, it’s higher melting
point allows the using of it without chemical stability problems [10]. Doping can be
obtained by a large choice of impurity atoms such as Na, Au, Ti, and O for “p” type and
Zn, Cd, In, Bi, and Cl for “n” type.

It should be noticed that both tellurium and lead-based materials are highly toxic
[11,12] and thus new materials should be developed for a safe usage of thermoelectric
devices at low to medium temperatures.

Some other classes of materials are currently studied as being possibly well suited
for low and medium temperatures having the advantage of being constituted of
materials relatively abundant and presenting a low toxicity.

It can be cited for example some metals silicides such as CrSi,, FeSi,, MnSi; 7 and
Mg,(Si,Sn) [13]. The best performances were measured for the two latter. Solid
solutions of Mg,Si and Mg,Sn were reported having an “n” type behavior with a “ZT”
of 1.3 at around 700 K [14]. For the “p” type, the best performances were for MnSi 7,
which presented for the same temperature range a “ZT” of 0.7[15].

There are other materials for the medium temperature range having interesting
properties, such as skutterudites and clathrates. Both of them share a possible low
thermal conductivity due mostly to their complex crystalline structure, presenting
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large voids that when filled with heavy atoms can establish local soft phonon modes
causing a lowering of the thermal conductivity [16].

Skutterudites have the property of a glass-like lattice thermal conductivity because
of the presence of loose atoms having more than one metastable position in the
interior of the crystalline cell. They were reported having a “ZT” approaching 1 [10,17].

Similarly, clathrates have a very low thermal conductivity mostly due to the very
large size of the lattice unit cell and consequently large open structure inside of it
where guest atoms can be incorporated [10]. Theoretical studies for optimized
clathrates compositions showed a possible “ZT” of 1.7 at 800 K [18]. However the high
degree of complexity of these materials such as a large number of different atoms and
possible stoichiometry make their synthesis and industrial application problematic.

2.1.b - High temperature materials: Silicon-Germanium (SiGe)

As illustrated in Figure 1.14, the last class of materials is those for high
temperature applications, represented basically by Si-Ge alloys.
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Figure 1.15: Thermal conductivity of SiGe as a function of Ge content [19].

Silicon, when doped, has a high electrical conductivity, but also a high thermal
conductivity. Silicon and germanium form a solid solution with no intermetallic
compounds, thus it is possible to mix the two atoms in any different concentrations. By
mixing both atoms to form a solid solution a great reduction of the thermal
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conductivity can be observed (Figure 1.15). Moreover, for high doping levels such as
for degenerate SiGe, very little changes of the carriers mobility is observed [19].

These results imply that a relatively high figure of merit can be achieved by
including Ge to Si. The state of the art values of “ZT” for conventional doped SiGe
materials are around 1 for “n” type and 0.6 for “p” type materials using the
composition SiggGeg, at temperatures around 1200 K [20].

This material has the great advantage of being non-toxic. Moreover, silicon is the
second more abundant element on earth [21]. Germanium however is much rarer and
expensive. As a conclusion, further investigations should be made in order to improve
the “ZT” of SiGe materials, allowing a further reduction of the Ge content. This issue is
the core of this work. By including nanoparticles inside a SiGe matrix, a reduction on
the thermal conductivity and an increase on the “ZT” are expected, and a possible
reduction of the Ge content for the same figure of merit can be predicted.

2.2 - Bulk materials-based devices

Applications for thermoelectric devices will be grouped in this document in three
major working modes. The first one, the generator mode, is based fundamentally on
the Seebeck effect, where a temperature gradient is employed to produce electric
power in the form of an electrical current. The second major application is the cooling
mode, which is basically the reverse of the generator mode and can be also thought as
a heat pump. It is generally described by the Peltier effect. The last mode of operation
is the sensor mode, where changing of the heat flux in a certain spatial region can be
detected also based on the Seebeck effect.

2.2.a - Generators

Although thermoelectric generators have been used since the 1950’s, it always
remained a “niche” application. The reason for the low-scale utilization of generators
lays in its low efficiency (around 5 %), making it suitable for applications where the
basic requirements are not the cost but rather their reliability [22]. This reliability is
guaranteed mostly because of the simplicity of the operating mode of this type of
device, which contains no moving parts.

The traditional applications for thermoelectric modules are basically concentrated
on the field of military and spatial applications, such as the RTG.

RTG is the most successful application of thermoelectric generators using other
materials than Bi,Tes. This energy production system is considered to be the only one
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capable of powering long-lasting spacecraft such as those employed for interplanetary
missions [23,24].

RTG working principle is based by coupling a thermoelectric module with a heat
source originated from the decay of radioactive isotopes, commonly Pu-238, which has
a specific energy release of 0.57 W/g and a half-life period of 87.7 years [24]. Once
again, the great advantage of this type of powering system is its high reliability
(independent of solar radiation) and long life.
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Figure 1.16: Representation of the GPHS-RTG. Image from [25].

Examples of well-known space probes that use RTG as powering system are the
probes Pioneer, Voyager, Apollo 11, Galileo and more recently New Horizons.

Typically each RTG can provide power of around hundreds of watts. The general-
purpose heat source-RTG (GPHS-RTG), which until 2006 was the current RTG employed
by NASA nominally generates around 250 watts at the beginning of its mission [26].

The GPHS-RTG is considered of main importance in the context of this work. It
employs doped SiGe as thermoelectric materials in a range of temperature of around
1273 K at the hot side and 566 K at the cold side [25]. This material will be further used
as a reference material in order to evaluate the performance of the SiGe-based
materials produced in this work.
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Concerning potential future applications, both low and high power (microwatts for
thin film applications and kilo watts for bulk materials) generators can be built, and the
increase of the global concern of environmental issues can be considered a driving
force for research on this field [27] .

Others applications possibly viable from an economic point of view are those
concerning heat waste. In these cases, where the heat is normally not re-used, the
heat source can be considered as a “free” energy source, and cost considerations
concern only the materials and the device production costs. For example, only 25% of
the energy from the combustion in an automobile engine is used as mechanical work
for moving the vehicle and 40% is lost in the form of hot exhaust gases [28].

2.2.b - Cooling devices

The world market concerning cooling thermoelectric devices is considered to be
ten times more developed than the generator one [29].

Even though the energetic efficiency of the system remains low as compared to
traditional fluid compressing systems, additional advantages exist for using
thermoelectric coolers rather than traditional ones. Because thermoelectric devices
use no compressors they are lighter, smaller and silent-operating. They also have the
advantage of a more precise temperature control [27].

Several applications already exist nowadays, and in opposition to generators
applications that are concentrated basically in the military and spatial domains,
thermoelectric coolers are employed in more varied fields.

Some examples of commercially available products are: consumer products such
as car refrigerators, portable picnic coolers, heated/cooled automobile seats (Figure
1.17), laboratory equipment (cold plates, cold chambers) and others [27].
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Figure 1.17: Schematic representation of the Amerigon climate-controled seat.

2.2.c - Thermoelectric sensors

The most important example concerning macroscopic thermoelectric sensors in
terms of applications is the thermocouples employed for temperature measurements
(Figure 1.18). These systems have a big precision and are largely employed in industrial
and laboratory applications. It is made basically of only one junction of two
thermoelectric materials. Usually two metallic alloys are employed. There are several
types of thermocouples, each one being more adapted for a specific temperature and
for the ambient conditions.

The working mode is based on the Seebeck effect as demonstrated in Figure 1.3
and the reference temperature is the room temperature. The difference of
temperature between the each sides of the junction produces a voltage drop that can
be easily measured with a voltmeter. Calibration tables are widely available on
internet with the Seebeck coefficient of both thermocouples materials with different
temperatures.
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Figure 1.18: Representation of a thermocouple used for temperature measurements.

2.3 - Thermoelectric thin films devices

As for bulk applications, applications for thermoelectric thin films can also be
divided in three major fields, i.e., generators, cooling devices and sensors. The
expression “thin film thermoelectric generators” can lead to some misunderstanding
and a more precise description of the type device is necessary. In the most part of the
time it refers to any device where the thickness of the “p-n” thermoelectric junction is
on the micrometer range. It can be produced by printing, sputtering, Molecular Beam
Epitaxy (MBE) and Chemical Vapor Deposition (CVD), for example.

In this work a discussion will be presented concerning basically applications
related to the microelectronics industry, which correspond to the materials and
techniques employed during the production of our samples, i.e., silicon-based
materials, CVD, lithography techniques and others.

2.3.a - Thin film thermoelectric generators

The main application of thin film thermoelectric generators related to the
microelectronics industry is called “on-chip energy harvesting”. These devices could
take advantage of the high energy density dissipated on the so-called hot spots of
microprocessors, which could attain values up to 100-300 W/cm?. By integrating these
devices into chips, the heat wasted could be directly converted and employed to
power the microprocessor.

A simulation work has been reported using a superlattice structure of Bi,Tes and
Sb,Tes; as thermoelectric materials with a ZT larger than 2 (Figure 1.19). In this
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reference the thermoelectric module was both considered to be directly grown on the
Si substrate (die) and on an integrated heat spreader (IHS) [30]. The calculations
showed that by using this material it is possible to harvest up to 30 mW of power from
a heat flux of 200 W/cm?>.
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Figure 1.19: Example of a Bi,Te; and Sb,Te; thermoelectric module for “on-chip energy harvesting”. a) module
integrated on the HIS. b) module integrated on the silicon die. Image from [31].

Some other references of integration of both BiSbTe and Si-based materials can be
found in [31]. The Si-based materials however produced a lower conversion efficiency
because of its lower ZT (considered to be 0.1-0.2 by the authors in the conditions of
this work, i.e., at ambient temperatures).

All of these reported works are still in the research step, and some problems
related to the integration of these devices in industrial applications exist. One of the
major problems is related to the difficulty of integrating the BiSbTe-based materials on
the silicon die because of the lack of compatibility between the two materials.

It can be seen here an example of the importance of obtaining a higher ZT at low
and medium temperatures for Si-based materials, which is the goal of this thesis. The
ways of increasing this material’s ZT will be presented and discussed in section 3 -.

2.3.b - Thin film cooling devices

Similarly to the “on-chip energy harvesting” applications, thermoelectric modules
could be integrated in microelectronic devices to serve as an “on-chip cooling” device
in order to keep the devices operation in the optimal temperature range thus reducing
thermal noise and current leakage [27]. Due to size of these components, no other
cooling systems are possible rather than those based on thermoelectricity. By using
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thermoelectric devices, it should be possible to locally cool hot spots of hundreds of
micrometers of diameter on chips [32].

A work has been published where a thermoelectric module was integrated on a
state-of-the-art electronic package [33]. This was achieved using a Bi,Tes superlattice-
based material grown by metal-organic CVD (MOCVD) on GaAs substrates (Figure
1.20). It is interesting to notice that this was the same material studied for the “on-chip
energy harvesting” devices. The authors reported a cooling of up to 15 °C at a heat flux
of 1,300 W.cm™.
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Figure 1.20: on-chip cooling device integrated on a silicon chip package. Image modified from [33].

In the case of this device also it could also be interesting for different reasons if
the thermoelectric material employed was based on Si. To cite some of those, fewer
production steps could be necessary, since the thermoelectric cooler could be grown
directly on the chip. Also, it would be more interesting in terms of environmental care
since no toxic elements would be employed (such as Bi and Te).

2.3.c - Thin film thermoelectric sensors

The last field of application for thermoelectric thin film devices is the one of
thermal microsensors. These devices have the advantage of being reliable, inexpensive
and produced using integrated circuit technology. Even though these devices work
basically measuring the changings of the potential created by a changing of
temperature via the Seebeck effect, they are often employed to measure non-thermal
variables, such as radiation, pressure, position, flow and chemical reactions [34—-36].

This is achieved by two transduction steps. The first one is the transduction of
non-thermal to thermal signals, and the second one is the transduction of thermal to
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electrical signals, which is accomplished through the thermoelectric device. Another
advantage of this method is that the power needed for creating the electrical signal
comes directly from the thermal signal, thus no external power is necessary [35].

Examples of already existing integrated thermoelectric microsensors include IR-
radiation, vacuum, gas flow and heat flux sensors. Different materials have been
proposed for these sensors, such as Bi,Tes and Sb,Tes; films but also silicon,
silicon/germanium and multi quantum wells structures (MQW). Lower performances
were observed for Si-based devices, mostly because of their large thermal
conductivity, but these materials are still interesting because of their technological
potential [34].

The main problem cited (high thermal conductivity) could be avoided by reducing
the material’s thermal conductivity via nanostructuration, which is the next topic of
this document.

As an example, a recent work has been published by Ziouche et al. in reference
[37] showing the fabrication of a planar infrared microsensors (USIR) using a CMOS
technology employing as thermoelectric materials SiGe-based QDSL grown by CVD.
Very interesting results were obtained, and the authors observed a sensitivity
improvement of around 28% due to the material nanostructuration.

3 - Increasing the thermoelectric properties
via nanostructuration

The establishment of thermoelectric materials science was accomplished in the
middle of the XX century with the understanding of the figure of merit ZT and the
development of functional thermoelectric devices and materials, mostly based on
Bi;Tes.

Even though niche applications were developed, only incremental gains were
obtained on the ZT of the employed materials, without new breakthrough discoveries
that could direct the scientific research towards a higher ZT.

In the 90’s decade however new proposals were made, and a big hope of
increasing the performance of thermoelectric materials was lied on the advent of
nanotechnology. By nanostructuring the materials two major contributions to the
increase of the ZT were thought to be possible, the first one is the increase of the
thermoelectric power factor by quantum confinement effects and the second one is
the decreasing of the thermal conductivity by phonon scattering.
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3.1 - Power factor improvement

In the year of 1993 a work was published [4], containing theoretical studies
showing that great increases of the ZT could be obtained by the nanostructuration of
materials, providing the theoretical basis and encouraging further researches on this
field.

The basic phenomenon allowing the increase of the Seebeck coefficient comes
from the changing of the density of states (DOS) of the material when the size is
reduced from a 3-D solid to quantum wells (2-D), nanowires (1-D) or quantum dots (0-
D), as represented in Figure 1.21.
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Figure 1.21: Electronic density of states for different structured materials. Image from [38].

A possible theory is that the changes on the material’s density of states causes a
higher asymmetry around the Fermi level between the hot and cold electrons energy,
resulting on an higher average carriers energy and larger number of carriers, leading to
an large Seebeck coefficient and electrical conductivity. However, until nowadays
some controversy exists on whether the Seebeck coefficient improvement is possible
or not by nanostructuring the material, with the possible mechanisms for that not
being fully understood [39].

Several groups attempted to validate this theory by producing Quantum Well
Superlattices (QWSL) structures of different thermoelectric materials such as
Bi,Tes/Sb,Tes, PbTe/PbSe,Te;,, GaAs/Al,Ga;_,As and others [39]. For example, for the
materials PbTe/Te and PbTe/PbSe, claims were made of a measured increase of the
Seebeck coefficient [40]. However, some discussions have been made stating that
actually no increasing was observed and the observed values came actually from
calculation errors. Some results have also been published concerning the observations
of electron filtering, but at the same time a reduction of the electronic conductivity
was observed, canceling the effect over the global figure of merit of the material [39].
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Even if some controversy exist related to the changes on the Seebeck coefficient
when nanostructuration occurs, when researchers begun trying to verify these
theories by creating experimental low-dimensional materials, an interesting factor was
observed, the reduction of the thermal conductivity when compared to bulk materials.

This phenomenon, which was not the initial motivation for nanostructuring
thermoelectric materials became the core of one of the major research field nowadays
for increasing the materials figure of merit.

3.2 - Thermal conductivity reduction

The basic idea of the research on the increase of the materials’ ZT is to decouple
the thermal conductivity to the electrical conductivity. In order to do this, a further
study on the thermal conductivity is made. On Equation 1.22 it was shown the
contribution of the phonons relaxation time “7” to the lattice thermal conductivity “A”.
The relaxation time depends on the collision mechanisms, which scatter the phonons
responsible for the heat transport.

The relaxation time can be divided in different parts, corresponding to the
different scattering sources present in a material, as described by the Matthiesen law:

T =t 1t T+ Ty, 1.25

Where 1, is the intrinsic inharmonic contribution, ty is the solid solution
contribution, T, is the contribution from nanoparticles inside the matrix and tg, is the
contribution due to grain boundaries.

By nanostructuring the material it can thus be possible to change the thermal
conductivity by creating new interfaces with the matrix.

It should be noticed that the relative size of each one of these defects will cause a
different interaction with different frequency phonons. Long wavelength phonons will
mostly interact with grain boundaries and nanometric inclusions and short wavelength
phonons will interact mostly with atomic defects such as alloying and dopant atoms
(Figure 1.22).

In the case of polycrystalline materials, the grain boundary acts as a natural
scattering site for phonons but also for electrons. This explains why polycrystalline
materials have typically a smaller thermal and electrical conductivity than a
monocrystalline solid with the same doping level and stoichiometry.
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Figure 1.22: Schematic representation of the movement of phonons and electrons inside a thermoelectric
material. Image from [39].

In 2008, two studies [41,42] were published showing a reduction of the room
temperature thermal conductivity of up to two-fold for silicon-germanium alloys
having nano-sized grains when compared to the RTG material. These results were
observed both for “p” and “n” materials (Figure 1.23). By decreasing the grain size,
more grain boundaries per volume of material exist, and thus more scattering sites.
Moreover, no important changes on the electrical conductivity or Seebeck coefficient
were observed, leading to a substantial increase of the materials “ZT”.

Still considering polycristalline solids, a further reduction of the thermal
conductivity have been reported by including nanoparticles inside a thermoelectrics
materials matrix.

Two examples can be cited, the first one is the reduction of up to 1.5-fold of the
room temperature thermal conductivity of sodium-doped PbTe with the incorporation
of nanometric SrTe [43].

Considering silicon-germanium, a theoretical work was published [44] where the
authors demonstrated that by including silicide quantum dots (QD) inside a
monocrystalline SisgGesg matrix a reduction of up to four-fold on the thermal
conductivity of the matrix could be obtained without changing the electrical
conductivity (Figure 1.24).
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Figure 1.23: Thermal conductivity of nanostructured Si-Ge alloys (lower curves) and the RTG reference (upper
curve) for “p” type material (a) and “n” type (b). Images modified from [41] for (a) and [42] for (b).
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Figure 1.24: Reduction of the thermal conductivity of polycrystalline Si;oGeso with the inclusion of around a
volumetric fraction of 3.4% of silicide nanoparticles. The blue line corresponds to the conductivity of pure SiGe.
Image modified from [44].

A recent work was published by Favier et al. [45], inspired by the works of Mingo
et al. The author evaluated the role of the inclusion of nanometric particles of metal
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silicides (MoSi,) both for a “p” and “n” doped polycrystalline Sig;Gegs matrix. Even
though the Ge content and the matrix crystallinity were not the same as those for the
theoretical works, the authors observed a reduction of the thermal conductivity for the
composite materials leading to an increase on the material’s ZT.

The strategy adopted for the present thesis was the same employed by Favier, i.e.,
the inclusion of nanometric metal silicides particles inside the Si-Ge matrix. The basic
difference is that Favier studied this material using bulk (polycrystalline) structures and
for this work a thin film (mono and polycrystalline) approach was employed. However,
due to the lack of references and works similar to ours, these results will serve as a
comparison to the results presented in Chapter 3.

4 - Quantum wells and quantum dots
superlattices

In the present thesis the strategy employed in order to include silicides QD in a
thin film SiGe matrix was to produce a superlattice material, more precisely a quantum
dot superlattice (QDSL). A description of the techniques employed to grow this
material is presented in Chapter 2.

In order to better understand what these structures are, a description of the
fundamentals of confined semiconductors structures will be presented. Next,
examples of general applications will be presented and latter a review concerning
materials produced for thermoelectric applications.

4.1 - Introduction to quantum confined structures and
superlattices

Basically a quantum confined structure consists in one in which the movement of
electrons or holes is restricted in certain directions [46]. The simplest model for
treating this situation is the “particle in a box” solution for one dimension
semiconductors.

First consider a particle inside an infinite potential well. By solving the Schrédinger
equation, only certain discrete energies states are allowed for the particle,
corresponding to each one of the permitted wavenumbers (Figure 1.25).

This model represents an isolated quantum well, in which the particle is confined
in only one direction (2-D system). Further confinement is obtained for a nanowire (1-
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D system) and for a quantum box (0-D), where the particle is confined along the three
directions.

The most important feature from an application point of view for semiconductor
quantum wells is the possibility of new electronic transitions between the confined
discrete levels (Figure 1.26).

ny=3

nyg=2

2dR4

n; =1

DE)

Figure 1.25: An ideal (infinite) quantum well from the “particle in a box” model. The quantization of the wave
function (a) and the DOS compared to a bulk material (b) are also represented. Image modified from [47].
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Figure 1.26: Schematic representation of a Quantum well made of materials “A” and “B” showing the resulting
band diagram (a). An inter-sub-band transition (b) and an inter-band transition (c).
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In order to take advantage of these features for practical applications, a quantum
well superlattice (QWSL) is more suitable, formed by repeating the quantum well
structure successively. This type of structure using a semiconductor material was first
proposed by Esaki and Tsu [48] in 1970.

By further confining the material’s charge carriers over the three dimensions, a
guantum dot is obtained. This is practically achieved by the growth of crystals in the
nanometer size.

As shown in Figure 1.21, confining the electrons in a quantum dot will cause the
apparition of discrete possible energy values for the charge carriers, much like the
energy values for an atom. By the same mechanism that for quantum wells, it is
possible to tailor up to a certain point the position of the permitted energy levels of
the material by controlling the size of the quantum dot. Quantum dots are generally
employed on the form a dispersion of the particles in a solvent or in a similar way of
quantum well superlattices. In this case, the material is called quantum dot
supperlattice (QDSL) and is obtained by successively stacking quantum dots inside a
matrix.

In the case of this thesis, QDSL structures were produced. There is however a
difference compared to “classical” QDSL in the sense that the expected effect of the
inclusion of QD inside the SiGe matrix is not related to the possible energy transitions
but rather to the effect of the QD on the thermal conductivity and on the Seebeck
effect as already discussed. Even if the materials produced were referred as QDSL, the
thin films can also be thought as a composite material with nanometric inclusions.

4.2 - General applications for quantum wells and quantum dots

In this section the traditional optoelectronic applications of quantum wells and
guantum dots will be explained. The main feature allowing this kind of applications is,
as cited before, the particular band structure and allowed electronic transitions of
these structures.

As examples we could cite the laser and light emitting diodes based on interband
transitions. Among these applications the vertical-cavity surface emitting laser (VCSEL)
is considered to have several advantages over conventional devices, such as simpler
fabrication, enhanced coupling with optical fibers and low threshold currents. Another
type of laser that employs QWSLs is the quantum cascade laser.

It has been suggested that by using a QDSL instead of QWSL, an increase of the
device properties could be obtained by eliminating the movement of charge carriers
along the quantum well plane [49].
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In opposition to quantum wells, quantum dots can be also employed in the form
of “free” nano-materials, i.e., not necessarily in the form of a superlattice. Possible
applications are the use of QD markers for biological labeling, low-energy photons
infra-red detectors [50] and for qubit memories for storing information via quantum
states [51]. An example is the CdSe nanocrystals used as biological marker (Figure
1.27). By controlling the size of these nanoparticles dispersed in a suspension (colloid)
and thus controlling the energy of electronic transitions, these particles can be
detected by fluorescence methods [52,53].
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Figure 1.27: A core shell quantum dot for biomolecules detection (a) and the fluorescence energy as a function of
the quantum dot size (b). Images modified from [52] and [54].

Different growth methods exist for QD and QW. For growing superlattices of QW
and QD similar growing devices are employed, and the most commonly employed
techniques are the MBE and CVD. QD can also be employed and grown in an isolated
form rather than inside a superlattice. In this case they are typically grown by colloidal
synthesis in a liquid medium.

4.3 - Thermoelectric applications for QWSL’s and QDSL'’s

As it has been discussed in section 3 - , two major contributions are expected
when a thermoelectric material is nanostructured: an increase of the power factor due
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to the increase of the asymmetry of the differential conductivity and a reduction of the
material’s thermal conductivity due to phonon scattering.

Actually there exist a spectrum of phonons of different frequencies and mean free
paths [55]. These phonons will preferably scatter in impurities of the same size
magnitude, and thus an optimal configuration should present different size of defects,
such as nanoparticles, interfaces and impurities atoms. Moreover, ideally these defects
should not disturb the electrical conduction.

Optoelectronic applications for QW and QDSL take advantage on the possible
energy transitions due to quantification effects. Thus, all materials employed are
semiconductors. For thermoelectric applications, however, as the main goal is to
reduce the thermal conductivity or increase the power factor, other materials can be
employed, in particular in the case of QDSL. In this case, nanodots from other natures
can be used, such as metallic and semi metallic materials. Because of the growth
techniques, restrictions exist concerning the thickness of the devices. In practice,
QWSL and QDSL are only employable for building thin films thermoelectric devices
(section 2.3 -).

In recent years, different authors have published results showing an effective
reduction of the materials lattice thermal conductivity both for QWSL and QDSL
structures. Published results often report thermal conductivities beyond the alloy limit.
This limit consists on the reduction of the thermal conductivity by introducing a
different size atom in the structure (alloying). Considering the changes on the Seebeck
coefficient, the role of the quantum confinement have not yet been clearly
demonstrated in practice and the main improvements observed by nanostructuring
materials came from the reduction of the thermal conductivity [39].

It should be noticed that for QWSL the reduction of the thermal conductivity is
related do the cross plane component, i.e., along the direction perpendicular to the
thin film surface.

A very complete revue work has been published by Vineis et al in [39] where
discussions are presented considering the possible effects on the thermoelectric
properties when the materials are structured as a QWSL or a QDSL. The authors also
present a description of the most interesting QWSL and QDSL materials in terms of
thermoelectric properties, represented in Figure 1.28.

A description of the growth methods, type of structure and reduction on the
thermal conductivity for some of the materials discussed by Vineis et al are presented
in Table 1.1.
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Bi,Te,/Sb,Te; SL - Venkatasubramanian et al.

CsBi,Teg Chung et al.

P

Si NW — Boukai et al.

bSeTe NDSL — Harman et al.

Si NW — Hochbaum et al.

BiSbTe — Poudel et al. . .
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PbSnTe-PbS - Androulakis et al.

.Se, Rhyee et al.

TI-PbTe — Heremans et al.

Ba,Ga,;Ge,, - Saramat et al.
SiGe ‘- Wang et al.

Figure 1.28: Thermoelectric figure of merit ZT as a function of temperature and year. According to Vineis et al, all
the materials presenting a ZT >1 present some form of nanostructuration. Image modified from [39].

Table 1.1: The thermal conductivity, growth method and nanostructures size for different superlattices for

thermoelectric applications.

Thermal reduction
. Type of .. Growth
Materials structure conductivity factor method Reference
(W'm- 1K i 1) (Aalloy/ASL)
Bi,Te; /Sh,Te; QWSL 0,2 2,2 MOCVD [56]
PbTe/PbTeq 755€ 25 QWSL 0,5 2,0 evaporation [57]
AlAs/GaAs QWSL 3,1 4,0 MBE [58]
Si/Ge QWSL 3,0 2,5 CVvD [59]
SiGe/Si QWSL 2,8 1,1 CVvD [60]
PbTe/PbSe QDsL 0,3 6,0 MBE [61]
ErAs/Ings3Gaga7AS QDSL 3,0 2,0 MBE [62]
GeSi/Si QDsL 10 13,0 MBE [63]
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The higher ZT obtained to my knowledge concerning nanostructured materials
was obtained by Venkatasubramanian et al. in reference [56]. The studied material
was a thin film composed of Bi,Tes /Sb,Tes superlattices grown on GaAs by
metallorganic chemical vapor deposition (MOCVD) [64]. A ZT of 2.4 was obtained at
300 K for the “p” type material, with a thermal conductivity of 0.22 W.(m.K)™ for a 10
A /50 A superlattice. This represents a reduction of around 2.2 times compared to the
BigsSb;sTes alloy and can be compared to the minimum theoretical thermal
conductivity for Bi,Tes material.

Even if this material presented a remarkable ZT, there are still controversies
among the research community concerning the validity of the presented results.
Moreover, it is still a variation of the “classical” thermoelectric materials, based on the
toxic/rare elements Bi and Te.

Considering thin films based on Si and SiGe materials, the first work on the
measurement of the thermal properties of Si and SiGe QWSL was the study [59]
published by Lee et al.

The authors produced a QWSL structure made of alternating Si and Ge layers using
the CVD method. The best obtained results concerned a measured cross-plane thermal
conductivity of around 3 W.(m.K)™" at room temperature for layers of 140 and 275 A
thick against around 7.5 W.(m.K)'lfor a reference Sip g5Geg 15, i.e., a reduction factor of
around 2.5 times. For this work, however, no information concerning the electrical
conductivity and the Seebeck coefficient was provided.

Savelli et al. have also published a work [60] showing the effect of the
nanostructuration via the production of a QWSL composed of alternating SiGe and Si
layers, both mono and polycrystalline. The best obtained results were consisted on a
polycrystalline sample with SiGe and Si periods of 8 nm. In this case, a thermal
conductivity of 2.8 W.(m.K) ™ Concerning the monocrystalline sample, the best result
was a QWSL with a Si and SiGe periods of 4 and 8 nm respectively and a thermal
conductivity of 5 W.(m.K)™.

A similar work [63] was produced by Bao et al. but focused on the production of
QDSL. It consisted in the inclusion of Ge,Sii in a silicon matrix grown by Molecular
Beam Epitaxy (MBE) using a silicon wafer as substrate. The quantum dots density was
about 3x10°cm™ and the average measured base diameter was 40 nm. Considering
the carriers mobility, a decrease was observed using Hall effect measures compared to
bulk Si and Ge, probably due to charging effects, surface disorder or alloy scattering
effects. However the authors consider the overall mobility high enough for the
material to be considered a good candidate for thermoelectric applications. It should
be pointed however that no Seebeck coefficient measurements were performed.
Considering the thermal conductivity, the authors measured values of around 10
W.(m.k) " using the 3w technique, which is around 13 times slower than the values for
bulk silicon.
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5 - Conclusion

These two works show clearly an improvement of the thermoelectric properties
when the materials are nanostructured, weather by producing QWSL or QDSL. It
should be noticed however that for the QDSL work a pure Si reference sample was not
produced by the authors, which would have been interesting in order to compare the
thermoelectric properties of samples grown and measured using the same techniques.

These two works can be considered as the inspiration of a few other works on the
growth of Si and Ge or SiGe QWSL and QDSL. Other published works concerning
variations on these theme can be found in [65,66]

It is interesting to notice from the works described above an in Table 1.1 that
different materials and types of nanostructuration produced a reduction on the
materials thermal conductivity and thus a possible improvement on the thermoelectric
properties.

However, for a study to be considered complete two main features are important,
and were performed during the present thesis. First, the electrical conductivity and the
Seebeck coefficient should also be measured along with the thermal conductivity in
order to evaluate if the reduction of the last will not disturb the formers. Second, a
reference sample without nanostructuration should be produced and characterized
using the same techniques in order to minimize possible variations.

5 - Conclusion

In this chapter the fundamentals of thermoelectricity were presented, along with
an explanation of the different thermoelectric phenomenon such as the Seebeck,
Peltier and Thomson effects. Along with these, the role of the charge carriers
concentration was discussed when semiconductors are employed as thermoelectric
materials. This type of materials has advantages as thermoelectric materials because
of their relative low thermal conductivity and possible high electrical conductivity
obtained by doping. A brief discussion was performed in order to present the state-of-
the-art materials and the actual and potential thermoelectric applications, both
considering thin films and bulk devices.

Further, the nanostructuration was presented as a way of improving the material’s
ZT, due to possible effects both on the Seebeck coefficient and on the thermal
conductivity. The nanostructuration can be employed both for bulk materials (by
including nanoparticles inside the matrix) and for thin films, particularly by producing
QWSL and QDSL.

A review was presented on the principles and applications for QWSL and QDSL,
with an emphasis on thermoelectric applications. Different authors reported
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improvements on the thermoelectric properties of thin films where a
nanostructuration of this kind was performed.

In this it was chosen to deepen the study on SiGe-based materials, due to their low
toxicity and compatibility with the microelectronics industry. To my knowledge, it is
the first time thin films QDSL are produced using silicides as inclusions. If the obtained
results are compatible with theoretical work of Mingo et al in reference [44], an
increase of up to a factor 4 of the material’s ZT could be obtained.

This material will be produced using an industrial CVD tool, which has the
advantage of allowing an industrial production.

The materials obtained will be compared to references produced and
characterized using the same techniques. The results of the thin films SiGe-based
materials produced by Lee et al. and Bao et al. will be employed in order to compare
the results of this thesis with literature references, even if the nature of the
nanostructuration is not the same.

Bulk materials will also be employed as a reference to the performed
measurements. Some relevant works concerning bulk SiGe materials are the ones
presented by Wang et al in [42] and Joshi et al. in [41]. The work of Favier et al. in [45]
is of great importance because it is the only reported practical work were the inclusion
of metallic silicides are studied as inclusion in a SiGe matrix for thermoelectrical
applications.

In the next chapter, the growth of metals silicides/SiGe QDSL using a CVD tool will
be presented, as well as a complete study relating the obtained quantum dots size and
densities with the growth parameters.
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1 - Introduction

1 - Introduction

As presented in the previous chapter, the main objective of this work is to produce
QDSL of metallic silicides quantum dots embedded in a doped SiGe matrix. An
improvement of the thermoelectric properties of the material is theoretically
expected, both by the increase of the power factor and the reduction of the thermal
conductivity.

In Chapter 2 the aspects of the QDSL growth using a Chemical Vapor Deposition
(CVD) tool will be presented. First, a description of the CVD method and growth
mechanisms is given. The CVD tool employed during this work and the basics of SiGe
growth will be presented followed by the modifications needed to introduce non-
gaseous precursors. These precursors, TiCl; and MoCls, were employed to provide Ti
and Mo atoms to directly grow silicide quantum dots onto silicon wafers. Several
studies were performed in order to determine the role of the different deposition
parameters (deposition temperature, partial pressure of employed gases) as well as
the substrate Ge content on the morphology of the obtained quantum dots.

The choice of the deposition parameters was essential to control the size and
distribution of the obtained quantum dots. The control of these parameters is
important in order to produce QDSL similar to those theoretically studied by Mingo et
al. [1], and thus to compare the thermoelectric properties of the obtained materials
with the theory.

The final part of this chapter presents the QDSL grown using the in-situ deposition
of quantum dots embedded with doped SiGe. The results of the physical and
thermoelectrical characterizations as well as discussions linking the measured
properties to the growth of the obtained materials will be further presented in Chapter
3.

2 - CVD growth

The chosen method employed to grow QDSL in this work was the CVD process.
This method is the most common one employed to grow high quality thin films (2-D
structures) on different substrates, but can also be used to produce 1-D materials such
as nanowires [2] and 0-D such as quantum dots and their superlattices [3-5].

Other methods typically employed to produce nanostructured materials are the
Molecular Beam Epitaxy (MBE), which produces the higher quality materials but is a
slow and expensive process, the Physical Vapor Deposition (PVD), the
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CHAPTER Il — The CVD growth of Quantum Dots Superlattices

electrodeposition technique and variations of the CVD method such as metallorganic
CVD (MOCVD) and Plasma Enhanced CVD (PECVD).

There are two main advantages for using the CVD process in the case of the
materials employed in this work: the first one is its versatility and the second is the
possibility to transfer the experimental results to an industrial-scale production.
Moreover, this method is less expensive and needs less deposition time compared to
MBE.

By using a modified industrial CVD, all the steps employed to grow and dope the
QDSL were made in-situ. By changing the process recipes, different Ge contents of the
SiGe matrix can be studied, as well as different doping levels. Moreover, both mono
and polycrystalline materials can be produced. Finally, the CVD tool employed in this
work was fully automatized.

2.1 - Generalities

CVD process can basically be described as the growth of a solid phase on a surface
using a gas phase precursor as source of atoms. Several variants of the CVD process
exist, and the most common classification is based on the pressure used inside the
reaction chamber. In this work a Reduced Pressure CVD (RP-CVD) apparatus was
employed, with pressures ranging from 10% to 10° Pa. Other CVD types normally used
are the Atmospheric Pressure CVD (AP-CVD) and Ultra High Vacuum CVD (UHV-CVD).

In this work, commercial CVD equipment was employed. The main advantage of
this type of tool is the precise control of different parameters such as chamber
temperature, pressure and gas flow rates, allowing to perform a reproducible process.

In a traditional CVD system, as described here, the chamber configuration is set in
order to provide a horizontal laminar flow of the precursor gases. The laminar flow is
characterized by the formation of a boundary layer, where the gas velocity varies from
zero (near the substrate) to a constant value (“the main gas flow” region).

A carrier gas (H,) is employed to dilute the precursor gases and deliver them to the
process chamber. While the gases cross the chamber, reactions between the carrier,
the precursor gases and the substrate take place.

During the deposition and solid phase growth, several non-equilibrium reactions
take place inside the chamber. The overall process can be described by different
independent steps, as illustrated in Figure 2.1.

Step “1” corresponds to the diffusion of precursor gases through the boundary
layer to reach the substrate surface. Once they reach the surface, gas molecules are
adsorbed onto the surface (step “2”) and diffuse until a reaction site is reached (3).
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main gas flow

/
N
J

= boundary layer

Figure 2.1: Overall view of the different steps of the CVD deposition.

Latter, chemical reactions take place leading to the formation of a solid phase and
gaseous products (step “4”). These species diffuse through the boundary layer until
they reach the main gas flow and are evacuated from the chamber (step “5”).

2.2 - Nucleation and growth mechanisms

A more precise description of the growth mechanisms is presented in Figure 2.2.
Actually several simultaneous phenomena occur when atoms/molecules arrive at the
substrate surface. First, they can adsorb on the surface (“a”) or re-evaporate (“b”). The
adsorbed species will then diffuse on the surface (“c”). The surface diffusion can be
described by the diffusion coefficient of the species (Equation 2.1).

Dy(T) = D,. e Eairr/kT 2.1

Where D; is the surface diffusion coefficient, Dy is a constant, Egp is the potential
barrier for the adatoms to move from one adsorption site to another, k is the
Boltzmann constant and T the temperature.

By surface diffusion the mobile species can then form metastable clusters (“d”),
which will disintegrate or can form stable nucleus bigger than the critical size, also
called islands (“e”). Further diffusion of adsorbed species will result on an increase of
the islands size.
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The role of temperature is of great importance for the diffusion of atoms. The
higher is the temperature, the higher is the mobility of the species on the surface.

C.
<« —

b b.
\7

Figure 2.2: Possible reactions taking place at the substrate surface during the CVD process.

Another important parameter that controls the solid phase growth is the
interaction of the deposited species with the substrate atoms. Assuming that sufficient
temperature is given to the system to assure surface diffusion, species presenting a
high interaction (for example, the growth of Si on Si), will grow layer by layer. This is
described by the Franck van der Merwe model [6] and is shown in Figure 2.3-a.

The opposite situation, where the interaction between the deposited atoms is
higher than the interaction between the growing species and the substrate, the growth
will be characterized by an island growth, also called the Volmer-Weber growth (Figure
2.3-b).

The third growth mechanism, also called the Stranski-Kastanov model is
characterized by a layer-by-layer growth until a critical thickness “h.” is reached and
then by an island growth.

Figure 2.3: The three main possible growth mechanisms. Franck der Merwe (a), Volmer-Weber (b) and Stranski-
Kastanov(c).

In the case of the Volmer-Weber growth, if the deposition continues up to the
formation of a thin film, a polycrystalline material will be produced.
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2 - CVD growth

For a Franck van der Merwe growth type, the growth can occur epitaxially, i.e., the
grown film will follow the substrates crystalline orientation resulting on a
monocrystalline film. If the temperatures employed are low (resulting on a small
diffusion of surface atoms and larger number of nucleation points) or if the substrate
has defects or impurities, a polycrystalline film will be produced. The same is true for
the Stranski-Kastanov growth type.

Polycrystalline materials can be interesting in thermoelectric applications because
the presence of grain boundaries can act as barriers for phonons diffusion. At the same
time, they present typically a lower electrical conductivity due to the reduction of the
atoms mobility compared to monocrystalline materials, which can annul the beneficial
effect of the thermal conductivity reduction.

In this work, when monocrystalline SiGe films were grown on Si wafers a previous
step consisting in sending a HCl flow at 1100 °C was employed in order to clean the
surface to allow the epitaxy.

It is important to notice that the Volmer-Weber growth type, if well controlled, can
result on the formation of quantum dots. This mechanism is typical for metallic growth
on insulating substrate and was observed in the present work, where Ti and Mo-based
nano-islands were grown onto SiGe substrates. By controlling the deposition
temperature and duration, the islands remained isolated without forming a continuous
layer and acted as quantum dots precursors.

The Stranski-Kastanov type occurs when the grown material and the substrate
have a similar crystalline structure but a different lattice parameter. An example is the
case of SiGe grown onto silicon substrates, explained in more details in section 2.5 - .

2.3 - The growth rate limiting factor

In this section a brief discussion on how the growth rate changes as a function of
temperature will be presented. The growth of thin films rather than quantum dots will
be employed as an example in order to make the understanding of these aspects
simpler.

Actually the steps presented in Figure 2.2 can be resumed in two major parts. The
first one is the diffusion of gaseous species through the boundary layer and the second
is the surface diffusion and reactions of the adsorbed species on the substrate surface.

By plotting the growth rate of a thin film as a function of the temperature,
Arrhenius plots are obtained as shown in Figure 2.4. Commonly it is possible to identify
and separate in these graphics two distinct regions corresponding to two growth
regimes.
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By analyzing these two regimes it is possible to determine if the process is limited
by gaseous diffusion through the boundary layer or by surface diffusion and reactions.
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Figure 2.4: Arrhenius plot of the CVD growth of Si (red curve) and of SiGe (green curve). Under 800 °C, the growth
rate is limited by surface reactions. Above this temperature, it is limited by mass transport. Image from [7].

At low temperatures, the growth is limited by surface reactions. The growth rate
“R” can be approximated to R « e Fa/kT |n this case, both surface diffusion
mechanisms and chemical reactions are considered.

At higher temperatures, the surface reactions take place faster and the limiting
step is the mass transport through the boundary layer. In this case the growth rate
approaches to a constant value.

2.4 - CVD tool

The equipment employed for this work is the RPCVD Centura 5200 from Applied
Materials. This equipment is currently employed by the microelectronics industry in
order to grow doped Si and SiGe thin films onto silicon wafers. It is equipped with a
cleaning system allowing to epitaxially grow thin films.
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2 - CVD growth

The deposition chamber is isolated from the atmosphere and the heating for the
reactions is provided by a set of lamps situated both on top of the chamber and below
it, allowing a homogeneous heating (Figure 2.5).

The substrate lies under a support which is equipped with a rotation system (20
turns/min.). The whole system is covered by quartz dome, allowing the light from
lamps to reach and heat the sample. The temperature is controlled by a pyrometer
positioned on the lower part of the chamber. The reaction gases are delivered to the
chamber providing a horizontal laminar flow using H, as the carrier gas.

Figure 2.5: (a):Representation of the reaction chamber with its main parts. 1=the quartz dome, 2=the substrate
support and 3= the heating lamps. (b): A view of the chamber during maintenance.

The CVD apparatus is equipped with SiH4 as a precursor for silicon deposition and
GeH,4 for germanium, as well as with dopant gases PH; for n-type doping and B,Hg for
p-type. Both dopants precursors are pre-diluted in H, in order to achieve the low
concentrations necessary.

The typical parameters ranges for this type of equipment are listed above.

e Working pressure: 5—500 Torr

e Temperature: 550 —-1100 °C

e Precursor gas flow rate: 10 — 300 standard cubic centimeter per minute
(sccm)

e Carrier gas flow rate (H;): 10 — 30 standard liter per minute (slm)
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2.5 - Si and SiGe thin film growth

In this section some considerations concerning the growth of Si and SiGe using the
CVD tool employed to grow the QDSL are presented. First of all, the growth
mechanisms are detailed, as well as the differences between the growth of pure Si and
of SiGe.

When only SiH, is employed to grow a monocrystalline thin film onto a silicon
wafer, the process is called homoepitaxy and the Franck van der Merwe growth type is
observed. This is achieved if the temperature inside the chamber is sufficient to
provide the mobility necessary for the atoms to arrange themselves according to the
substrate crystalline structure.

It should be noticed that both the chamber and the substrate should be clean
enough not to disturb the growth. In this case, growth with no defects and thin films
with no internal stress can be obtained.

Both silicon and germanium have the same cubic “diamond” crystalline structure
(Figure 2.6), forming a homogenous solid solution with no intermetallic compounds
(Figure 2.7). This feature makes it straightforward to produce SiGe materials with
different Ge contents.

[001] ,

Figure 2.6: Crystalline structure of Si and Ge.
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Figure 2.7: Phase diagram of Si and Ge. Image from [8].

The difference between the two materials crystalline structure is the lattice
parameter, named “a”. For silicon, as; = 5,431 A and for germanium ag. = 5,646 A. The
difference between the two lattice parameters is defined by the lattice mismatch,
showed in Equation 2.2, and is around 4% for silicon and germanium.

——_ ZGe i 2.2

In the case of SiGe, the representation Si;,Ge, can be adopted, where “x”
correspond to the atomic fraction of Ge atoms in the binary compound.

By adding Ge to Si, the lattice parameter changes linearly with the Ge content and
can be calculated by the equation 2.3.

Asiy_,Gey = Asi +x.(Age — ag;) 2.3
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CHAPTER Il — The CVD growth of Quantum Dots Superlattices

For polycrystalline thin films, the lattice parameter can be measured by the
shifting of the diffraction spectrum peaks and the Ge content of the material can be
estimated.

Consider a SiGe thin film epitaxially grown onto a silicon wafer. In this case, the
difference on the lattice parameter of the two materials can disturb the growth. In
order to accommodate the atoms according the silicon substrate’s lattice, the lattice
parameter of the SiGe is reduced along the horizontal direction and increased along
the vertical direction (Figure 2.8). The higher the Ge content of the SiGe, the more this

effect is noticed.

Asice |

Figure 2.8: Representation of the modifications of the lattice parameter when SiGe is grown onto (100) Si. Left:
the lattice parameter for both materials. Up right: epitaxial growth with distortion of the SiGe lattice parameter.
Low right: relaxation of the SiGe film to the original lattice parameter by the creation of dislocations.

This phenomenon will result on an increase of the internal elastic energy of the
material. The thicker the film is, the higher is the stored energy. A further increase on
the elastic energy of the system will lead to the creation of dislocations and relaxing of
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2 - CVD growth

the structure. In this case, the lattice parameter of the SiGe thin film will no longer
match the Si substrate, but it will be rather the one of a bulk material. A further growth
of the film will then result on the formation of dome-like structures, resulting on a
Stranski-Kastanov-like growth. This feature can be employed to create quantum
dots/nano-islands structures based on SiGe/Si [9,10]. The shape of the obtained nano-
islands can thus be further tailored by annealing the obtained material [11].

The thickness where the system will relax and form dislocations is called the
critical thickness h.and is dependent on the Ge content of the grown SiGe film (Figure
2.9).

In the present work the produced QDSL had Ge contents ranging from 2 — 10 %
and a total thickness of round 1000 nm, and both poly and monocrystalline samples
were produced. It can thus be expected that for the monocrystalline samples a
metastable growth exists, with the possible presence of relaxed layers with
dislocations. Further discussion on this subject will be presented in Chapter 3.

relaxed with dislocations

10 |

Critical thickness (nm)

stable

1 | 1
0 0.2 04 0.6 08 1
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Figure 2.9: Critical thickness as a function of the Ge fraction. The metastable zone corresponds to conditions
where the creation of dislocations depends on the experimental conditions. Image from [12].

Another important point to be considered in this section concerns the chemical
reactions taking place when SiGe is grown. In the case of the precursors employed in
this work, the following reactions can be cited.

SiH, - Si + 2H, 2.4
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GeH, — Ge + 2H, 2.5
And for the dopants:

B,Hs = 2B + 3H, 2.6

2PH; - 2P + 3H, 2.7

Both reactions are pyrolysis, i.e., the molecules bonds are broken using the energy
from the heat source.

In order to produce SiGe thin films, both gases are mixed during the deposition,
and by varying the gas flow rates, different concentrations of Ge are obtained.
Similarly, different doping levels can be obtained by varying the dopant gases flow
rates.

2.6 - Ti and Mo precursors

The first step in order to produce silicide-based QDSL is to select the appropriate
precursors. Several restrictions exist, and the choice of using Ti and Mo among the
silicides studied by Mingo et al in reference [1] was mainly due to the possibility of
using precursors for these atoms on the CVD tool available for this work.

The main characteristics of a candidate precursor are:

e High vapor pressure (in the case of non-gaseous precursors)
e Low toxicity

e Low reactivity with the gas lines

e Molecules with no oxygen

e Molecules producing gaseous products after decomposition
e Stability of the molecule up to deposition temperatures

e Availability

e Compatibility with a technological transfer

Generally, the precursor must be able to supply a gas phase that will stay inert
until it reaches the reaction chamber. When the deposition takes place, the
byproducts of the reactions occurring in the chamber must be evacuated and must not
interfere with the growth.
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Once all of these parameters were evaluated, the chosen precursors were TiCl, for
Ti and MoCls for Mo.

The chemical reactions using chloride compounds are not governed by the same
mechanisms as for SiH; and GeH,. In this case, the main reaction is the reduction of the
metal atoms by the carrier gas H,, as presented in equations 2.8 and 2.9.

TiCl, + 2H, » Ti + 4HCl 2.8

2MoCl; + 5H, » 2Mo + 10HCI 2.9

In pyrolysis reactions, the carrier gas H; acts only as a diluting agent. For the same
precursor gas flow rate, increasing the carrier gas flow rate reduces the partial
pressure of the precursor, and thus reduces the deposition rate.

For reduction reactions, however, more attention has to be given to the carrier
gas, since it is fundamental and takes part of the reactions.

2.7 - Delivery system for non-gaseous precursors

The main inconvenient of the TiCl; and MoCls precursors is that they are non-
gaseous and thus cannot be directly delivered to the deposition chamber. To solve this
problem, a system has been conceived to allow the separation between the gas and
liquid phase (for the Ti precursor) and between the gas and solid phase (for the Mo
precursor). A second function of this system is to deliver the gas phase to the reaction
chamber.

This system is schematically represented in Figure 2.10. The apparatus is adapted
both for the use of the liquid (TiCl;) and solid precursors (MoCls), with changes only in
the inner part of the container.

The system consists in an isolated container charged with the precursor. Two mass
flows controllers (MFC) are employed, one for the H; carrier gas (MFC1) entering the
container and one for controlling the flow rate of the metallic precursor and the H,
carrier gas coming from the container (MFC2).

73



CHAPTER Il — The CVD growth of Quantum Dots SuperLattices

H, H, + Ticl,
— —
a . l |
| —
™M Tidl, (liquid)
o) ° /
= o 7
20 ©
C.
H, H, + MoCl,
— —
[ ]
sintered steel =
™S MocCl; (solid)

/

Figure 2.10: The precursor container of the evaporation system. (a): a view of the outside of the piece. (b):
schematic representation of the inside of the container for the use of TiCl,. (c) schematic representation of the
inside of the container employed for the MoCl; precursor.

All the parameters (gas flow rate, pressure, temperature) were controlled using
specific software (Figure 2.11). A PID (Proportional Integral Derivative) control system
is employed to maintain the pressure inside the container constant by controlling the
MFC1 to regulate the intake of carrier gas.

A heating mechanism was conceived allowing to heat independently three
different zones of the system. The first one, named T; corresponds to the temperature
inside the container. T, is the temperature of the zone above the container, consisting
on the beginning of the gas lines and MFC2. T3 corresponds to the rest of the gas line
until the deposition chamber. The heating is performed in such a way that T3>T,>Ty,
assuring that no condensation occurred inside the gas lines even if small temperature
drops exists.
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Figure 2.11: The evaporation system software interface.

2.7.a - TiCl4 evaporation system

For the Ti precursor, which is liquid at ambient conditions, the system consists in a
bubbler apparatus (Figure 2.10-b).

In this case the container is filled so that the carrier gas bubbles inside the
precursor, forming a TiCls-rich gaseous phase. This gas is then pumped to the chamber.
In order to estimate the TiCl, flow rate, the following procedure was adopted. First, the
vapor pressure of TiCl; as a function of temperature is determined by Equation 2.10
[13].

1346,56
logPTiCl4 = 6,79 - m 2.10

This equation, also called “Antoine equation” is empirically determined and allows
to determine approximately the vapor pressure of the gaseous phase of a liquid/gas
system in equilibrium. The pressure is given in Torr and the temperature in °C.
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For further calculating the real flow coming from the evaporating apparatus,
equation 2.11 is used.

Prici
QTiCl4 = —4Qout 211

Pmeas

Where “Qrics” is the flow rate of the TiCl; precursor, “Prics” is the pressure
obtained from equation 2.10, “Pmeas” is the pressure inside the container and “Qqt” is
the flow rate coming from the evaporation system, controlled by MFC2.

In this work the temperature inside the evaporator is fixed to 30 °C. This choice
was done in order to provide the minimum precursor as possible but still at a slightly
higher temperature compared to the room temperature, allowing a better stabilization
of the temperature.

The chosen container temperature produced a vapor pressure of around 1,1 Torr.
The pressure inside the container is set to 700 Torr, and the flow rate was set to the
range of 50 to 200 sccm, leading to a real TiCl4 flow of 0,08 to 0,3 sccm. During these
calculations it was assumed that the system is in equilibrium.

2.7.b - MoCls sublimation

A similar method is employed to deliver the MoCls to the deposition chamber. As
the precursor is solid up to high temperatures, the carrier gas is only directed onto the
solid precursor surface through a sintered steel piece (Figure 2.10-c).

The Antoine equation used for MoClsis [14]:

3504
logPMOCl5 = 9,465 - T 2.12

Where T is the temperature (in K) and P is the pressure (in Torr). The chosen
temperature was the maximum allowed to our system, i.e., 135 °C, producing a vapor
pressure of approximately 0,87 Torr and gas flow rate of 0,06 to 0,25 sccm, which are
similar to those used for TiCl,.

These results were useful to guide the first experiments to calibrate the
evaporation/sublimation system. Care should be taken in order to estimate the real
gas flow rate during the depositions, as these calculations are approximated and
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consider that the system is in equilibrium. The case of MoCls is even more critical,
because there is no bubbling of the carrier inside the precursor.

3 - Growth of Ti-based silicide/SiGe QDSL

3.1 - Introduction

Titanium silicide is a well-studied material for using in the microelectronic industry
as electrical contacts. The traditional way to form the silicide is the Salicide process,
where a thin Ti film is deposited either by evaporation, sputtering or CVD directly onto
the Si wafer. A latter heat treatment provides the energy for the reactions between Ti
atoms and Si atoms from the substrate, forming the silicide [13].

The main phase of interest for the microelectronics industry is the TiSi, C54 phase,
due to its low electrical resistivity, and it is normally obtained by annealing the wafer
at temperatures between 600 — 800 °C. Even if different phases exist for the Si-Ti
system (Figure 2.12), during the salicide process the more thermodynamically stable
phases obtained are the C49 and C54 TiSi, phases.

TiSi, is also the phase studied as nano-inclusions inside a SiGe matrix for reducing
the thermal conductivity in reference [1], the main inspiration for the present work.

In this work, a similar process to the salicide process using CVD was employed to
deposit the Ti nano-islands and further form the QDSL. The first step was the
deposition of Ti onto a wafer where a SiGe thin film was previously grown. The process
was then stopped before a continuous film was formed, taking advantage of the
Stranski-Kastanov growth type. By doing this, the deposition of Ti nano-islands was
achieved.

Some studies have been published showing the deposition of Ti silicides onto a Si
wafer by CVD [15], and a correlation between the formed phases with the partial
pressure of the precursor gases (TiCl; and SiH;) was identified. The authors found that
several silicide phases exist and depend strongly on TiCl,and SiH4 partial pressures.

In the case of the present work, different mechanisms are expected, since the Ti
deposition does not form a continuous film and since there is no SiH; added to the Ti
deposition. However as the employed TiCl, deposition temperatures varied between
750 — 900 °C, which corresponds to the same range of temperatures of the salicide
process, it can be expected that during the deposition, reactions between the Ti atoms
and Si atoms take place in-situ forming silicide phases.
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Figure 2.12: The Si-Ti phase diagram. The arrows indicate the composition of the different stable phases.

The deposition of QDSL by CVD employed in this work can be divided in three
steps, represented in Figure 2.13. The first one is the deposition of Ti nano-islands onto
a SiGe thin film. The nano-islands are further embedded by the deposition of a SiGe
thin film, forming simultaneously quantum dots by the reaction of the Ti atoms with
the Si atoms. These steps were then repeated in order to produce a QDSL.

In this work the expression “nano-island” is differentiated from “quantum dot” in
the sense that the former is related to the first steps of the growth, where the
deposited Ti atoms form quasi-planar nanometric structures. Once they react with the
Si atoms and form the silicides, spherical crystalline structures are formed, called
guantum dots.

For convenience, when the Ti deposition on SiGe surface is being treated, they will
be called nano-islands and when the QDSL is formed and the nano-islands will react
with Si atoms to form silicides, they will be called quantum dots.
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Figure 2.13: Strategy for the growing QDSL by CVD. Metal nano-islands are grown onto a SiGe thin film (a). A SiGe
layer is deposited to embed the islands and form the quantum dots (b). Steps “a” and “b” are repeated to
produce a QDSL, represented in (c).

3.2 - CVD deposition of Ti-based nano-islands

The surface growth of Ti silicide quantum dots has already been reported using
different methods. For instance, this was achieved by depositing a Ti thin film onto a Si
wafer with further annealing in order to nucleate and form nano islands [16] or by the
direct CVD deposition [17,18]. In both works, the authors achieved the formation of Ti
silicide nano-islands onto silicon substrates at temperatures as low as 630 °C.

In this work, no annealing step was used, and the system employed (coupled
evaporator and CVD chamber) allowed to directly deposit quantum dots.

In reference [1] the optimal reduction of the thermal conductivity was obtained
for a SiGe matrix containing approximately 3 % (in volume) of silicide quantum dots. In
the case of Ti and Mo-based quantum dots, the best calculated diameters were around
20 - 40 nm for Ti and of 10 - 40 nm for Mo. In the present work, an effort was made in
order to produce QDSL with a similar volumetric density of quantum dots and with
inclusions having diameters of the same order of magnitude of those studied in the
reference.

To accomplish this, the first step was the calibration of the nano-islands deposition
parameters. Scanning electronic microscope (SEM) images were employed in order to
determine the mean diameter and the surface coverage. The final volume fraction of
the quantum dots inside the SiGe matrix was calculated from the surface coverage
measures taking into account the following assumptions:

e the quantum dots were considered to be spherical and having the same
diameter as the nano-islands;

e the thickness (tsige) of the embedding SiGe thin film was set to be
tsice = 2. Dy, where “Dy,” is the nano-islands mean diameter.

By using these assumptions, the relationship between the volumetric fraction and
the surface coverage can be approximated to:
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%, = %s/3 2.13

Where “%,” is the volumetric fraction and “%,” is the surface coverage of the nano
islands calculated by image treating (Figure 2.14). From equation 2.13, the optimal
surface coverage calculated in order to obtain the reference values is 9 %.

The surface coverage can be related to the nano-islands mean diameter “Dy,” and

the nano-islands surface density “d;”, i.e., the number of particles per surface unit by
the equation:

%, = n(—) .d,.100 2.14

The following calibration table can be created:

Table 2.1: Nano-islands diameter and related surface density in order to obtain a final volumetric fraction of
around 3% in the final QDSL.

nano-islands mean diameter nano-islands surface density "d,"
"Dn" (nm) (Hm_z)
10 764
20 191
30 85
40 48

The choice of the SiGe thin film thickness tsi;e. = 2. Dy; was made in order to
insure that the quantum dots where covered and embedded inside the matrix before
the next quantum dots deposition. In order to simplify the calculations the nano-
islands diameter was considered to be approximately equal to the silicides quantum
dots diameter.
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Figure 2.14: Schematic view of SEM image of a nano-island showing the measured diameter “Dy,” (left). Right:
Embedding the nano-island with a SiGe thin film of thickness “ts;c.” and formation of a quantum dot.

Another parameter that can be approximately calculated is the total volume of the
deposited nano-islands, which is proportional to the quantity of deposited Ti. By
approximating the nano-islands to spherical particles, the total volume v, per surface
unit is defined by:

4 (Dyp\®
vor =37 (1) +ds .

This value can be employed to calculate the growth rate of the Ti deposition. The
growth rate can be defined by the dividing “vit” by the deposition time and can be
plotted as a function of the deposition temperature in order to create Arrhenius plots
(Figure 2.4).

Different studies were performed in order to determine the role of the
parameters involved in the process concerning the size and distribution of the
guantum dots obtained, such as the deposition temperature, the role of the Ge
content of the SiGe substrate, the deposition duration and the partial pressure of the
gases employed. The main results are presented in the following sections.
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3.2.a - Role of deposition temperature

The first performed experiments consisted in the Ti deposition directly onto the
monocrystalline silicon wafer, without a previous deposition of a SiGe thin film.

Different temperatures were employed as shown in Figure 2.15. The other
deposition parameters were kept constant, with the deposition duration set to 15 s,
the chamber pressure to 10 Torr (1 Torr = 133,3 Pa), the H, gas flow rate to 30
standard liters per minute (SLM) and the TiCl, gas flow rate to 50 standard cubic
centimeters per minute (sccm). This value was the flow rate measured by the MFC2,
constituted by the TiCl, plus the carrier gas. In equilibrium, the real flow rate of TiCly is
around 1 sccm (equation 2.11).

The calculated values of the nano-islands properties after the images were treated
are presented in Table 2.2.

 —

Figure 2.15: Top view SEM images of nano-islands grown on monocrystalline silicon as a function of deposition
temperature. a) T=750 °C. b) T=800 °C. c) T = 850 °C. d) T = 900 °C.
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Table 2.2: Measured nano-islands properties as a function of the deposition temperature onto a monocrystalline
Si substrate.

Deposition Temperature (°C) 750 800 850 900
surface coverage (%) 32 32 11 8
mean diameter (nm) 10 11 31 58
islands density (um) 3752 3296 131 31

total islands volume (10 pm’®) 2,0 2,3 2,0 3,2

The growth rate was calculated by taking into account the total islands volume
and the deposition duration. By plotting the growth rate as a function of the
deposition temperatu+re the Arrhenius plot was obtained (Figure 2.16).

950 900 850 800 750
100 [ | T I T | T I T |

/
1
|

Growth rate (10° um°®/min)

1 1 I 1 I 1 I 1
0,80 0,85 0,90 0,95 1,00

1000/T (K™)

Figure 2.16: Arrhenius plot relating the growth rate to the deposition temperature for Ti-based nano-islands
grown onto a monocrystalline Si substrate. An error of 10 % on the growth rate was calculated based on the error
of the particles’ diameter measurements.
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Several conclusions can be taken from these initial results. Considering the growth
rate, no significant difference was observed in the temperatures range employed
during this work. As it was demonstrated in Figure 2.4, normally two domains can be
identified in CVD Arrhenius plots. In the first one, at low temperatures, the growth rate
varies exponentially with the temperature. In this case the limiting factor is the surface
reactions. In the second domain (higher temperatures), the growth rate is almost
constant and the deposition is limited by the mass transport.

It can be thus concluded that in the temperatures employed in this work the
system is in the mass transport-limited domain. An increase on the deposition
temperature has very low influence on the quantity of deposited atoms.

Even though the same quantity of mater is deposited onto the substrate, the
behavior of the deposited species differs with the temperature. The main factor
playing a role in this case is the surface diffusion of the deposited species (Equation
2.1). Here two main different temperature domains can also be identified. The first
one consists in the deposition temperatures of 750 and 800 °C. In this case, the
temperatures are not high enough to provide sufficient surface diffusion resulting on
the growth from a large number of small islands. The second domain is related to
depositions at 850 and 900 °C. Here the diffusion is highly dependent on the
deposition temperature, resulting on a variation of the particles diameter and density.

A similar study was performed onto a monocrystalline SiGe substrate. This
substrate was produced by growing a SiGe thin film onto the Si wafer. The Ge content
of the substrates was kept constant and the gas flow rates were set to SiH; = 70 sccm
and GeH, = 30 sccm. Earlier studies were made in order to calibrate the Ge content of
the SiGe films by coupling XRD analysis with equation 2.3. The flow rates employed
here provided a Ge concentration of around 10 % (atomic fraction).

These values were chosen for this work in order to produce materials with a
similar Ge content to the samples studied in [19]. In this reference, the authors studied
the role of the inclusion of silicide quantum dots in doped SiGe bulk samples for
thermoelectric applications, which makes this the only similar study to the present
work published to date. It should be noted that in the reference the authors studied
bulk samples and in this work thin films were produced, which can contribute to a
difference on the obtained results.

The deposition parameters were the same as those for the deposition onto the Si
substrate, except the deposition duration that in this case was set to 10 s. SEM images
of the samples are presented in Figure 2.17 and the calculated properties are
presented in Table 2.3. The Arrenhius plot obtained from the calculated growth rate is
presented in Figure 2.18.
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100 nm p—

Figure 2.17: Top view SEM images of nano-islands grown on a monocrystalline Siy g9Geg 10 thin film employed as
substrate as a function of deposition temperature. a) T =800 °C. b) T = 850 °C. c) T =900 °C.

A similar behavior was found both for the deposition onto a pure Si and onto a
SiGe thin film as substrate. Both depositions were limited by mass transport
phenomena, and no significant variation on the growth rate was observed over the

studied temperatures.

Table 2.3: Measured nano-islands properties as a function of the deposition temperature onto a monocrystalline
Sig.00G€0.10 thin film substrate.

Deposition Temperature (°C) 800 850 900
surface coverage (%) 14 9 8
mean diamater (nm) 14 22 27
islands density (um™) 841 256 135

total islands volume (10'3.|,lm3) 1,2 1,4 1,4
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Figure 2.18: Arrhenius plot relating the growth rate to the deposition temperature for Ti-based nano-islands
grown onto a monocrystalline SiGe substrate.

The most important conclusion for this part of the work is the determination of
the role of temperature on the diameter and density of the obtained nano-islands. It
can be seen that by changing the deposition temperature a precise control of the
nano-islands density and diameter can be obtained. For instance, the growth of Ti-
based nano-islands onto SiGe substrates at 850 °C resulted on particles with ideal sizes
and surface densities for the production of QDSL, as it can be seen when the results
are compared to Table 2.1.

3.2.b - Role of the substrate Ge content

In order to further understand the growth mechanisms, other depositions were
made at the optimal chosen temperature (850 °C) but onto substrates with different
Ge contents (Figure 2.19).

The Ge content was expressed by the ratio of the SiH; and GeH, gas flow rates
employed for growing the substrate. The ratios studied were: 100/0, corresponding to
0 % Ge; 70/30, corresponding to a content of around 10 %, and 50/50, corresponding

to a Ge content of 15 %. The Ge content has been measured by x-ray diffraction (see
chapter 3).
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Figure 2.19: Top view SEM images of nano-islands grown on monocrystalline SiGe substrate as a function of the
Ge content expressed as the SiH,/GeH, gas flow rates. a) SiH,/GeH, = 100/0. b) SiH,/GeH, = 70/30. c) SiH,/GeH, =
50/50.

By analyzing the images of Figure 2.19 it can be seen that the Ge content of the
substrate has an important role on the morphology of the deposited nano-islands.

The results of the growth results for these samples are presented in Table 2.4. By
comparing these with those presented in Table 2.3, it is observed that both the
substrate Ge content and the deposition temperature play a similar role.

Table 2.4: Measured nano-islands properties as a function of the substrate Ge content (expressed as the gas flow
rates ratio).

SiH,/GeH, ratio 100/0 70/30 50/50
surface coverage (%) 12 9 6
mean diamater (nm) 16 22 36
islands density (um) 604 256 59

total islands volume (107.um?) 1,3 1,4 1,4
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It has been already shown that the main difference between the samples grown at
different temperatures come from the difference on the surface diffusion of the
deposited species. At higher temperatures, the diffusion is increased resulting on
fewer and bigger nano-islands.

It can be thus concluded that a similar mechanism plays a role when the substrate
Ge content is changed. The fact that a pure silicon substrate produces a larger number
of smaller nano-islands than a Ge-rich substrate shows that Ti and Si atoms present a
higher chemical interaction than Ti and Ge atoms. In the case of the Ge-rich substrates,
it can be assumed that the potential barrier to surface diffusion Egy is smaller (see
equation 2.1). By increasing the substrate Ge content, a higher number of islands with
bigger diameters is obtained.

It should be noted that here again the estimated total quantity of deposited atoms
(and the growth rate) remained the same, thus the substrate Ge atoms did not change
the TiCl4 reduction by the H; carrier gas.

3.2.c - Role of deposition duration

In Figure 2.20 the role of the deposition duration “t” of Ti nano-islands on a
Sig.90Gep.10 substrate performed at 850 °C is presented. Three different deposition
times were studied: 5, 10 and 15 s. The measured properties for these samples are
presented in Table 2.5.

Figure 2.20: Top view SEM images of nano-islands grown on monocrystalline SiGe as a function of deposition
duration “t”.a)t=5s.b) t=10s. c) t = 15 s. Inset: Fourier transform of the images.
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By analyzing the results presented in Table 2.5, the following description of the
growth mechanisms is obtained. After 5 seconds of deposition, only a few stable
nucleus are formed onto the substrate. After 10 seconds, the increase of the mass
transport results on an increase of the nucleus sizes and on the apparition of others
(evidenced by the two-fold increase on the islands density). After 15 seconds, the
coalescence phenomenon takes place, represented by the increase of the calculated
total islands volume.

Table 2.5: Measured nano-islands properties as a function of the deposition duration.

deposition duration (s) 5 10 15
surface coverage (%) 2,5 9 11
mean diamater (nm) 16 22 30
islands density (um) 115 256 158

total islands volume (10'3 p.m"') 0,2 1,4 2,2
growth rate (10 pm*/min) 2,4 8,4 8,8

The growth rate did not change once the deposition duration was higher than 10
seconds. However, for 5 seconds the growth rate was considerably smaller, which
confirms that at 5 seconds deposition the growth is not yet stabilized. As a conclusion,
deposition times smaller than 10 seconds should not be employed for this system in
order to produce reproducible results.

An interesting feature that can be observed in Figure 2.20 “b” and “c” is the
Fourier transform of the images. Clearly the 15 seconds deposition resulted on an
oriented growth of the nano-islands along the two main axis of the (100) plan of the
substrate. For the 10 seconds deposition, not enough matter was available and the
nano-islands present no preferential orientation.
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3.2.d - Role of the precursor partial pressure

As it has been shown in the previous sections, the studied system is governed by
the mass transport. In this case, the growth rate is known to be proportional to the
precursor partial pressure [13].

The partial pressure of the TiCl, precursor “Pr;¢;,” is defined by:

Qrici,

_ (T p 2.16
Qrict, T Qn, amoer

Prici, =

Where “Qric,” and “Qy,” are the TiCly and H, flow rate respectively and
“Pchamper 15 the pressure inside the deposition chamber. As “Qr;c;,” is small
compared to “Qp,”, the precursor partial pressure can be approximated to “Pr¢c;, x

Qricly,
QH,
In order to study the role of the precursors’ partial pressure, it was chosen in this
work to vary the carrier gas H, flow rate. While the TiCl, flow rate remained constant,
the H, was set to 10, 20 and 30 SLM. The SEM images for this study are presented in

Figure 2.21 and the measured results in Table 2.6.

200 nm —

Figure 2.21: Top view SEM images of nano-islands grown on monocrystalline SiGe as a function of H, flow rate. a)
Qy2 = 30 SLM. b) Qy4, = 20 SLM. c) Qy, = 10 SLM.
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By analyzing the results from Table 2.6, it can be seen that the reduction of the H,
flow rate from 30 to 20 SLM and further to 10 SLM produced the expected results, i.e.,
the dilution of the TiCls precursor gas was reduced and the growth rate was increased.

The islands density was reduced and the mean diameter was increased because a
higher mass transport and total deposited matter produced the coalescence of nucleus
close to each other. Similar results were obtained by changing the TiCl, flow rate and
keeping the H, flow rate constant.

Table 2.6: Measured nano-islands properties as a function of H, flow rate.

H, mass flow rate (SLM) 30 20 10
surface coverage (%) S 10 7,5
mean diamater (nm) 22 28 35
islands density (um) 256 159 92

total islands volume (10'3 p.m"') 1,4 1,8 2,1
growth rate (10 pm*/min) 8,4 10,8 12,6

3.2.e - Role of substrate crystallinity

Until now all the presented studies consisted in growing the nano-islands onto
monocrystalline substrates. The main reason for this is because it is simpler to treat
the images and obtain consistent measures of the particles density and mean
diameters. Treating images of polycrystalline samples would not be possible because
of contrast differences caused by the material’s grains.

However, as the substrate crystallinity is an important parameter to be considered
when the thermoelectric properties are studied, it was essential to verify if the growth
of the nano-islands onto polycrystalline substrates occurred in a similar way than onto
monocrystalline substrates.

In Figure 2.22 a comparison between both substrates is presented. The substrates
are composed of a SiggGey thin film previously grown by CVD.

It can be seen that at least qualitatively the growth seems to be similar and the
size of the particles is of the same order of magnitude. The particles density seems to
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be smaller for the polycrystalline substrate, however it is difficult to evaluate this
statement since some nano-islands can be hidden behind the material grains.

Another important observation from the SEM images is that the nano-islands
seem to grow preferentially near the grain boundaries in polycrystalline samples. This
fact will be further discussed in Chapter 3.

Figure 2.22: Top view SEM images of nano-islands grown on monocrystalline (a) and polycrystalline (b) SigoGe;o
thin films.

For the growth of QDSL, no changes were done on the growth parameters as
function of the substrate crystallinity, as it was assumed that only slight differences
occurred.

3.2.f - Conclusion

In the previous sections, the role of the different growth parameters was
highlighted. The performed studies allowed a better comprehension of the growth
mechanisms and the determination of the growth rate limiting factor for the Ti
deposition onto Si and SiGe substrates, which is the mass transport. By adjusting the
growth parameters a precise control of the nano-islands diameter and surficial density
can be obtained. The studied variables can be divided in two main groups (see

Table 2.7).
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The first one contains the variables playing a role on the surface diffusion of the
adsorbed species, such as the growth temperature and the substrate Ge content. By
increasing the temperature or the Ge content, a higher surface diffusion occurs
resulting on a smaller number of bigger nano-islands.

The second group is composed by the variables playing a role on the quantity of
deposited matter, such as the deposition duration and the gases partial pressure.
Logically, by increasing the deposition duration a higher amount of atoms is deposited,
leading to an increase of the nano-islands size. If enough time is provided, the nano-
islands will grow up to a point where coalescence will occur, and a reduction of the
surface density will occur.

The partial pressure of gases is, on the other hand, responsible for the growth
rate. By increasing the TiCl, precursor or reducing the H, carrier gas flow rate, a higher
partial pressure of the precursor is obtained and the deposition growth rate is
increased. The consequences are similar to increasing the deposition duration, i.e., an
increase on the nano-islands diameter and reduction of surface density by
coalescence.

By taking into account all these parameters, an example with suggested steps in
order to produce controlled nano-islands onto a SiGe thin film substrate is presented:

Choice of the Ge content of the substrate;
Deposition on different temperatures in order to adjust the surface
density;

3. Controlling the nano-islands diameter by adjusting the precursor partial
pressure and/or deposition duration.

Table 2.7: Measured nano-islands properties as a function of H, flow rate.

. nano-islands nano-islands
variables . .
mean diameter surface density
group 1: - growth temperature N 0
surface diffusion - substrate Ge content
group 2: . .
. . - TiCly partial pressure
quantity of deposited " : T -
- deposition duration
matter
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3.3 - Embedding the nano-islands and formation of quantum
dots

In order to study the mechanisms occurring when the nano-islands are embedded
(Figure 2.13-b), two different temperature ranges were employed, a low temperature
embedding (650 — 700 °C) and a high temperature embedding (800 — 850 °C). These
values were chosen based on the temperature where the growth rate limiting factor
changes for the Si and SiGe system, i.e., around 750 — 800 °C (Figure 2.4). For the low
temperature range, the deposition is limited by surface reactions while for the high
temperature range the deposition is limited by mass transport.

3.3.a - Low temperature embedding: nanowires growth

When the first tests in order to embed the nano-islands with pure silicon were
performed, the growth of nanowires instead of a continuous layer was observed.

The growth of Si nanowires catalyzed by Ti nano-islands has already been
described elsewhere [20] at similar temperatures. The growth mechanism is known as
a variant of the Vapor-Liquid-Solid (VLS) mechanism, known as Vapor-Solid-Solid (VSS)
[2]. This method has often been employed in the context of CVD processes in order to
grow semiconductor nanowires [21]. Here, the Ti nano-islands act as a catalyst for the
deposition reactions. After the SiH4; pyrolysis, silicon atoms diffuse inside the Ti
particles. When the saturation point is reached, Si precipitates forming nanowires
(Figure 2.23).

a. _ b. C.
precursorspecies

/‘ nanowires growth

metal quantum dot

Si Wafer

Figure 2.23: Representation of the VSS growth. a) Adsorption of the precursor species onto the Ti nano-islands. b)
decomposition and diffusion of Si atoms inside the Ti forming a solid solution. c) saturation of the system and
precipitation of silicon as nanowires.
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As the deposition reactions are faster because of the catalysis effect, even if some
growth occurs onto the substrate in the zones without nano-islands, the growth of the
nanowires is faster and dominates the process. In Figure 2.24 SEM images are
presented showing nanowires grown during 5, 10 and 50 seconds at 700 °C.

.

Figure 2.24: Cross section SEM images of nano-islands instead of a continuous layer after the deposition using
SiH, as precursor gas. a) deposition duration “t” =5s.b)t=10s. c) t=50s. The zone “1” corresponds to the Si
wafer, zone “2” to the SiGe thin film substrate and “3” to the embedding layer.

In order to avoid the growth of nanowires, a study was performed by adding GeH,
to the gases employed for embedding the nano-islands, represented by changing the
SiH4/GeH, gas flow ratios.

In Figure 2.25 are presented the results of the embedding tests performed at 700
°C. First of all it can be observed in Figure 2.25-a the presence of the quantum dots at
the top of the wires, which confirms the growth mode as being the VSS. The increase
of GeH, ratio to 30 % (Figure 2.25-b) reduced the nanowires growth and a further
increase to 50% (Figure 2.25-c) provided a homogeneous growth without the
formation of nanowires, with the effective embedding of the quantum dots.

A similar study was made at 650 °C (Figure 2.26). It can be seen that a higher
proportion of GeH,in the embedding gases (SiH4/GeH, = 30/70) should be employed in
order to provide a homogeneous growth instead of the production of nanowires.
Moreover, when the embedding layer was deposited at temperatures T = 800 °C, no
nanowires growth was observed, even without GeH, additions.
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Ti silicide quantum dot

Ti silicide quantum

Figure 2.25: Cross section SEM images of nano-islands after the deposition of an embedding layer at 700 °C as a
function of the Ge content (expressed as the SiH,/GeH, gas flow rates of the embedding gases). a) SiH,/GeH, =
100/0 (pure SiH,). b) SiH,/GeH, = 70/30. c) SiH,/GeH, = 50/50.

Clearly there is a correlation between the deposition temperature and quantity of
GeH4 necessary to provide a homogeneous growth.

Figure 2.26: Cross section SEM images of nano-islands after the deposition of an embedding layer at 650 °C as a
function of the Ge content (expressed as the SiH,/GeH, gas flow rates of the embedding gases). a) SiH,/GeH, =
50/50. b) SiH,/GeH, = 30/70.
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A possible mechanism to explain these observations can be provided by a further
analysis of Figure 2.4. At low temperatures (growth limited by surface reactions) the
energy necessary to activate these reactions is represented by the slope of the right
part of the graphic. When GeH, is added, a significant decrease of the activation
energy is obtained (20,2 against 40,1 kcal/mol for pure SiH4 in the example). Thus, by
adding GeH, to the precursor gases employed to embed the nano-islands a reduction
of the energy needed to produce the reactions is obtained and the catalysis effect
(which can be thought as a local reduction of the activation energy for the reactions)
becomes less important. The lower is the deposition temperature, the higher is the
difference between the speed of deposition catalyzed by the nano-islands and the
deposition on the substrate, and the more GeH; is needed to compensate this
difference.

3.3.b - High temperature embedding

At high temperatures, no nanowires growth was observed even when pure SiH,
was employed. The main reason for this is that the reactions take place faster making
the deposition speed high enough to compensate the catalyst effect. However another
phenomenon was observed, a fraction of the quantum dots migrated to the surface of
the embedding layer instead of remaining inside the material (Figure 2.27).

Figure 2.27: Top view SEM images (a) and cross section SEM images (“b” and “c”) of the samples after an
embedding deposition at 850 °C. For the same sample, some dots were embedded inside the material (b) while
others remained “opened” to the surface (c).
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A possible explanation for this phenomenon relies on the diffusion of Ti inside Si
and vice-versa. At high temperatures, the mobility of the atoms is high enough to
provide enough diffusion and the “movement” of the quantum dots inside the SiGe
matrix.

A large number of experimental tests were performed in order to better
understand these mechanisms and to prevent the migration of the quantum dots
inside the material. Some examples of the variables studied are the Ge content of the
embedding layer, the deposition temperature and the deposition duration (thickness
of the embedding layer). None of these studies provided conclusive results, and for all
the conditions tested a fraction of the quantum dots remained at the surface of the
material.

It was observed, however, that when the deposition of Ti and embedding layer
was repeated in order to provide the growth of a QDSL, the fraction of quantum dots
in the surface was reduced (Figure 2.28 and Table 2.8).

Figure 2.28: Top view SEM images with no embedding layer (a), with 3 nano-islands + 3 embedding layers (b) and
with 16 repetitions.

After 16 repetitions of Ti deposition and embedding SiGe layers, the density of
guantum dots was reduced from 125 to only 3 um'z, with an increase of the particles
mean diameter, from 26 nm to 65 nm. The probable reason is that while the 16
stacking layers are being grown, the quantum dots coalesce inside the material,
increasing their diameter.
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The increase of their diameter will then reduce their mobility and at the end fewer
guantum dots reach the material surface. Further detailed discussion will be presented
in Chapter 3.

Table 2.8: Measures of surface quantum dots as a function of the number of deposited layers.

Number of repetitions 0 3 16
surface coverage (%) 7 4 2
mean diamater (nm) 26 30 65

dots density (um?) 125 50 3

3.4 - Ti/SiGe QDSL growth

Once the Ti deposition was calibrated and the layer stacking with SiGe embedding
was validated, the last step of the work was performed, i.e., the growth of QDSL. The
main parameters and aimed properties of the produced QDSL are presented in Table
2.9.

The number of layers was set to 16 and the thickness of each embedding SiGe
layer to around 40 - 50 nm. As commented before, the layer thickness was tgjze =
2.Dy; in order to assure better coverage of the quantum dots.

The number of layers was set then to 16 in order to provide a material with total
thickness of approximately 1 pum. A first buffer layer of 200 nm was deposited before
the growth of the QDSL for different reasons. The first one is linked to the final Ge
content of the layer. As an inter-diffusion between the Ge atoms from the QDSL and
the Si atoms from the substrate exists, the final Ge content of the first QDSL layer can
be different from the rest of the material. The buffer layer serves in this case in order
to lower this effect and produce results similar to those tested during the surface
studies. Another expected effect of the buffer layer is to eventually accommodate
dislocations produced due to the lattice mismatch between the SiGe thin films and the
Si substrate, preventing these dislocations to occur inside the QDSL.

The Ge content of the SiGe layers inside the QDSL was set to around 10 % in order
to produce a similar material to those in reference [13]. The deposition temperature
for the SiGe layers was chosen to be the same of the Ti deposition, i.e., 850 °C. The
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doping level was based on the optimal dopants concentration in order to produce a
thermoelectric material with the higher possible power factor, i.e., around 10*°-10%
atoms.com™.

Table 2.9: Correlation between the aimed values and the chosen parameters for the growth of Ti-based QDSL.

variables aimed values chosen parameters
Ge content 10 % SiH./GeH, = 70/30 sccm
. Dy = 20 nm TiCl, deposition at 850 °C for
quantum dots properties %s = 9 10 seconds
»TIR H,=30 SLM
dobin 10" to 10* atoms.cm™ addition of PH; or B,Hg
ping ("n" and "p") during SiGe deposition

deposition duration = 20 - 40
seconds

SiGe embedding layer

thickness tsige =40 - 50 nm

repetition of Ti and SiGe

AL B n=16 deposition 16 times

Both mono and polycrystalline QDSL were produced. In order to produce the
conditions to the epitaxial growth, an in-situ HCI cleaning step was performed prior to
the QDSL deposition. For the polycrystalline growth, no cleaning step was performed.
Moreover, the substrate was not the same for both type of QDSL (Figure 2.29). For the
polycrystalline growth, a silicon wafer with a 200 nm SiO, layer on the surface was
employed. The oxide layer was necessary in order to insulate the QDSL from the Si
substrate for the electrical characterizations. For the monocrystalline QDSL, a Silicon-
on-Insulator (SOI) substrate was chosen. This type of substrate allows the epitaxial
growth onto a monocrystalline layer of Si and at the same time to isolate the QDSL
from the bulk substrate by a SiO; layer.
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Si Wafer

} =200 nm

} = 500 pum

monocrystalline Si

Si Wafer

} =350 nm
} ~400nm

} = 500 pm

Figure 2.29: Representation of the substrates employed in this work. (a) Substrate employed for the growth of

polycrystalline QDSL and (b) the SOl employed for the monocrystalline QDSL.

For each produced QDSL, a reference sample of pure SiGe was grown using the
same Ge content and doping level, serving as reference for the thermoelectric

characterizations.

In Figure 2.30 are presented SEM images of two QDSL, a monocrystalline and a
polycrystalline. Detailed analyses and discussion of the QDSL produced will be

presented in Chapter 3.

Ti silicide QD

Ti silicide QD

Figure 2.30: Cross section SEM images of a monocrystalline Ti-based QDSL (a) and of a polycrystalline sample (b).
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4 - The growth of Mo-based silicide/SiGe QDSL

4.1 - Introduction

Similarly to titanium silicides, molybdenum silicides have also been studied in the
literature to produce electrical contacts on solid state chips and can be formed by the
Salicide process as well [22]. Typically a Mo layer is deposited onto a silicon substrate
and a heat treatment with temperatures on the range of 800 — 1000 °C will allow the
reaction between the two materials to form preferentially the MoSi, phase [23].

The reactions between Mo and Si can produce only three intermetallic stable
phases, MosSi, MosSi; and MoSi;, (Figure 2.31). As for Ti-based silicide quantum dots,
our presented studies were based on the theoretical works of Mingo et al. in [1] where
the inclusion of MoSi, quantum dots into a SiGe matrix was studied in order to reduce
the materials thermal conductivity.
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Figure 2.31: The Mo-Si phase diagram. The arrows indicate the composition of the different stable phases.
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The strategy employed to grow these QDSL is the same employed for the Ti-based,
described in Figure 2.13. The temperature range employed in this thesis for the
deposition of the quantum dots coincides with the temperatures employed in the
Salicide process, thus the reactions between the deposited dots and the substrate are
expected to happen during the deposition.

4.2 - CVD deposition of Mo-based nano-islands

Even though there exists fewer references in literature concerning the CVD
deposition of MoSi, when compared to TiSi,, there are some studies reporting the
growth of these phase using the same precursor as the one employed in this work, the
molybdenum(V) chloride, MoCls.

In reference [24] the authors accomplished the formation of the silicides at
temperatures 900 °C < T < 1400 °C using chamber pressures of 37 — 300 Torr. The
growth of MoSi, by the CVD method was also reported for different temperatures and
pressures, namely 520 °C < T < 800°C and 0,6 Torr < P < 2,0 Torr followed by an
annealing at 700 — 1000 °C [25]. From the last reference, it appears that films
deposited at temperatures higher than 800 °C directly produced the MoSi, phase.

It should be noticed that in both references, the authors employed as precursor
gas a silicon source (SiH4 or SiCl4) at the same time of MoCls to provide Si atoms for the
reaction. In the present work, as it was made with the Ti deposition, no silicon
precursor was employed during the Mo deposition. As it will be seen in Chapter 3, the
atoms from the SiGe layers between the quantum dots reacted with the Mo atoms
producing an in-situ silicide phase.

Even if some references exist reporting the CVD deposition of Mo silicide thin films
on Si substrate, no publications were found concerning the growth of Mo nano-islands
or quantum dots by this method.

Thus, the method employed for the deposition of Mo-based nano-islands was
performed in a similar way compared to Ti-based particles. However, some problems
were identified during the studies employed to calibrate the deposition parameters. It
was observed that the sublimation system (Figure 2.10-c) did not provide reproducible
results in a large scale of time, i.e., when results were compared with a time difference
of around 30 days.

The main origin of this problem is the conception and operating mode of the
sublimation system. Contrary to the evaporator system employed for the Ti precursor,
where the carrier gas is bubbled inside the precursor, in the sublimation method the
carrier gas only touches the solid Mo precursor surface. It can be assumed that slight
variation such as the precursor level inside the container can greatly change the
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qguantity of sublimated precursor. For future experiments, a modification of the
apparatus should be performed in order to provide more reproducible results.

In the present work two studies considering the growth of these Mo-based nano-
islands were performed and are presented in the next sections.

4.2.a - Role of deposition temperature

Because of the low quantity of precursor provided by the sublimation system, the
Mo-based nano-islands deposition duration was set to 210 seconds and the H, carrier
gas flow rate was set to 10 SLM in order to minimize the precursor dilution.

The SiGe substrate was grown using a SiH4/GeH, precursor gases ration of 70/30,
providing a Ge content of approximately 10%.

Three temperatures were tested, and the results are showed in Figure 2.32 and
Table 2.10.

Figure 2.32: Top view SEM images of Mo-based nano-islands grown on monocrystalline Siy o,Geg g as a function of
deposition temperature. a) T=800 °C. b) T =850 °C. c) T = 900 °C.
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Table 2.10: Measured Mo-based nano-islands properties as a function of the deposition duration.

Deposition Temperature (°C) 800 850 900
surface coverage (%) 1,7 2,6 1,7
mean diameter (nm) 20 36 51
islands density (um) 42 24 8

total islands volume (10 pm?) 0,2 0,6 0,6
growth rate (10 pm*/min) 0,06 0,2 0,2

The deposition was successfully achieved for all the three temperatures tested,
even though the growth rate is smaller than the one for Ti deposition. A behavior
similar to the one for Ti deposition was observed, i.e., the deposition at higher
temperatures lead to a smaller number of larger nano-islands.

The growth rate was smaller at 800 °C and remained constant when the
deposition was made at 850 and 900 °C. This could be an evidence of a deposition rate
limited by mass transport. In reference [24,25] however, the authors had different
results, showing that at these temperatures the growth rate was still dependent on the
deposition temperature and concluded that the growth was limited by the surface
reactions.

The origin of these differences could be that in the system employed in this thesis
all the MoCls entering the chamber was consumed at both 850 °C and 900 °C, and thus
a similar growth rate is obtained, i.e., the process is limited by the reactant availability.

These results were sufficient to the determination of the optimal deposition
temperature, which was 800 °C. Even if this temperature provided the nano-islands
with the diameter closest to the goals of this work (20 nm), the density of particles and
surface coverage remained far from the optimal values, with values of 2,6 % against
the goal of 9 %.

A further study on the role of the substrate Ge content was essential to increase
the particles density and is presented in the next section.
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4.2.b - Role of Ge content

In Figure 2.33 are presented the results of the Mo-based nano-islands grown on
substrates with two different contents chosen as a function of the SiHs/GeH, ratio. The
studied values were 70/30, producing a Ge content of around 10 % and 85/15,
producing a Ge content of around 3 %.

Figure 2.33: Top view SEM images of Mo-based nano-islands grown on monocrystalline SiGe at 800 °C as a
function of the substrate Ge content (expressed as the SiH,/GeH, gas flow rates employed for the substrate
growth. a) SiH,/GeH, = 70/30. b) SiH,/GeH, = 85/15.

When the Ge content of the substrate was decreased, a higher potential barrier
for the surface diffusion of the adsorbed species was obtained, producing a larger
number of smaller nano-islands (Table 2.11). The quantity of deposited matter (and
the growth rate) did not change, in a similar way to the one observed for the Ti
deposition.

The 85/15 precursor ratio produced thus a surface coverage closer to the values
needed to meet the requirements assumed for this work, and this Ge content was so
chosen for the production of the QDSL.

No phenomenon such as nanowires growth or migration of the particles to the
surface were encountered for the embedding of the Mo-based nano-islands, probably
because of lower mobility of Mo atoms due to their higher atomic mass compared to
Ti atoms.
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Table 2.11: Measured Mo-based nano-islands properties as a function of substrate Ge content.

SiGe ratio 70/30 85/15
surface coverage (%) 1,7 4
mean diameter (nm) 22 15
islands density (um) 46 247

total islands volume (10 pm?) 0,2 0,3
growth rate (10 pm*/min) 0,06 0,06

4.3 - Mo/SiGe QDSL growth

In Table 2.12 the main parameters employed for the growth of the QDSL are

presented.

Table 2.12: Correlation between the aimed values and the chosen parameters for the growth of Mo-based QDSL.

variables

aimed values

chosen parameters

Ge content

quantum dots properties

doping

SiGe embedding layer
thickness

number of layers

3%

D=15nm
%s=4%

10" to 10% atoms.cm™

("n"and "p")

tsige = 30-40 nm

n=25

SiH,/GeH, = 85/15 sccm

MoCls deposition at 800 °C for

210 seconds
H,=10 SLM

addition of PH; or B,Hg
during SiGe deposition

deposition duration =10 - 30

seconds

repetition of Ti and SiGe
deposition 25 times
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The main differences compared to Ti-based QDSL were the Ge content of the SiGe
matrix, the Mo deposition duration, the SiGe thickness and the number of layers. The
number of layers composing the QDSL was changed because as the mean diameter of
the particles was smaller (15 nm), the embedding layer thickness was also smaller. To
compensate this difference, a higher number of layers was produced in order to obtain
a sample with a total thickness similar to the one employed for Ti-based QDSL, i.e.,
around 1 pum.

In Figure 2.34 are presented SEM images of a mono and polycrystalline samples
produced according to the parameters described in Table 2.12. Detailed analysis of
these QDSL will be presented in Chapter 3.

Figure 2.34: Cross section SEM images of a monocrystalline Mo-based QDSL (a) and of a polycrystalline sample

(b).

5 - Conclusion

In this chapter the parameters concerning the deposition and growth of metallic
(Si and Mo) nano-islands on SiGe surfaces were presented. Both materials were
successfully deposited by using a specific evaporation/sublimation apparatus coupled
to an industrial CVD tool.

The role of the different deposition parameters was evaluated and the
comprehension of the growth mechanisms allowed to produce nano-islands with
controlled diameter and surface density. The deposited nano-islands were embedded
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with a doped SiGe layer and these steps were repeated in order to successfully
produce both mono and polycrystalline QDSL structures.

The structural and thermoelectric characterization of these new nanostructured
materials are going to be presented in the following chapter.
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1 - Introduction

1 - Introduction

In this chapter the results of the characterizations performed in order to evaluate
the physical and thermoelectrical properties of the Ti and Mo-based QDSL will be
presented.

The studied samples were produced using the growth parameters (such as
temperature and deposition duration) discussed in Chapter 2. These parameters were
chosen in order to produce QDSL with QD diameters dqp and volumetric fraction %y as
close as possible to the values studied by Mingo et al. [1], i.e., dqp = 15-40 nm and %, =
2-3 %. For the Ti-based QDSL, the chosen values were dgp = 20 nm, and the layer
thickness e = 40-50 nm. For the Mo-based QDSL, the chosen values were dqp = 15 nm,
and e = 30-40 nm.

There was a difference however between the samples produced in this work and
those in the literature concerning the Ge content of the QDSL. Mingo et al. studied
samples with 50 % Ge, but for our samples the Ge range varied between 3 and 13 %.
As Ge is an expensive material, in this work it was chosen to test samples with a slower
Ge content.

The QDSL were produced in such a way so that the role of the dopant (“p” and “n”
doping), crystallinity (mono and polycrystalline) and QD material (Ti or Mo-based)
were evaluated independently. This was accomplished by varying only one physical
guantity and maintaining the other parameters constant, as long as possible.

As it has already been discussed, the materials studied during this thesis have
never been produced or reported on the literature (to our knowledge), making it
complicated to compare our results and evaluate the role of the QD inclusions inside
the SiGe matrix. Even though a relatively similar material was reported made of
inclusions of MoSi, in a bulk SiGe matrix [2], some problems arise when comparing the
literature results with the samples produced during this thesis. First of all, the nature
of the material itself is not the same. In the case of polycrystalline thin films, often
there is a preferential grain growth along the vertical direction (texture), where for
bulk samples the grains tend to be more homogeneous. Moreover, depending on the
thin film thickness quantum and surface effects can become visible. The second
difficulty when thin films and bulk samples are compared is related to the
measurement techniques, which are completely different and sometimes based on
different physical phenomena.

In order to bypass these issues, for each QDSL produced, a similar pure SiGe
sample was also grown in order to serve as a reference. The reference samples were
produced once the electrical conductivity and Ge content of the QDSL were already
measured, and an effort was made in order to produce SiGe samples with similar
values of electrical conductivity and Ge content for the QDSL. By doing this, it was
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possible to evaluate the role of the QD inclusion on the materials Seebeck coefficient
and on the thermal conductivity.

Moreover, a large series of calibration studies was performed in order to calculate
the growth rate, the role of SiH, and GeH4 on the Ge content and of the dopant gases
on the doping level for each sample. The information obtained from them was
essential for the production of the characterized QDSL. The Ge content for the Ti-
based QDSL was set to around 10 %, which are close to the values studied in reference
[2]. For the Mo-based samples, it was not possible to obtain this Ge content and a
lower Ge percentage (3%) was necessary in order to produce a %y not too low (see
Chapter 2).

A description of the QDSL evaluated in this chapter is presented in Table 3.1.

Table 3.1: Description of the produced QDSL.

sample QD inclusion dopant crystallinity
Ti-n-MONO monocrystalline
n (PHs)
Ti-n-POLY polycrystalline
Ti
Ti-p-MONO monocrystalline
p (B2Hs)
Ti-p-POLY polycrystalline
Mo-n-MONO monocrystalline
n (PH3)
Mo-n-POLY polycrystalline
Mo
Mo-p-MONO monocrystalline
p (B2Hs)
Mo-p-POLY polycrystalline
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2 - Structural characterization

2.1 - Introduction

The first results concerning the QDSL characterizations consisted on structural
analysis such as X-Ray Diffraction (XRD), Scanning Electronic Microscopy (SEM) and
Transmission Electronic Microscopy (TEM).

SEM images were very useful during the initial depositions performed to measure
the samples thickness and calibrate the growth rate for each QDSL. This technique
requires no complex sample preparation, is relatively cheap and the equipment is easy
to operate compared to TEM analysis. This technique was also employed to measure
the final thickness of the QDSL, a necessary parameter for the electrical resistivity
measurement.

However, these images lack of magnification and contrast to serve as a tool to
analyze the QD inclusions. For this reason, in this chapter only TEM images will be
presented, since they provide similar results but with a much greater quality.

2.2 - XRD

The X-Ray Diffraction (XRD) technique employed in this work consisted on the
Grazing Incidence Diffraction mode, which results on a smaller penetration of the X-
rays inside the sample due to the low incidence angle employed. By doing this, the
noise from the substrate is reduced and only the thin film on the surface is analyzed.

XRD analyses were employed in this work for two main reasons. The first one was
to determine the phases of the deposited QD. In Figure 3.1 is provided an example of
an XRD analysis. It concerns the XRD of two samples, one with Ti QD deposited only on
the surface of SiGe and another one concerning a sample where the Ti nanoparticles
were embedded inside the SiGe matrix using the same method as the one employed
for growing QDSL.

In can be seen that when the QD are deposited on the surface, the main phase
present is metallic Ti. When this deposition is followed by the growth of an embedding
layer of SiGe, the reaction between Si and Ti atoms take place and the QD form silicide
phases. This confirms our expectations discussed in Chapter 2, where the metallic
atoms were expected to react with Si during the QDSL growth.

It is important to notice however that the results presented in Figure 3.1 concern
initial tests, with different conditions than those employed for growing the QDSL.
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These depositions were made at a lower temperature (750 °C) than the temperature
employed for the Ti QDSL growth (850 °C). Moreover, the QD had bigger diameters
and the surface coverage was higher. When similar XRD analyses were performed on
the samples containing the optimal QD sizes and distribution, no signal was observed,
even when 36 hours analyses were performed.
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Figure 3.1: XRD analysis of two samples. The lower spectrum (red) corresponds to a surface deposition of Ti QD.
The upper one (green) corresponds to a similar sample but in this case the QD were embedded inside the SiGe
matrix.

Because of this, it is not clear if at 850 °C the deposited QD react directly with the
substrate or if they react with the embedding SiH, to form the silicide phases. Anyway,
the presence of silicide phases on the final QDSL materials was observed on the SEM
images (section 2.3 - ).

The second reason why XRD analyses were important for this work was in order to
calibrate the Ge content of the samples. It was shown in Chapter Il that Si and Ge
mixtures produce a solid solution for any Ge content and the final lattice parameter is
proportional to the Ge content. The difference on the lattice parameter causes a shift
of the Si peaks on the XRD spectrum, and the Ge content can be extracted.

The limitation of this technique is that it can only be employed for polycrystalline
samples. In this work, thus, the calibration of the Ge content for the QDSL and the
reference samples was performed using the XRD technique for the polycrystalline
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materials. This allowed determining the necessary SiH; / GeH, ratio to obtain the
desired final Ge content. For the monocrystalline samples growth, the same behavior
was assumed and the same SiH, / GeH, ratio was maintained.

2.3 - TEM analysis

The TEM analysis were performed with a 200 kV equipment including a Scanning
mode (STEM) which allows to acquire both high resolution images and chemical
mapping using the Energy-dispersive X-ray spectroscopy (EDX) technique. The samples
were prepared using the tripod polishing technique.

These features made possible the acquisition of three types of images. The first
one consisted on global cross-plane views of the QDSL, allowing to measure the QD
diameters, each layer thickness and the total thickness of the samples.

The second mode employed were the high resolution images, made to analyze
individual QD in order to determine the distance between the crystallographic planes
and to determine the phase of the particle.

Finally, the third class of images obtained with the TEM equipment was the
chemical mappings obtained with the EDX technique coupled with the STEM mode.
This technique is based on the X-ray emission due to the relaxation of excited electrons
which assume discrete and particular energy values for each element of the periodic
table. The obtained chemical mapping produced then high spatial resolution images
showing the position of the different elements forming the material, and was very
useful to estimate the Ge content of the samples, as well as to confirm the phase of
the QD.

Following the results of these analyses will be presented for each one of the QDSL
described on Table 3.1. At the end of this section a discussion will be performed
concerning the obtained results and comparing the growth for each one of the
presented samples.

2.3.a - Ti-based QDSL: “n”-doped monocrystalline samples

As a starting point, the results of the n-doped Ti-based QDSL structural analyses
will be discussed. In Figure 3.2 the overall view of the “Ti-n-MONO” mono sample is
presented.
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By analyzing this image different informations can be obtained. First, inside the
zone named “1” in Figure 3.2-a some dislocations between the SOI substrate and the
sample buffer layer can be identified. These dislocations indicate that the SiGe thin
film is relaxed, with the lattice parameter of QDSL corresponding to the Ge content of
the material.

Another interesting information obtained from this image is that the particles of
the lower layers appear to be smaller than the ones of the upper layers.

By further magnifying zone “2” (Figure 3.2-b) it is possible to measure the QD
diameter “d” and the layer thickness “e”. A statistical measurement of this image
provide the mean value of dgp = 66 nm and e = 70 nm. The aimed values were dqp = 20
nm and e =40 - 50 nm.

It is important to notice that the value of the QD diameter is around three times
higher than the measured mean value of the nano-islands diameters deposited on the
SiGe surface (Chapter 2). This indicates that some coalescence occurred between the
QD during the QDSL growth.

Figure 3.2: Cross-section TEM image of the “Ti-n-MONO” sample. a) global view showing the Ti-based QD and
dislocations between the substrate and the buffer layer (1). b) higher magnification of zone “2” showing a QD
diameter of d = 66 nm and a layer thickness e = 65 nm.

The explanation for this phenomenon is the high mobility of the QD inside the
SiGe matrix. It was demonstrated on Chapter 2 when the embedding of the nano-
islands was discussed that a percentage of the particles migrated to the surface of the
sample during the embedding with SiGe. The same mechanism is observed here, but
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instead of migrating up to the surface, the QD coalesce inside the material, resulting
on particles with higher diameters.

Surface images of the finished QDSL showed no QD on the surface, thus it can be
concluded that when the QD reach a critical diameter their mobility inside the SiGe
matrix is lowered and they remain inside the material.

It should be pointed that the increase on the QD diameter produced by the
coalescence effect results on a reduction of the volumetric fraction %, of the QD inside
the SiGe matrix. Both the increase of the QD diameter and the reduction of the
volumetric fraction can reduce the expected effect on the phonons diffusion (and on
the reduction of the thermal conductivity), since the values obtained are not those
studied by reference [1].

In Figure 3.3 is presented a high resolution image of one QD inside the “Ti-n-
MONO” sample.

 13d~10.7nm
d=821A
(100)TiSiz planes

Figure 3.3: High resolution TEM image of a QD inside the “Ti-n-MONO” sample. The planes distances correspond
to the (100) planes of the TiSi, phase.
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In the case of this QD, the measure of the planes distance resulted on d = 8.21 A,
which corresponds to the (100) TiSi, planes, which is the expected phase for this
material. As no statistical studies were performed, however, it is possible that other
QD with different crystalline phases could also exist inside this sample.

The EDX chemical mapping of the sample is presented in Figure 3.4. Two basic
informations can be obtained from these images. First, by looking at the Ti signal
(Figure 3.4-d), it is clear that the QD are rich in Ti atoms, confirming the measurements
discussed above.

Figure 3.4: EDX chemical mapping of the sample “Ti-n-MONO”. a) STEM image. b) Si signal. c) Ge signal. d)
titanium signal and e) phosphorus signal. Note the correspondence between the QD, the Ti and P signals.

The second important information can be obtained by analyzing the dopant
(phosphorus) signal (Figure 3.4-e). An accumulation of phosphorus is observed in the
zones corresponding to the QD, probably due to a chemical affinity between the two
materials. A similar result was observed by [2]. In this reference, however, the
inclusions were Mo-based QD. The accumulation of dopant could affect the
thermoelectric properties in a few ways, which will be further discussed in this
chapter.

A punctual EDX analysis inside the SiGe embedding layer resulted on a Ge content
of 12.7 % (atomic fraction), which is close to the 10 % goal, considering the
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measurement errors. The same analysis was performed inside a QD, and a Ti content
of 31 % was obtained, confirming that the QD phase is TiSi,.

2.3.b - Ti-based QDSL: “n”-doped polycrystalline samples

Considering the polycrystalline “n”-doped Ti-based QDSL, a global cross-section
TEM image is presented in Figure 3.5-a. Two distinct zones were selected, named “1”
and “2”. It can be seen that a difference on the QD density between these two zones
exist, the zone “2” being richer in QD than the zone “1”.

By looking at the Figure 3.5-b it is observed that actually zone “2” corresponds to
an individual grain and the particles tend to agglomerate in the grain boundaries. This
effect was already observed during the studies considering the surface growth
described in Chapter 2 and could affect the expected effect on the reduction of the
thermal conductivity, since there is an inhomogeneity of QD inside the material. The
probable reason for the preferential growth near the grain boundaries is that these
highly disordered sites lower the energy for the nucleation of the Ti phase.

By measuring statistically the particles and the layers of this sample, a mean QD
diameter of dgp = 42 nm and a thickness e = 54 nm are obtained. It should be
remembered that for the polycrystalline sample the mean diameter when the surface
growth was performed was also around 20 nm (Chapter 2).

Figure 3.5: Cross-section TEM image of the “Ti-n-POLY” sample. a) global view showing the Ti-based QD and two
zones with different QD densities, “1” and “2”. b): higher magnification of the image showing a SiGe grain and a
QD with diameter d = 44 nm and a layer thickness e = 50 nm.
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Once again, it is observed that the particles of the lower layers corresponding to
the first stages of the QDSL growth are smaller than the upper QD. These two features
indicate that in the polycrystalline sample there is also a coalescence occurring during
the growth, but in a smaller scale than for the monocrystalline sample, since the mean
diameter in this case (42 nm) is smaller than for the monocrystalline QDSL (66 nm). It is
probable that the grain boundaries act as barriers for the diffusion of the QD inside the
matrix, reducing the coalescence effect.

In Figure 3.6 is presented the high resolution image of an individual QD inside the
Ti-n-POLY sample. In this image two set of planes were identified, corresponding to the
distances of the (110) and (210) planes of the TisSi tetragonal phase. A different phase
is thus obtained when a polycrystalline material is produced. In this case, the obtained
phase (Ti3Si) is much richer in Ti than the expected phase (TiSi,), suggesting that the
reaction between Si and Ti was slower.

23d;=10nm
= d;=435 A S
(110)7 5 planes .

Figure 3.6: High resolution TEM image of a QD inside the “Ti-n-POLY” sample. The planes distances correspond to
the (110) and (210) planes of the Ti;Si tetragonal phase.

However, as a statistical study was not possible in order to determine if all the QD
of the polycristalline QDSL corresponded to this phase this assumption should be taken
with caution and further studies should be performed to better understand the
mechanisms leading to the formation of Ti silicides during the growth of polycrystalline
QDSL.
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The EDX chemical mapping for this sample is presented in Figure 3.7. The
informations obtained from these analyses are very similar to those for the “Ti-n-
MONQO” sample, i.e., the correspondence between the QD, the Ti and the P dopant
signals.

Figure 3.7: EDX chemical mapping of the sample “Ti-n-POLY”. a) STEM image. b) Si signal. c) Ge signal. d)
phosphorus signal and e) titanium signal. Note the accumulation of the P dopant in the QD zone.

Quantitative EDX analysis of the matrix provided a Ge content of 12 %, which is
the same value obtained for the monocrystalline sample. This result validates the
methodology of calibrating the Ge content using XRD for polycrystalline samples and
using the same SiH4/GeH, ratios for producing monocrystalline SiGe materials with the
same Ge content. It was also performed a quantitative analysis of a single QD, and a Ti
content of 70 % was obtained, which is close to the value corresponding to the TisSi
phase (Ti =75 %).
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2.3.c - Ti-based QDSL: “p”-doped monocrystalline samples

In this section the results of the structural characterization of the Ti-based “p”-
doped samples will be presented. In Figure 3.8 are presented the TEM images of the
monocrystalline sample.

Figure 3.8: Cross-section TEM image of the “Ti-p-MONO” sample. a) global view showing the Ti-based QD . b)
higher magnification of the image showing a QD diameter of d = 50 nm and a layer thickness e = 108 nm. c) high
magnification image showing the position of the QD on the SiGe layers.
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By analyzing the obtained images and statistically calculating the mean QD
diameters and layers thickness, values of dgp=34 nm and e = 110 nm are obtained.

The high variation between the aimed thickness (40 - 50 nm) and the obtained
(110 nm) comes from the difference of the growth rate when the sample is doped with
boron (“p”-doping) rather than with phosphorous (“n”-doping). In the case of this
sample no or only little coalescence occurs, since the values of 30 nm are close to the
surface measurements. This can be visually confirmed by analyzing the difference
between the QD diameters on the lower and on the upper layers in Figure 3.8-a.

Two possible reasons exist to explain why in this case the coalescence is not
observed. The first one is due to the higher layer thickness “e” obtained (110 nm)
compared to the “n”-doped sample (70 nm). This results on a greater distance for the
QD to travel inside the material in order to reach another QD of the upper layer and
coalesce.

However, a further look at Figure 3.8-c shows that the QD appear to be exactly on
the beginning of a new SiGe layer, i.e., the QD probably did not migrate inside the
material during the growth. This fact leads to another possible explanation, that the
boron dopant atoms could reduce the QD diffusion inside the material. Further
experiments should be performed, in particular reducing the layers thickness to values
comparable to those of the “n”-doped sample in order to understand the differences
obtained on the coalescence for the two samples.

Another information obtained by further looking at Figure 3.8-a concerns the
absence of dislocations between the buffer layer and the substrate. In this case no
dislocations are visible, contrary to the “n”-doped sample. By looking at Figure 2.9
(Chapter 2) it can be seen that both samples (with total thickness > 1 um) fall inside
the metastable zone, where dislocations may or may not be present. However, the
“n”-doped sample have a higher Ge content (around 13 %) compared to the “p”-doped
(around 10 %). This higher Ge content causes thus an increase of the internal stress up
to the point of the creation of dislocations.

In Figure 3.9 is presented the high resolution image of a QD inside the “Ti-p-
MONO” sample. No difference was noticed comparing this QDSL to the “Ti-n-MONQO”
sample in terms of obtained Ti phase (TiSi,).

In Figure 3.10 is presented the chemical mapping of the sample. Here again a good
correspondence between the QD and the Ti signal exists. Moreover, there is also an
accumulation of the dopant near the QD, even if in this case it concerns boron atoms
instead of phosphorus.

Additional information can be obtained from these images. For instance, by
looking at Figure 3.10-c it can be seen that there exists a zone with a deficiency of Ge,
which corresponds to the beginning of each layer forming the QDSL.
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Figure 3.9: High resolution TEM image of a QD inside the “Ti-p-MONO” sample. The planes distances correspond
to the (111) and (211) planes of the TiSi, phase.

Figure 3.10: EDX chemical mapping of the sample “Ti-p-MONO”. a) STEM image. The points “1”, “2” and “3”
correspond to the zones where a relative atomic percentage was measured b) Si signal. c) Ge signal. d) titanium
signal and e) boron signal. Note the accumulation of the B dopant in the QD zone.
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This indicates that when the QDSL are grown there is also the formation of a
Multiple Quantum Well (MQW) structure with quantum wells of around 15 nm thick.
Both the quantum wells and the intermediate layers are formed of SiGe phases, but
with a different Ge content.

Local EDX analysis showed that the Ge content of point “1” (Figure 3.10-a), which
corresponds to a point inside the quantum well, is 3 % where the content of point “2”
is 10 %. Point “3”, corresponding to the QD presents a Ti content of 31 %, which is very
close to the content expected of the measured phase TiSi,.

Some hypotheses exist to explain the formation of a MQW structure. One could
imagine that possibly the reaction between Si atoms from surroundings with Ti nano-
islands could lead to a reduction of Si from these zones. However in the present work
the opposite occurs, the QW zones being richer in Si than the intermediate areas.

Probably the phenomenon taking place during the growth is related to the
catalytic properties of the QD, evidenced by the growth of Si nanowires as
demonstrated in Chapter 2. It was concluded that the Ti QD catalyzing effect was only
observed for the SiH4 precursor, and for the GeH, gas it was either inexistent or
occurred in a lower rate. Thus at the beginning of the growth of each layer forming the
QDSL the catalytic effect can be seen until the Ti QD are fully embedded inside the
material, producing a film that is richer in Si. Once the QD are no longer on the surface,
the catalyst effect is no longer present ant the “normal” Ge content is obtained, i.e., a
higher Ge content.

Concerning the expected thermoelectric properties for this sample, some
comments will be at the end of this section. Even though in the case of this sample a
QD diameter close to the values studied by the literature were obtained, the layers
thickness was almost 2 times bigger than the layer thickness necessary to produce a
volumetric fraction %, of 3 % (60 nm), the value studied in reference [1].

It can thus be expected in the case of this sample that the reduction on the
thermoelectric conductivity will be lower than the predicted by the theory.

2.3.d - Ti-based QDSL: “p”-doped polycrystalline samples

It was not possible to obtain TEM images and EDX chemical mapping of the “Ti-p-
POLY” due to lack of availability of the microscope. The SEM image of the sample is
presented in Figure 3.11.

Even if it is not possible to visually identify and analyze the QD for this sample, the
thermoelectrical properties were measured and will be presented in the second half of
this chapter.

129



CHAPTER Il — Characterization of QDSL for thermoelectric applications

—rw K AR T

Figure 3.11: Cross-section SEM image of the “Ti-p-POLY” sample.

2.3.e - Mo-based QDSL: “n”-doped monocrystalline samples

In Figure 3.12 are presented the TEM images of the monocrystalline “n”-doped
Mo-based sample. A measurement of the QD diameters in Figure 3.12-b provided a
mean value of dqp = 5 nm and a layer thickness e = 50 nm. This indicates that no
coalescence effects took place in the case of this sample.

It should be noticed that the “dqp” value is around 3 times smaller than the value
obtained from the surface studies (Chapter 2), the reason for this being the instability

“_”n
e

of the sublimation apparatus. Also the layer thickness is also bigger than the aimed
range of 30 — 40 nm. This variation comes from the difficulty of precisely measuring
the layer thickness during the calibration tests and thus to have a precise growth rate.
If more time was expend during the calibration tests, a more precise growth rate value
could be obtained.

Even if the obtained “dqp” of 5 nm still falls inside the optimal range studied in
reference [1], the big difference between the “dqpp” and the “e” results on a lower
volumetric density “%,”, which can reduce the expected reduction of the thermal
conductivity. Ideally, in order to obtain the aimed “%,” of around 3 %, “e” should be

equal to 2 x “dqp” (see Chapter Il).
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Another information that can be obtained by looking at Figure 3.12-a is that there
is a considerable variation of the QD sizes and densities when different layers are
compared. Here again the main reason for this fact is that the sublimation system
employed to deliver gaseous MoCls was not as reproducible and stable as the
evaporation system employed for the Ti-based samples.

In the case of this sample it was not possible to perform a high resolution analysis
due to difficulties to obtain an analysis angle allowing a diffraction condition. Thus, the
QD phase determination was relied solely on EDX analysis.

Figure 3.12: Cross-section TEM image of the “Mo-n-MONO” sample. a) global view showing the Mo-based QD . b)
higher magnification of the image showing a QD diameter of d =5 nm and a layer thickness e = 50 nm.

In Figure 3.13 is presented the EDX chemical mapping for this QDSL. Similarly to Ti-
based samples, a clear correspondence between the QD and the Mo signal is observed.
Moreover, a small phosphorus accumulation can be observed in Figure 3.13-e, even if
little contrast is obtained compared to the noise.

A MQW structure can also be identified in this sample (with the QW thickness
“eqw” of around 5 nm), appearing clear on the Ge signal image (Figure 3.13-c). This
thickness corresponds to the QD diameter “dqp” and indicates that Ge-based QD also
selectively catalyze the SiH,4 pyrolysis.

The results of the measurement of the SiGe layers Ge content and the QD Mo
content were not considered here because of the high sample thickness, which results

in an inaccurate measure.
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Figure 3.13: EDX chemical mapping of the sample “Mo-n-MONO”. a) STEM image. b) Si signal. c) Ge signal. d)
molybdenum signal and e) phosphorus signal. Note the accumulation of the P dopant near the QD zone.

2.3.f - Mo-based QDSL: “n”-doped polycrystalline samples

Concerning the polycristalline sample, TEM images are presented in Figure 3.14.

In the global cross-section image presented in Figure 3.14-a, the presence of the
QD and the MQW structure can be observed, as well as the buffer layer. By measuring
the particles on Figure 3.14-b, a mean QD diameter dqp =7 nm and a layer thickness e
= 43 nm are obtained. These results are very close to those obtained for the
monocrystalline sample, thus in the case of Mo-based samples it appears that the
grain boundaries have no effects on the QD growth.

Moreover, no accumulation of the QD near the grain boundaries is observed when
this sample is compared to the Ti-based QDSL, confirming the lower mobility of the
Mo-based QD inside the SiGe matrix.

A high resolution image (Figure 3.15) was obtained and it was possible to measure
the planes distance of a single QD, corresponding to the (111) planes of the MoSi,
phase.

132



2 - Structural characterization

Figure 3.14: Cross-section TEM image of the “Mo-n-POLY” sample. a) global view showing the QDSL . b) higher
maghnification of the image showing a QD diameter of d = 7 nm and a layer thickness e = 43 nm.

In the case of this sample, the expected phase was obtained, contrary to the Ti-
based polycrystalline sample. A possible reason for this is that in the case of the Mo-
based QDSL, the smaller size of the QD facilitated the reaction with the Si atoms,
forming the Si-rich phase during the QDSL growth.

Figure 3.15: High resolution TEM image of a QD inside the “Mo-n-POLY” sample. The measured distance
correspond to the (111) planes of the MoSi, phase.
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In Figure 3.16 is presented the chemical mapping of the QDSL. The obtained
results are very similar to those for the monocrystalline sample, with a phosphorus
accumulation visible near the QD zone. Also, no significant differences were found
relative to the QD diameter and the layers thickness compared to the monocrystalline
sample.

Figure 3.16: EDX chemical mapping of the sample “Mo-n-POLY”. a) STEM image. b) Si signal. c) Ge signal. d)
molybdenum signal and e) phosphorus signal. Note the accumulation of the P dopant near the QD zone. The
black spot visible in “b” and “c” is due to a hole caused by the electron beam.

2.3.g - Mo-based QDSL: “p”-doped monocrystalline samples

The last samples studied by TEM microscopy are the “p”-doped, Mo-based QDSL.
In Figure 3.17 are presented the TEM images of the monocrystalline sample. The
measured values presented in Figure 3.17-b produced values of d gp= 7 nm and e = 50
nm, very close to the values obtained for the “n”-doped QDSL. A similar behavior is
also seen when Figure 3.17-a is analyzed, where a considerable variability of the QD
sizes and densities within the different layers forming the QDSL is observed.

134



2 - Structural characterization

Figure 3.17: Cross-section TEM image of the “Mo-p-MONO” sample. a) global view showing the QDSL . b) higher
maghnification of the image showing a QD diameter of d = 7 nm and a layer thickness e = 50 nm.

The measurement of the crystallographic planes distance in the high resolution
image (Figure 3.18) showed that in the case of this sample the expected phase MoSi,
was obtained.

Figure 3.18: High resolution TEM image of a QD inside the “Mo-p-MONO” sample. The measured distance
corresponds to the (110) planes of the MoSi, phase.
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Considering the chemical mapping (Figure 3.19), a good correlation between the
Mo signal and the QD position was found (Figure 3.19-a and d). The boron dopant
signal was not high enough to provide a relevant contrast due to the large thickness of
the sample, so this image was omitted.

Figure 3.19: EDX chemical mapping of the sample “Mo-p-MONO”. a) STEM image. b) Si signal. c) Ge signal. d)
molybdenum signal. Note the quantum well structures in images “b” and “c”.

Again the MQW structure was obtained, and can be clearly observed in Figure
3.19-b and c. The mean thickness measured for the QW was the same as for the “n”-
doped samples, i.e., around 5 nm. The obtained atomic content measured by EDX was
3 % of Ge of the thick layer and 0,7 % of Ge for the QW.

2.3.h - Mo-based QDSL: “p”-doped polycrystalline samples

Consider now the TEM images obtained for the polycrystalline sample (Figure
3.20). A QD mean diameter mean value of around 5 nm was obtained, with a layer
thickness of 43 nm. Here again no accumulation near the grain boundaries was
observed.
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Figure 3.20: Cross-section TEM image of the “Mo-p-POLY” sample. a) global view showing the QDSL . b) higher
magnification of the image showing a QD of 8 nm of diameter and a layer thickness of 44 nm.

The EDX chemical mapping is presented in Figure 3.21.

Figure 3.21: EDX chemical mapping of the sample “Mo-p-POLY”. a) STEM image. b) Si signal. c) Ge signal. d)
molybdenum signal and e) boron signal. Note the accumulation of the B dopant near the QD zone. The black spot
visible in “b” and “c” is due to a hole caused by the electron beam. Note the quantum well structures in image
llcll'
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Similar results were obtained compared to the other Mo-based QDSL, but in the
case of this sample it was possible to identify the boron signal, and the accumulation
of the dopant near the QD was observed (Figure 3.21-e).

The measured Ge content provided a value inside the QW of around 4 % and in
the thicker layer of 6 %. A diffraction condition was obtained during the TEM analysis
and the planes distance was compatible with the (111) planes of the MoSi, phase.

2.4 - Conclusion

In Table 3.2 it can be seen the fundamental and most important information
obtained from the TEM and EDX measurements.

As no similar materials have been reported in the literature, only a comparison
between the obtained samples will be performed.

Following a global conclusion of this part of the work will be presented together
with some discussion relating the obtained properties and their expected effect on the
thermoelectric properties of the materials.

Table 3.2: Summary of the QDSL structural information obtained by TEM and EDX analyses.

sample  QDphase oo S et thickness  coment  contemt
Ti-n-MONO TiSi; 66 nm 70 nm 15 nm 13% -
Ti-n-POLY TisSi 42 nm 54 nm - 12% -
Ti-p-MONO TiSi, 34 nm 110 nm 15 nm 10% 3%
Ti-p-POLY - - - - - :
Mo-n-MONO = 5nm 50 nm 5nm = =
Mo-n-POLY MoSi, 7 nm 43 nm - - -
Mo-p-MONO MoSi, 7 nm 50 nm 5nm 3% 0,7%
Mo-p-POLY MoSi, 5nm 43 nm 5nm 6% 4%
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e QD phase:

It can be seen that for the majority of the samples the expected silicide phases
(TiSi, and MoSi;) was obtained. Considering the Ti samples, the “n”-doped
polycrystalline QDSL resulted on a phase richer in Ti (Ti3Si), indicating that the reaction
between Si and Ti is slower and was not completed during the QDSL growth. It was not
possible to measure the phase of the polycrystalline “p”-doped sample, however.

For the Mo-based samples all the measured QD corresponded to the MoSi; phase,
even the polycrystalline QDSL. This is probably due to the smaller size and thus higher
surface/volume ratio of the Mo-based QD, which increase the reaction rate between Si
and Mo atoms.

It should be remembered that the phase measurements were performed for only
few (if not one) QD, and a complete study should include a statistical measurement of
the QD phases inside the material.

Further annealing studies could also be performed in order to determine which
the stable phase is for each QDSL at different temperatures.

e QD diameter:
Let’s consider first the Ti-based QDSL. For both “p” and “n” doping and both mono

and polycrystalline materials the surface deposited nano-islands measured in Chapter
2 presented a mean diameter of approximatively 20 nm.

For the “n”-doped samples, it is clear that a coalescence phenomenon is observed
for these particles. For the “p”-doped monocrystalline sample, it is not possible to
determine if the smaller coalescence is due to the thicker SiGe layer or if the boron
dopant atoms change the QD diffusion inside the material.

Even if the particles diameter is bigger than the expected for these samples, it can
be seen from reference [1] that their diameters still correspond to the minimum of the
thermal conductivity obtained with QD inclusions. However, the coalescence also
modifies the QD volumetric fraction “%,”, and this can lead to a reduction of the
expected effect of the QD on the thermal conductivity.

Considering the Mo-based samples, it appears that no coalescence took place, and
the particles remained small. However, the final measured diameter (around 5 nm) did
not correspond to the surface measurements of 15 nm (Chapter 2). This can be
explained by the lack of long-term reproducibility of the MoCls sublimation system.
Further changes on the geometry of the apparatus should be performed in order to
allow more rigorous studies.

Similarly to the Ti-based QDSL, the difference on the Mo-based particles diameter
should not reduce their effect on the thermal conductivity, since this diameter also
corresponds to the minima presented by Mingo et al. But here again a smaller
volumetric fraction “%,” is expected for these QDSL.
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e layer thickness :

It was determined that in order to obtain the desired volumetric fraction “%,” of
around 3 %, the optimal layers thickness “e” should be e = 2d, where “d” is the QD
diameter (Chapter 2).

Considering the Ti-based samples, this value should be around 40-50 nm. For the
“n”-doped samples, values close to the expected were obtained, with some variations
due to the errors on the calculated growth rate. This variation comes from the error of
the sample thickness measurements using cross-section SEM images.

In theory, thus, no negative effect should be expected considering the layer
thickness on the increase of the thermoelectric properties for these samples due to a
reduction of the thermal conductivity.

For the “p”-doped monocrystalline sample an “e” value almost 2 times higher was
obtained. In this case, a reduction of the phonons diffusion on the QD can be
expected, since the volumetric fraction “%,” is reduced.

Considering the Mo-based samples, no problems were encountered and all the
samples had a layer thickness of the same order of magnitude as the one expected
(30-40 nm), with a small difference coming from the precise determination of the SiGe
growth rate.

Finally, the measured QW thickness for the Mo-based samples corresponds
perfectly with the QD diameters, proving the catalysis theory already exposed. For the
Ti-based QDSL, the difference between the QW thickness and the QD diameters
exposes the coalescence phenomenon.

e Ge content:

For the Ti-based samples, all the measured QDSL had a Ge content of around 10 %
(considering the measurement inaccuracy), which was the desired value.

The Mo-based samples presented a much lower Ge content, but as it has been
reported in Chapter 2, these lower values were necessary in order to obtain QD with
appropriate sizes and distributions.

The difference between the Ge contents measured for the “Mo-p-MONO” and
“Mo-p-POLY” samples came probably from errors on the polycrystalline sample EDX
measurements. The presence of different crystals causes the layers composing the
QDSL to be distorted along the horizontal direction. Thus, due to the penetration of
the electron beam employed to measure the EDX signal inside the material, a Ge signal
coming both from the quantum wells and from the thick layers is obtained, affecting
the results.
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e accumulation of QD on grain boundary :

This phenomenon was observed for the Ti-based polycrystalline sample only.
There are two possible effects happening to explain this observation. The first one is
related to a preferential surface growth of the Ti-based nano-island on the grain
boundary region, as observed in Chapter 2. This occurs because the high disorder of
the atoms of the grain boundary favors the nucleation of the solid phase.

The second possible effect taking place during the QDSL growth is related to the
high mobility of the Ti-based QD inside the SiGe matrix. It can be possible that while
diffusion inside the matrix, the QD reaching the grain boundaries are “trapped” in
these regions.

This accumulation causes an inhomogeneity of the QD density inside the material,
and can reduce the expected thermal conductivity reduction due to phonons diffusion
by the QD.

For the Mo-based samples this accumulation was not observed, probably due to
the lower mobility of these QD inside the SiGe matrix.

e the presence of QW structures :

This type of structure was observed for all the samples analyzed using the TEM
technique. Depending on different factors such as the material’s thickness after the
sample preparation for the TEM analysis and the sample crystallinity these QW were
more or less visible.

As discussed in section 2.3.c - the origin of these structures comes probably from
the catalyzing effects of the both the Ti and Mo QD on the decomposition of the SiH,
precursor, since the zones near the QD are richer in Si. This effect is also the
responsible of the nanowires growth observed for the low-temperature embedding of
Ti-based QD (Chapter 2).

The presence of these QW results on a hybrid final structure, composed both of a
QDSL and a QWSL. This can be benefic to the increase of the thermoelectric properties,
since both types of structures are known to produce notably a reduction of the
material’s thermal conductivity. For more informations, see reference [3].

e dopant accumulation near the QD :

4

This effect was observed for the all of the analyzed samples, except for the “p
doped monocrystalline Mo-based QDSL due to lack of contrast between the QD zones
and the noise coming from the SiGe zones.

This accumulation has already been reported in the literature by Favier et al. in
reference [2] for bulk phosphorous-doped SiGe samples with Mo-based inclusions. No
explanations were provided in this reference for this phenomenon, but it probably
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comes from a high affinity between the metal silicide and the dopant atoms, causing a
precipitation around the QD.

This feature can interfere on the material’s power factor, as demonstrated by Yu
et al. in reference [4]. The authors observed an increase of the material’s electrical
conductivity due to an increase of the carriers’ mobility without changes on the
Seebeck coefficient. This effect is called modulation doping and is obtained by spatially
separating carriers from their parent atoms.

In the case of the QDSL produced during this thesis, it is thus possible that a
similar effect occurs.

e presence of dislocations :

”

Dislocations between the substrate and the QDSL were observed for the “n
doped monocrystalline Ti-based QDSL, indicating that the thin film is relaxed. This was
not observed for the “p”-doped monocrystalline Ti-based sample, probably due to the
lower Ge content of the last.

For the Mo-based samples, as the TEM images did not show the interface between
the QDSL and the substrate, it is not possible to determine if dislocations are present
or not. However, due to the low Ge content of the Mo-based samples, it is probable
that the thin films are not relaxed.

3 - Thermoelectrical characterization

3.1 - Introduction

In this section will be presented the results concerning the measurement of the
different parameters composing the material’s thermoelectric figure of merit, ZT (see
Chapter 1).

Consider first the upper part of the ZT equation, also known as the thermoelectric
power factor, which is composed of the electrical conductivity and the Seebeck
coefficient. The ULVAC ZEM-3 tool (Figure 3.22) was employed to measure both
parameters from room temperature up to 200 °C. This equipment being conceived to
measure bulk samples, some modifications were made in order to measure the
thermoelectric power factor for thin films.

A schematic representation of the measurement system is presented in Figure
3.23. The first step is to evaporate two rectangular strips of first Al and then Au onto
the thin film surface. The 200 nm Al metal deposition by evaporation was chosen in
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order to provide an ohmic contact with the SiGe-based material. A further 100 nm Au
deposition was also performed using the same equipment in order to protect the
surface against oxidation.

Figure 3.22: The ULVAC ZEM-3 tool. a) global view. b) view of the electrode/heater (1), the thermocouples (2) and
the insulated sample prepared to be placed between the electrodes (3).

The sample was placed between the electrodes from the measurement
equipment (Figure 3.23-a). The upper electrode serves also as a heating element. A
polyimide electrical insulating film was put between the sample edge and the
electrode and a copper wire was positioned in order to electrically connect the
electrodes and the Al/Au strips on the samples surface. By doing this, the Si (or SOI)
substrate did not interfere on the electrical measurements, and the electrical contact
was stablished only between the electrodes and the thin film.

The equipment works simultaneously on two modes, the first employed to
measure the electrical conductivity and the second one to measure the Seebeck
coefficient. The first is represented in Figure 3.23-b and can be thought as a 4-point

llIII

probes method apparatus. An electrical current is imposed trough the sample and
the resulting voltage “V” is measured using the thermocouples as electrodes. Using the
ohm’s law (equation 3.1) the thin film electrical resistance can be obtained.

The electrical conductivity can thus be calculated using the sample length “¢’,

width “w” and the thin film thickness “e” (equation 3.2).

R=V/I 3.1
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l
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The Seebeck coefficient was measured according to the scheme represented in
Figure 3.23-c. A temperature difference “AT” is imposed through the sample by the
upper electrode, which also act as a heater element.
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Figure 3.23: Representation of the ZEM-3 apparatus measurement system. a) schematic view of the sample inside
the machine. b) representation of the electrical conductivity measurement. c) representation of the Seebeck
coefficient measurement.
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The thermocouples placed in the center of the sample are employed in a first time
to measure the temperature difference AT. Instantaneously after it the equipment
software switches the thermocouples measuring mode and they serve as electrodes to
measure the voltage created by the temperature gradient.

The employed equipment is capable of measuring the samples parameter at
temperatures up to 900 °C, but in the case of the thin films produced in this work the
maximum temperature allowed was around 200 °C, because the electrical insulator
employed degrades at temperatures higher than these.

The main advantage of this technique is that the temperature gradient and the
voltage drop are measured exactly at the same point by the thermocouples, reducing
the measurement errors.

The sign of the measured Seebeck coefficients presented in the next sections was
intentionally omitted. It should be noticed however that for convention the Seebeck
coefficient for “n”-doped samples is negative and for “p”-doped samples is positive.

The electrical conductivity was also measured with another tool (Figure 3.24)
using the Van der Pauw technique [5] coupled with a Hall effect measurement. Further
information on this technique can be found in [6].

ECGrEE

Figure 3.24: Spring clip board sample holder of the equipment employed to perform the van der Pauw and Hall
effect analyses.

These techniques allowed to measure at room temperature the QDSL carriers
concentration and the electrical resistivity. The fact that the electrical resistivity was
measured using two different techniques allowed to increase the reliability of the
obtained results.

It is important to notice that both techniques measure the properties along the
“in-plane” direction, i.e., parallel to the thin film surface.
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The thermal conductivity of the samples was measured at room temperature by
the thermo-reflectance method, at the LOMA laboratory at Bordeaux/France. It should
be noticed that this technique allows to measure the cross-plane thermal conductivity
component of thin films.

This technique consists in exciting the samples surface with a laser pulse during a
few hundreds of femtoseconds. A thermal perturbation is created, along with an
elastic stress. This stresses produce a variation on the sample reflectivity. Another
laser pulse called probe is than send to the samples surface in order to follow the
variation of the samples reflectivity. By employing a physical model of this variation it
is possible to obtain the material’s thermal conductivity. Further information can be
found in references [7,8]

Due to the lack of availability of the thermo-reflectance equipment, it was not
possible to characterize all of the produced QDSL.

In the next sections the results for the thermoelectric characterization will be
presented. Latter, a discussion comparing the obtained results and the results from
literature will be performed.

3.2 - Ti-based QDSL: n-doped samples

3.2.a - Monocrystalline QDSL

Consider the monocrystalline Ti-based “n”-doped sample. In Figure 3.25 the
results of the evolution of the Seebeck coefficient and the electrical resistivity with the
temperature are presented, both for the QDSL and the corresponding SiGe reference
sample.

It can be seen that the behavior of the electrical resistivity was exactly the same
for both samples, with an increase of this value with the temperature. It should be
remembered that the reference samples were produced in order to have an electrical
resistivity similar to its corresponding QDSL.

The main reason for this increase is the reduction of the charge carriers mobility at
higher temperatures due to the increase of carrier’s scattering by phonons, which is
coherent with the metallic characteristic of these high-doped semiconductors.

For the same samples, a surprising result concerning the Seebeck coefficient was
observed, with an increase of the Seebeck coefficient with the addition of QD in the
matrix, i.e., of the QDSL. This resulted logically on an increase of the material’s power
factor (Figure 3.26).
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Different considerations should be made considering these results. First, consider
the Seebeck coefficient values for the QDSL and the sample. At 50 °C, the SiGe
reference Seebeck coefficient is around 100 pV/K and the QDSL value is around 190
uV/K, resulting in an almost 2-fold increase with the inclusion of the QD. The behavior
of this coefficient with an increasing temperature is according to the expected, i.e., an
increase of the Seebeck coefficient is observed by increasing the temperature.

The same behavior is observed for the power factor measurements, and values at
50 °C of around 13 uW/cm.K2 are obtained for the QDSL and around 3 uW/cm.K2 for
the SiGe reference, i.e., around a 4-fold increase.

It is not clear however why the SiGe reference sample Seebeck coefficient and
power factor remain almost constant in the tested temperature ranges, and no
literature references exists reporting Seebeck coefficient measurements for
monocrystalline SiGe thin films with similar Ge contents and dopant levels. It is
possible that the error bar employed for the obtained curves (calculated by taking into
account the variance of the measure equipment) is bigger and the increase on the
Seebeck coefficient is masked by it.

If these results are compared with n-doped bulk samples, the values with the
same magnitude are found. Wang et al. studied in reference [9] the SiggGe,g material
doped with phosphorous and having a carrier concentration of around 2.2 x 10*°cm?
and compare their results with RTG values.

The Seebeck values obtained both for the RTG and for the authors’ samples were
around 120 pV/K at room temperature and 160 pV/K at 200 °C and the power factor
values varied from 10 to 20 pW/cm.K’ for the temperature range considering the room
temperature up to 200 °C.

This comparison indicates that the values obtained for the QDSL and reference
measurements are coherent and are of the same order of magnitude with reference
results. Moreover, there is no doubt that the inclusion of Ti-based QD produced an
increase on the material’s power factor, since both samples were produced and
measured using the same equipment and methods.

Further studies should be performed notably by producing samples with different
Ge contents and doping levels in order to understand the anomalous behavior of the
SiGe sample.

More information can be obtained by looking at Table 3.3, which presents the
results obtained by Hall Effect measurements (carriers’ concentration and mobility),
the dopant gas flow employed during the QDSL growth, and the cross-plane thermal
conductivity measured by thermo-reflectance. The electrical resistivity measurements
results obtained using the Van de Pauw equipment are not presented. These results
were intentionally omitted because all the measured values corresponded to the
results from the ZEM-3 measurements presented in Figure 3.25, validating the
measured values.
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Table 3.3: Additional measured properties of the Ti-based monocrystalline “n”-doped QDSL and its SiGe

reference.
carriers carriers dopant flow thermal
concentration. mobility rafe (scem) conductivity
(cm?) (cm?/V.s) (W/m.K)
QDSL 3,20E+19+0,2 735 20 6,8+0,7
Ref. 3,20E+19 £ 0,2 56+3 10 8,5+0,8

It can be seen that a higher dopant partial pressure (expressed as the dopant flow
rate) was necessary to obtain a QDSL with the same dopant concentration as the
reference.

This can be explained due to the dopant accumulation near the QD (section 2.3 - ).
As a considerable part of the dopant accumulates, further dopant atoms are necessary
in solid solution to produce a carrier concentration equal to the reference. This dopant
accumulation is probably the origin of the higher mobility observed for the QDSL, due
to the modulation doping phenomenon (discussed at the end of this section).

The mobility values for both the reference samples and for the QDSL are of the
same order of magnitude as for the expected by theory. By using an on-line tool
(accessible at [10]) for calculating the mobility of monocrystalline Si samples as a
function of dopant nature and doping concentration a value of 89 cm?/V.s is obtained
for the same carrier concentration as those showed at Table 3.3. Since the samples
produced during this work, were composed of an alloy of SiGe, it is normal that lower
values are obtained due to the alloy scattering effects.

The same tool can be employed to compare the room temperature electrical
resistivity values obtained of 3 x 102 Q.cm with the one for a silicon sample with the
same doping level (2,2 10 Q.cm). These results being very similar, this fact validates
the obtained results and the measurement techniques employed for this work.

It is also presented in Table 3.3 the thermal conductivity obtained by thermo-
reflectance. Here again an improvement of the thermoelectric properties of the
material was observed by the reduction of the thermal conductivity due to the
inclusion of QD inside the material. These results prove the effect of the
nanostructuration by the inclusion of silicide QD on the reduction of the material’s
thermal conductivity. The measured reference value for the reference SiGe sample of
8,5 W/m.K is coherent with literature values. For instance, Savelli et al. in [11] reported
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a value of 6,1 W/m.K for a monocrystalline SipgsGeg 15 thin film and Mingo et al. in
reference [1] a value of around 8 W/m.K for a SisoGeso monocrystalline bulk sample.

3.2.b - Polycrystalline QDSL

The results of the Seebeck coefficient and electrical resistivity for “n”-doped
polycrystalline Ti-based QDSL are presented in Figure 3.27.

First consider the electrical resistivity. Both the reference and the QDSL samples
presented the same electrical resistivity, as aimed. Moreover, both samples behaved in
the same way with an increase of the temperature. Contrary to the monocrystalline
samples, the electrical resistivity practically does not change, an even a light reduction
is observed as the temperatures is increased.
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Figure 3.27: left axis: Seebeck coefficient of the “n”-doped polycrystalline Ti-based QDSL (blue circles) and of the
SiGe reference (red squares). Right axis: Electrical resistivity of the n-doped polycrystalline Ti-based QDSL (blue
crosses) and of the SiGe reference (red X).

The explanation for this observation comes from the fact that for polycrystalline
materials the scattering at grain boundaries is the main scattering mechanism [12].
Moreover, its effect is higher than other scattering modes such as alloy scattering, thus
the observed mobility values are much lower (13 cm?/V.s for the polycrystalline SiGe
reference than 56 cm?/V.s for the monocrystalline reference sample). As the grain
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boundaries can act as trapping sites for the carriers, their accumulation results on the
creation of a potential energy barrier for the carrier transport [13]. By increasing the
material temperature, more energy is available for the carriers to cross the potential
barrier and thus the mobility is increased.

Moreover, the value of the room temperature electrical resistivity is considerably
higher for the polycrystalline samples (around 1 x 10 Q.cm) compared to the
monocrystalline (around 1 x 10 Q.cm), due to reduction of the electronic carriers’
mobility (Table 3.3 and Table 3.4).

The inclusion of the QD in the polycrystalline sample produced also very
interesting results, with the improvement of the material Seebeck coefficient. A similar
effect on the obtained Seebeck coefficient compared to the monocrystalline samples,
i.e., an increase from around 130 pV/K to 230 puV/K was observed at 50 °C. This
resulted on an increase of the material’s power factor, presented in Figure 3.28.
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Figure 3.28: Evolution of the thermoelectric power factor with the temperature for the polycrystalline Ti-based
“n”-doped QDSL (blue circles) and for its SiGe reference (red squares).

An increase on the dopant gas flow rate was also necessary in order to produce a
QDSL with similar carriers’ concentration compared to the reference (Table 3.4).
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The main difference on the behavior of the mono and polycrystalline QDSL
concerned the thermal conductivity. In the case of the polycrystalline samples, no
changes were observed when QD were included inside the SiGe matrix (Table 3.4).

Table 3.4: Additional measured properties of the Ti-based polycrystalline “n”-doped QDSL and its SiGe reference.

. carriers thermal
carriers conc. ore dopant flow . .
(cm™) mobility rate (sccm) conductivity
(cm?/V-s) (W/m.K)
QDSL 2,80E+19+0,2 18+1 20 4,6+0,5
Ref. 4,40E+19+0,3 13+1 5 4,2+0,4

Two hypotheses exist to explain this observation. The first and most probable one
is that the grain boundaries already act as sites for phonon diffusion, thus the phonons
diffusion on the QD is “masked” by this effect.

Compare the thermal conductivity of both SiGe reference samples, which have the
same Ge content (Table 3.2) and a similar carrier concentration. By observing the
difference on their thermal conductivities which are 8,5 and 4,2 W/m.K for mono and
polycrystalline samples respectively, the hypothesis of the grains boundary effect is
supported.

Another possible source of difference on the thermal conductivity is the obtained
phase, which in the case of the polycrystalline QDSL (Ti3Si) was not the expected phase
TiSi,. Theoretical studies should be performed in order to analyze the effect of silicide
phases others than TiSi, on the thermal conductivity reduction.

3.3 - Ti-based QDSL: p-doped samples

3.3.a - Monocrystalline QDSL

o“_n

Consider now the monocrystalline Ti-based “p”-doped QDSL. The results for the
Seebeck coefficient and electrical resistivity measurements are presented in Figure
3.29.

In the case of these samples, a difference on the electrical resistivity was observed
between the reference sample and the QDSL due to the difference on the carrier’s
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concentration (Table 3.5). Actually it was not possible to reduce the carriers
concentration for the reference sample since a gas flow rate of 5 sccm is the minimum
flow rate possible for our CVD tool.

Similarly, a difference on the Seebeck coefficient was observed for both samples.
If only the Seebeck coefficient was considered, one could conclude that here again the
QD inclusion produced an increase of the material’s Seebeck coefficient.
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Figure 3.29: left axis: Seebeck coefficient of the p-doped monocrystalline Ti-based QDSL (blue circles) and of the
SiGe reference (red squares). Right axis: electrical resistivity of the p-doped monocrystalline Ti-based QDSL (blue
crosses) and of the SiGe reference (red X).

However, by looking at Figure 3.30 it can be seen that the power factor does not
change up to 200 °C after the inclusion of QD. By looking at Figure 1.13 (Chapter I) it
can be seen there is a range corresponding to the carriers’ concentration where the
power factor is maximum. This range corresponds to the doping employed in this
work, i.e., 10" - 10%° cm?3. Inside this zone, even if a sample has a lower carrier
concentration and thus a higher electrical resistivity, the Seebeck coefficient
compensates this difference and the final power factor is the same.

This is the same behavior observed for the monocrystalline “p”-doped samples.
The difference on the measured Seebeck coefficient and electrical resistivity comes
from the difference of doping level, and not from the QD inclusion effect. A discussion
will be performed at the end of this section in order to understand the possible
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CHAPTER Il — Characterization of QDSL for thermoelectric applications

reasons why QD inclusion on the “p” and “n” doped samples did not present the same
effect on the Seebeck coefficient.
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Figure 3.30: Evolution of the thermoelectric power factor with the temperature for the monocrystalline Ti-based
“p”-doped QDSL (blue circles) and for its SiGe reference (red squares).

The obtained power factor values correspond to the values measured by Joshi et
al. for bulk “p”-doped SiggGe,o samples in [14]. The authors measured values between
10 and 20 uW/cm.K2 at room temperature, which is in the same order of magnitude of
the results obtained during this thesis, a power factor around 11,5 uW/cm.K2 (Figure
3.30).

In Table 3.5 are presented the results of the Hall effect and thermal conductivity
measurements for these samples. Considering the carriers mobility, both the QDSL and
the sample presented a similar value. Since the carriers mobility is reduced when a
higher dopant concentration is employed (which is the case of the SiGe reference for
this study), it is not possible to determine if the dopant accumulation produced an
overall increase of the mobility for these samples. Considering the mobility values
obtained, they are close to the values calculated for Si for a similar dopant
concentration, which is around 50 cm?/V.s. The same is valuable for the electrical
resistivity, which is around 2 x 107 for the SiGe reference and around 1 x 107 for the

calculated Silicon.
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3 - Thermoelectrical characterization

Considering the thermal conductivity, in this case no reduction was observed after
the QD inclusion inside the matrix. A possible reason for this is the lower QD
volumetric density vy for this sample compared to the “n”-doped monocrystalline
sample. This lower density probably reduces the observed nanometric effect up to a
point where it is no longer detectable.

Table 3.5: Additional measured properties of the Ti-based monocrystalline “p”-doped QDSL and its SiGe

reference.
. . e dopant thermal
carriers conc. carriers mobility . .
(cm™) (cm?/V-s) flow rate conductivity
(sccm) (W/m.K)
QDSL 4,30E+19+0,3 42 +3 10 59+0,6
Ref. 1,10E+20+£ 0,1 352 5 6,4+0,6

3.3.b - Polycrystalline QDSL

o _n

Concerning the “p”-doped polycrystalline Ti-based QDSL, in Figure 3.31 are
presented the results of the measurements of the Seebeck coefficient and the
electrical resistivity.

In the case of these samples, only a slight change was observed on the Seebeck
coefficient and on the electrical resistivity, and no differences on the calculated power
factor were observed (Figure 3.32). This behavior is similar to those for the
monocrystalline “p”-doped samples, and here again no increase on the power factor
was observed after the inclusion of QD inside the matrix. Similarly to what was
observed for the “n”-doped polycrystalline sample, the power factor for these samples
was lower (around 6 uW/cm.KZ) than the power factor obtained for the
monocrystalline samples (around 11,5 uW/cm.KZ) mostly due to the lower carriers
mobility (Table 3.6) caused by grain boundary scattering.

Moreover, the reference and the QDSL samples present the same carriers’
concentration and mobility, indicating that the QD produced no effect on the electrical

transport.
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Figure 3.31: left axis: Seebeck coefficient of the p-doped polycrystalline Ti-based QDSL (blue circles) and of the
SiGe reference (red squares). Right axis: Electrical resistivity of the p-doped polycrystalline Ti-based QDSL (blue
crosses) and of the SiGe reference (red X).
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Figure 3.32: Evolution of the thermoelectric power factor with the temperature for the polycrystalline Ti-based
“p”-doped QDSL (blue circles) and for its SiGe reference (red squares).
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3 - Thermoelectrical characterization

In this table it can also be seen that similarly to the samples characterized until
now, a higher amount of dopant (dopant flow rate) is necessary for the QDSL
compared to the reference sample due to the dopant accumulation near the QD.

The thermal conductivity measurements were not performed for these samples
because of the reasons stated at the beginning of this section.

Table 3.6: Additional measured properties of the Ti-based polycrystalline “p”-doped QDSL and its SiGe reference.

. . - thermal
carriers conc. carriers mobility dopant flow ..
(cm?) (cm?/V-s) rate (sccm) conductivity
(W/m.K)
QDSL 9,50E+19 £ 0,6 201 20 -
Ref. 1,10E+20+0,1 25%1 10 -

3.4 - Discussion about the thermoelectrical characterization
results of the Ti-based QDSL

Very interesting results were obtained from the thermoelectric characterization of
Ti-based QDSL, and an improvement of the thermoelectric properties after the
inclusion of QD was observed.

Following a further discussion concerning the two main thermoelectric properties
will be presented, i.e., the observed changes on the power factor and on the thermal
conductivity.

At the end of this chapter the main results obtained will be compared with
literature results and suggestion for future works will be presented.

o Power factor increase

The increase of the samples power factor via an augmentation of the Seebeck
coefficient was observed for both the mono and polycrystalline “n”-doped samples.

Two hypotheses can be raised to explain this considerable increase of almost 2
times at room temperature on the Seebeck coefficient. The first one has been
discussed on Chapter 1, and is due to a possible changing on the material’s density of
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states leading to a greater asymmetry of the differential conductivity and thus a bigger
Seebeck coefficient.

The other hypothesis is related to the material’s doping characteristics. The
dopant accumulation can produce a local doping of the material (modulation doping).
This effect has been reported by Yu et al. in reference [4]. Since the dopant atoms are
concentrated in few zones rather than fully dispersed inside the material, the charge
carriers’ will suffer less scattering due to impurity atoms.

This would result on an increased mobility and a similar electrical resistivity can be
obtained but with a lower dopant atoms concentration, which would lower the Fermi
level inside the conduction band and increase the asymmetry of the carriers’ energy
along it, increasing the Seebeck coefficient.

Another possibility in the case of this thesis is that the TiSi, QD could locally dope
the material, causing a similar effect.

Considering the “p”-doped material it is not clear why the same effect was not
observed. A possible hypothesis has already been cited before, and is related to lower
QD volumetric fraction vy in the case of the “p”-doped samples, which can reduce the
nanometric effect produced by the QD.

As a further way to clarify the obtained results, a theoretical study could be made
in order to model the effect of both the QD and the dopant accumulation inside the
SiGe matrix on the material’s density of states, Seebeck coefficient, carrier’s mobility

and electrical conductivity.

e Thermal conductivity reduction

Consider the “n”-doped samples. A 1,25-fold reduction of the material’s thermal
conductivity was observed for the monocrystalline QDSL sample compared to its
reference, proving the effect of Ti-based QD inclusion on the material thermic
transport. For the polycrystalline sample no effect was observed, probably because the
grain boundaries already act as scattering sites for the phonons, thus masking the
effect coming from the QD.

The inclusion of the QD inside the “p”-doped samples apparently did not produce
the expected effect on the thermal conductivity, even for the monocrystalline sample.
This is probably due to the fact that the QD volumetric fraction for this sample was not
high enough to produce a detectable effect.
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3 - Thermoelectrical characterization

3.5 - Mo-based QDSL: n-doped samples

3.5.a - Monocrystalline QDSL

In Figure 3.33 are presented the results of the Seebeck coefficient and the
electrical resistivity measurements for the “n”-doped monocrystalline sample and its
reference.

The electrical resistivity for both samples was the same, but the Seebeck
coefficient for the reference sample higher. This produced a calculated power factor
(Figure 3.34) higher for the reference sample than for the QDSL.

260  —e— TiQDSL -+ Ti QDSL

o0  —a— SiGe reference ---X-- SiGe reference

20 | ' | S
200 - E/ 14
180 |- ﬁ/f__f§ ]

Seebeck Coefficient (uV/K)

HEH
\

HEH

. m\\
" *s

1

w

Electrical Resitivity (10° Q.cm)

160 |

140 |- |
I /i/ T e X

20F s . e S < P
I o _T---'::jjj::::“* ---------- S

100 | I t 1

80 I 1 | 1 | 1 | 1 | 1 1
0 50 100 150 200 250

Temperature (°C)

Figure 3.33: left axis: Seebeck coefficient of the n-doped monocrystalline Mo-based QDSL (blue circles) and of the
SiGe reference (red squares). Right axis: Electrical resistivity of the n-doped monocrystalline Mo-based QDSL
(blue crosses) and of the SiGe reference (red X).

It should be noticed however that between the 100 -175 °C temperature range the
values are similar considering the errors bar. Moreover, it is possible that other source
of errors exists and was not considered for these measures. It is thus possible that
both samples have the same power factors and that the inclusion of Mo-based QD
produced no effects on it.
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Figure 3.34: Evolution of the thermoelectric power factor with the temperature for the monocrystalline Mo-
based “n”-doped QDSL (blue circles) and for its SiGe reference (red squares).

The obtained values of carriers’ mobility (around 77 cm?/V-s) presented in Table
3.7 and room temperature electrical resistivity (around 1,5 x 10 Q.cm) are close to the
calculated values for monocrystalline silicon with the same dopant concentration, i.e.,
a mobility of around 82 cm?/V-s and a resistivity of around 1,3 x 102 Q.cm. The power
factor as well is of the same order of magnitude as those measured in reference [9].

Considering the thermal conductivity measurements, a 1,4-fold reduction of the
thermal resistivity was observed when QD were included inside the SiGe matrix,
leading to an improvement of the materials thermoelectric properties. These results
prove the effect of Mo-based QD on the phonons scattering and thermal conductivity
reduction.

A similar result (1,2-fold reduction) was reported by Favier et al. in reference [2],
where a volumetric fraction of 1,3 % of Mo silicide quantum dots were incorporated in
a bulk “n”-doped SiGe matrix.

It can also be seen in Table 3.7 that for these samples there was no need to
change the dopant gas flow rate to obtain similar final carriers concentration for the
QDSL and the reference sample. Even though a certain phosphorus accumulation was
observed near the QD (Figure 3.13), this effect is much lower than for the Ti-based
samples due to the smaller size of the QD. The dopant concentration in solid solution
of the QDSL was thus not influenced by the presence of Mo QD for this sample.
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3 - Thermoelectrical characterization

Table 3.7: Additional measured properties of the Mo-based monocrystalline “n”-doped QDSL and its SiGe

reference.
. carriers thermal
carriers conc. . dopant flow . .
(cm?) mobility rate (sccm) conductivity
(cm?/V-s) (W/m.K)
QDSL 5,80E+19 £ 0,3 77 %5 20 95+0,9
Ref. 6,10E+19+£0,4 765 20 13,0+£1,3

3.5.b - Polycrystalline QDSL

Concerning the polycrystalline “n”-doped Mo-based samples, the Seebeck
coefficient and electrical resistivity measurements are presented in Figure 3.35. The
calculated thermoelectrical power factor is shown in Figure 3.36.
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Figure 3.35: left axis: Seebeck coefficient of the “n”-doped polycrystalline Mo-based QDSL (blue circles) and of
the SiGe reference (red squares). Right axis: Electrical resistivity of the “n”-doped polycrystalline Mo-based QDSL
(blue crosses) and of the SiGe reference (red X).
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A small difference on the electrical resistivity of the samples was observed, even
though the carriers’ concentration and mobility measured was practically the same
(Table 3.8). No significant changes on the Seebeck coefficient were observed, though.

This resulted on the obtaining of a higher power factor for the reference sample
than for the Mo-based QDSL, similarly to the results for the monocrystalline sample.

Two possibilities exist to explain this phenomenon. The first one has already been
cited and is the possibility that the measurement error bar is higher than the
calculated, and in this case the Seebeck coefficient and power factor for both samples

is the same.
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Figure 3.36: Evolution of the thermoelectric power factor with the temperature for the polycrystalline Mo-based
“n”-doped QDSL (blue circles) and for its SiGe reference (red squares).

Since the measured carriers concentration and mobility is the same for both
samples, the other possible explanation is that indeed the inclusion of Mo-based QD
reduces the material’s Seebeck coefficient. Further studies should be performed in
order to better evaluate and understand the origin of these results.

If these results are compared with the ones for the monocrystalline sample, it can
be seen that the power factor is smaller due a reduced carriers’ mobility. This is similar
to what was observed for the Ti-based samples, where the grain boundaries reduce

the material carrier’s mobility.
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Table 3.8: Additional measured properties of the Mo-based polycrystalline “n”-doped QDSL and its SiGe

reference.
. carriers thermal
carriers conc. - dopant flow ..
(cm?) mobility rate (sccm) conductivity
(cm?/V-s) (W/m.K)
QDSL 3,80E+19 £ 0,2 171 20 -
Ref. 3,60E+19 £ 0,2 16+1 20 -

Similarly to the monocrystalline sample, no changes on the dopant flow rate were
necessary to produce QDSL and reference samples with the same dopant
concentration, indicating that a lower dopant accumulation exists compared to Ti-
based samples.

No information exists concerning the thermal conductivity for these samples, since
it was not possible to perform the thermo-reflectance measurements for these
samples due to the unavailability of the equipment.

3.6 - Mo-based QDSL: p-doped samples

3.6.a - Monocrystalline QDSL

oa_n

The electrical resistivity and Seebeck coefficient measurements for the “p”-doped
Mo-based monocrystalline sample and its reference are presented in Figure 3.37 and
calculated power factor in Figure 3.38.

In the case of these samples, the electrical resistivity was slightly different when
the QDSL and the reference samples are compared due to a different dopant
concentration (Table 3.9). However this difference was compensated by the Seebeck
coefficient as observed for the monocrystalline p-doped Ti-based QDSL in section 3.3.a

This resulted on a power factor value (Figure 3.38) very similar for the QDSL and
for the reference sample up to 150 °C and for higher temperatures the same value was
obtained considering the error bar.
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Figure 3.37: left axis: Seebeck coefficient of the “p”-doped monocrystalline Mo-based QDSL (blue circles) and of
the SiGe reference (red squares). Right axis: Electrical resistivity of the p-doped monocrystalline Mo-based QDSL
(blue crosses) and of the SiGe reference (red X).
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Figure 3.38: Evolution of the thermoelectric power factor with the temperature for the monocrystalline Mo-
based “p”-doped QDSL (blue circles) and for its SiGe reference (red squares).
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Both samples presented a power factor value between 15 and 20 uW/cm.K2 at
room temperature, which is comparable to the literature results reported by Wang et
al. in [9].

Table 3.9: Additional measured properties of the Mo-based monocrystalline “p”-doped QDSL and its SiGe

reference.
. . - thermal
carriers conc. carriers mobility dopant flow rate ..
(em™) (cm?/V-s) (scem) conductivity
(W/m.K)
QDSL 5,80E+19+0,4 4112 20 -
Ref. 9,20E+19 £ 0,5 41+2 20 -

The mobility values for both samples corresponds to the values obtained for the
monocrystalline p-doped Ti-based QDSL samples and with the calculations for Si with
an equivalent dopant concentration. Similarly to the monocrystalline n-doped Mo-
based sample and its reference, here again the QD inclusion did not change the
carriers’ mobility.

Considering the thermal conductivity, no information is available because of the
lack of availability of the thermo-reflectance equipment.

3.6.b - Polycrystalline QDSL

" n

In Figure 3.39 are presented the electrical and Seebeck measurements for the “p”-
doped polycrystalline Mo-based samples. A small difference on the carrier’s
concentration between the QDSL and the reference was observed, resulting on a slight
difference of the electrical resistivity.

The obtained Seebeck coefficient was higher for the QDSL compared to the
reference and the calculated power factor Figure 3.40 showed an increase of the
properties when a QDSL is produced compared to pure SiGe.
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Figure 3.39: left axis: Seebeck coefficient of the “p”-doped polycrystalline Mo-based QDSL (blue circles) and of
the SiGe reference (red squares). Right axis: Electrical resistivity of the “p”-doped polycrystalline Mo-based QDSL
(blue crosses) and of the SiGe reference (red X).

14 | —— Mo QDSL
. —=— SiGe reference
12 b
< L
c 10 f}
_9_- L
= sl E }
= S
= I -
S 1 "
c 6 i
s | [
o) L
2 4
e} L
o
2 -
0 ) 1 1 | 1 1 1 1 1
0 50 100 150 200 250

Temperature (°C)

Figure 3.40: Evolution of the thermoelectric power factor with the temperature for the polycrystalline Mo-based
“p”-doped QDSL (blue circles) and for its SiGe reference (red squares).
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This was the only Mo-based QDSL to present an increase of the power factor. Here
again care should be taken in order to explain this phenomena because the power
factor values are very close between the QDSL and the reference sample.

By further looking at Table 3.10 it can be seen that for this sample a difference on
the dopant gas flow rate was employed to produce a similar value of carrier
concentration between the QDSL and the reference sample. This indicates a higher
dopant aggregation near the QD, and may be the reason why in this case a higher
power factor is obtained for the QDSL sample.

Table 3.10: Additional measured properties of the Mo-based polycrystalline “p”-doped QDSL and its SiGe

reference.
. . - thermal
carriers conc. carriers mobility dopant flow ..
(cm?) (cm?/V-s) rate (sccm) conductivity
(W/m.K)
QDSL 5,40E+19 £ 0,3 25%1 20 -
Ref. 7,60E+19 £ 0,5 211 10 -

Concerning the carrier’'s mobility the same pattern observed for the other
polycrystalline samples was observed here, i.e., the mobility was reduced by the grain
boundary scattering resulting on a lower power factor compared to the
monocrystalline samples.

No results concerning the thermal conductivity were available for these samples.

3.7 - Discussion about the thermoelectrical characterization
results of the Mo-based QDSL

In this section a discussion considering the obtained thermoelectric results will be
presented. As it was made for the Ti-based samples, the discussions will be divided in
two main parts, one considering the effect of the QD on the thermal conductivity and
the other considering the QD effect on thermoelectric the power factor.

At the end of Chapter 3, a global conclusion will be presented as well as summary
of the obtained thermoelectric properties and their comparison to reference works.
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e Thermal conductivity reduction

Considering the thermal conductivity measurements, thermo-reflectance
measurements were only performed for one sample, the monocrystalline “n”-doped
QDSL.

For this sample a reduction of the thermal conductivity from 13,0 W/m.K to 9,5
W/m.K was observed after the inclusion of QD inside the SiGe matrix. These results
prove the effect of Mo-based QD on the phonons scattering and thermal conductivity
reduction, as predicted by Mingo et al.

The 1,4-fold reduction is coherent with the results observed for the
monocrystalline “n”-doped Ti-based QDSL. The value of the thermal conductivity
measured for the Mo-based sample is however higher than the obtained values for the
Ti-based samples because of the lower Ge content of the former. These results are
consistent with what was expected, since a lower Ge content results on lower alloy
phonons scattering and thus on a higher thermal conductivity.

e Power factor increase

The observed results for the changes on the power factor after the inclusion of
Mo-based QD inside the SiGe matrix are less straight-forward to analyze than the
results for the Ti-based samples.

For the both the “n” and “p”-doped monocrystalline samples, it seems that no
effect was observed after the inclusion of QD. The small variation between the
measured values from the reference and the QDSL may come from an underestimated
error bar due to unconsidered errors sources such as sample inhomogeneity, punctual
defects or others.

For the polycrystalline samples, it seems that the power factor was reduced after
the inclusion of QD inside the “n”-doped sample, even if no particular changes on the
carrier’'s mobility was observed. Here again this difference could be due to an
underestimated error bar.

For the “p”-doped polycrystalline sample the opposite effect was observed, and a
small increase of the Seebeck coefficient was observed. In this case, however, a higher
gas flow rate was necessary to dope the QDSL in the same way than the reference,
indicating that a higher dopant accumulation occurred. This may have produced a
modaulation doping as discussed for the Ti-based samples and may be the origin of the
increase on the Seebeck coefficient observed.
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4 - Conclusion

In this chapter were presented the results concerning the structural and
thermoelectrical characterization of the produced QDSL and their SiGe references.
Three main properties were studied, i.e.: the dopant employed (“n” and “p”-doping);
the crystallinity (mono and polycrystalline) and the nature of the QD inclusions (Ti and
Mo-based QD).

By analyzing the obtained TEM images it was possible to confirm the presence of
silicides inclusions inside all of the analyzed samples. As expected, the metallic QD
reacted with Si atoms to form the expected TiSi, and MoSi, phases, except for one
sample, composed of TiSizinclusions.

It was possible to identify the behavior of the QD during the growth, and for the
Ti-based inclusion a coalescence phenomenon was observed. This produced a change
on the expected diameter of the QD, but with no apparent effect on the
thermoelectric properties. A more important feature was the relation between the QD
diameters and the layer thickness, described by the volumetric fraction %, of the QD
inside the matrix.

When the results of the thermal conductivity measurements of the
monocrystalline “n” and “p”-doped Ti-based QDSL are compared, it appears that the
lower volumetric fraction %, the “p”-doped sample is responsible to the fact that no
reduction on the thermal conductivity is observed.

Within the samples that presented the layers composing the QDSL too thick
compared to the QD no effects on the thermoelectric power factor was observed.

An interesting feature observed on the TEM images was the formation of QW
structures. The growth mechanism for these structures was identified as being due to
the catalyst effect of the QD on the SiH,4 pyrolysis during the QDSL growth.

Concerning the thermoelectrical characterization results, the measured values
were summarized in tables and compared to literature results. For the Ti-based QDSL
the results were compared to the works of Joshi et al. and Wang et al, already cited in
Chapter 1. The results for the Mo-based samples were compared to the results
obtained by Favier, who also investigated the inclusion of Mo-based QD in SiGe.

In Table 3.11 are presented the results concerning the “n”-doped Ti-based
samples. These results are among the best obtained during this work. Both the mono
and polycrystalline QDSL presented an increase on their power factor after the
inclusion of the QD. This produced a power factor up to 4 times higher for the
monocrystalline sample compared to the SiGe reference and 2,3 times for the
polycrystalline sample. The possible reasons for this have already been discussed
previously. Moreover, the monocrystalline sample also presented a reduction of its
thermal conductivity due to the QD inclusion.
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The results show that a great improvement of the material thermoelectric
properties are obtained by including QD in a “n”-doped SiGe matrix. The obtained
results are of the same order of magnitude as those presented by Wang et al. in [9]
and for the RTG material. It should be noticed that both the RTG and the results
presented by Wang et al. concerned samples with 20% of Ge, whereas the presented
QDSL had around 10% of Ge. This explains the lower values of thermal conductivity
obtained by these authors.

Table 3.11: Overall thermoelectric results of the “n”-doped Ti-based samples, the SiGe references and literature

results.
.. power rtactor
thermal thermal conductivity o-wer factor
sample conductivity reduction (Ayo/A,sne) power factor increase
Ti-n-MONO 6,8 11
1,25 4
SiGe reference 8,5 3
Ti-n-POLY 4,6 3,5
- 2,3
SiGe reference 4,2 1,5
(na\:lv:sr::iritttaxlr.ed) 2,5 14
1,8 0,8
RTG 4,5 17

(reference SiGe)

o _n

Concerning the “p”-doped Ti-based material, the overall results can be seen in
Table 3.12. In this case, no effect was observed on the power factor after the inclusion
of QD. A possible reason for this has already been discussed, and is related to the
lower volumetric fraction of QD in this sample. The same argument can be employed
to explain why in this case no reduction on the thermal conductivity was observed.

In the case of this sample the reference literature results are also in the same
order of magnitude of the results for the produced QDSL.

Further studies should be performed in order to increase the QD volumetric
fraction to analyze the Ti-based QD effect in “p”-doped samples.
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Table 3.12: Overall thermoelectric results of the “p”-doped Ti-based samples, the SiGe references and literature

results.

.. power rtactor
thermal thermal conductivity o.wer factor
sample co—n ductivity reduction (Ae,/Auanc) power factor increase
Ti-p-MONO 5,9 11,3
SiGe reference 6,4 11,6
Ti-p-POLY - 6,4
SiGe reference - 6,1
Joshi et al. 25 12
(nanosctrutured) 2 0,9
RTG 4,9 13,5

In Table 3.13 are presented the results of the “n”-doped Mo-based samples. The
results were compared with the results reported by Favier in [15], who employed a
volumetric fraction of around 1,3 % of Mo silicide in a SiGe matrix.

Table 3.13: Overall thermoelectric results of the “n”-doped Mo-based samples, the SiGe references and literature

results.

.. power factor
thermal thermal conductivity -
sample conductivity reduction (Ayo/A,ane) power factor increase
Mo-n-MONO 9,5 10
1,4 0,8
SiGe reference 13 13
Mo-n-POLY - 2
- 0,7
SiGe reference - 3
M(()If;xv-;-esrl)Ge >1 12,5
1,2 1,25
SiGe reference 59 10

(Favier)
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It can be seen that the inclusion of Mo-based QD produced a reduction of the
material’s thermal conductivity, as predicted by the theory. This reduction was of the
same order of magnitude as the one found by Favier.

A small difference on the power factor was observed after the inclusion of the QD,
but it is not clear weather this difference comes from difference on the materials or
due to measurements errors. Further studies should be performed, notably theoretical
study to evaluate the role of Mo silicide QD on the material’s properties. A possible
reason to explain the difference on the power factor has been suggested by Favier,
where the QD could act as “counter dopants” annihilating the dopant effect and
reducing the material’s power factor.

In Table 3.14 are presented the results concerning the “p”-doped Mo-based
samples. No information is available concerning the thermal conductivity. For the
monocrystalline sample, a reduction of the power factor is observed, where for the
polycrystalline an increase is observed. For the monocrystalline sample, this reduction
is of the same order of the one observed by Favier, and the reason presented is related
to the “counter doping”. It is not clear however why the polycrystalline sample did not
follow the same pattern.

Table 3.14: Overall thermoelectric results of the “p”-doped Mo-based samples, the SiGe references and literature

results.
.. power tactor
sambple thermal thermal conductivity power factor Oi‘:: ::efaasc:or
conductivity reduction (A.jov/Anano.
Mo-p-MONO - 14
- 0,8
SiGe reference - 17,5
Mo-p-POLY - 7
- 1,4
SiGe reference - 5
M(()::v:esrl)Ge 3.2 12,5
1,8 0,8

SiGe reference

(Favier) >7 15
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Globally, very interesting results were obtained from the thermoelectric
characterization of both Ti and Mo-based samples.

The effect of the silicide QD inclusion on the thermal conductivity was
demonstrated, and matches the theory predicted results. The observed reduction is no
as bit as the maximum 4-fold reduction expected by Mingo et al in [1], but
improvements on the material could be tested, such as increasing the Ge content of
the films up to 50% and increasing the QD volumetric fraction.

Moreover, a considerable increase on the Seebeck coefficient was observed for
certain samples, which can lead, together with the reduction of the thermal
conductivity to a great improvement of the material’s ZT.

This is the first time that the growth and characterization of TiSi,/SiGe and
MoSi,/SiGe QDSL is reported. As it is normal to be expected in such cases, there are
still few points that are still not clear in order to fully understand the effect of the
silicide QD inclusion in the materials. Hopefully, this work will serve as a model and
starting point for future works dedicated to elucidate the mechanisms and physical
phenomena taking place.
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Conclusion

The main objective of the work presented in this document can be resumed on
first producing Quantum Dots Superlattices (QDSL) made of Ti and Mo silicides
Quantum Dots (QD) inside a doped SiGe matrix and later to characterize the
morphology and thermoelectrical properties of the obtained materials.

In order to accomplish this, it was first necessary to present the thermoelectric
effect and thermoelectric materials commonly employed. These informations were
presented in Chapter |, followed by a discussion on the expected increase on the
thermoelectric properties via the nanostructuration. It was seen that two effects are
possible and have already been reported on the thermoelectric properties after the
inclusion of QD. The first one is the increase of the material’s power factor due to
quantum confinement effects and/or local doping and the second is related to the
thermal conductivity reduction due to phonon scattering.

Once the theoretical background was established, in the second chapter the main
strategy to include metal silicide QD in a SiGe matrix was presented. This consisted on
producing a QDSL thin film material using the Chemical Vapor Deposition (CVD)
technique. In order to accomplish this, an evaporator/sublimation system was
developed and adapted to an industrial CVD tool. A series of preliminary studies was
performed in order to validate the deposition system employing liquid (TiCl;) and solid
(MoCls) precursors.

This work was motivated by a theoretical study where the ideal volumetric
fraction and diameter of silicides QD in a SiGe matrix in terms of increase of
thermoelectric properties was established. Thus, the first step in order to grow the
QDSL was to produce QD with a controllable diameter and surface densities. This was
achieved through a complete study where the role of the growth parameters such as
deposition temperature, duration and substrate Ge content was related to the QD
morphological properties. The obtained results allowed to classify the growth
parameters into two distinct classes. The first contains the variables that play a role on
the surface diffusion of deposited species and is composed notably by the deposition
temperature and substrate Ge content. By increasing these parameters, a higher
surface diffusion occurs resulting on the growth of fewer quantum dots with higher
diameters. The second class contains the variables that only play a role on the quantity
of matter deposited, such as the precursor partial pressure and deposition duration. By
increasing these variables independently, there is an increase of the QD diameter but
no changes on the particles surface density is observed until the coalescence occurs.
During the surface deposition it was observed that the Ti deposition employing the
evaporator system was very reproducible in long-term. The sublimation system
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employed for Mo deposition, however, was less stable at long-term due to the
conception of the apparatus.

These studies allowed to determine the optimal deposition parameters both for
the Ti and Mo-based QD. The continuation of Chapter Il considered the embedding of
the QD by depositing a SiGe layer onto the QD. Concerning the low temperature
embedding of Ti-based QD it was observed that the particles catalyzed the growth of
nanowires by the Vapor Solid Solid (VSS) mechanism. To prevent this, higher Ge
contents or higher temperatures have to be employed in order to equilibrate the
growth rate near the QD and on the SiGe substrate. Moreover, it was observed that
the Ti-based QD are highly mobile inside the SiGe matrix and that a fraction of the QD
diffuses up to the material’s surface. These effects were not observed for the Mo-
based QD and can be explained due to the lower mobility of the heavier Mo atoms
compared to Ti.

Once the feasibility of the embedding of the metal QD by the SiGe was
determined, different QDSL were produced, both based on Ti or Mo, “n” and “p”-
doping, and mono or polycrystalline matrix. The results of the characterization of these
materials were presented in Chapter lll. Concerning the nature of the QD, it was
determined by X-Ray Diffraction (XRD) and Transmission Electronic Microscopy (TEM)
analyses that at the early deposition stages there is the formation of metallic nano-
islands that which the QDSL growth react with Si atoms from the substrate or from the
SiH4 precursor employed along with GeH,; to embed the nano-islands. These nano-
islands form spherical silicide QD inside the material. The phase of these QD was
determined by measuring the planes distance through High Resolution TEM (HRTEM)
images and when possible using an EDX technique coupled to the TEM apparatus. It
was seen that the expected phase TiSi, and MoSi, was obtained in the majority of the
samples. TEM images also allowed to measure the final QD diameter and the thickness
of each QDSL layer, essential to estimate the changes on the volumetric fraction of QD
inside the matrix. Another important observation obtained with the TEM analysis is the
dopant accumulation near the QD.

The final part of the work consisted in measuring the thermoelectric power factor
of the obtained QDSL, i.e., measuring the in-plane Seebeck coefficient and electrical
conductivity. Concerning the Ti-based QDSL very interesting results were obtained. For
both the mono and polycrystalline “n”-doped samples, an increase of the Seebeck
coefficient was observed as well of the carrier’s mobility when compared to a pure
SiGe reference sample. This resulted on a 4-fold increase of the thermoelectric power
factor for the monocrystalline sample and over a 2-fold increase for the polycrystalline
material. Different hypotheses exist to explain this, and the most probable is the
modulation doping, where the accumulation of dopant atoms near the quantum dots
reduces the carriers scattering and thus increases the mobility. This phenomenon was

o n

not observed for the “p”-doped Ti-based samples, probably because of the lower
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volumetric fraction of QD in this case. Concerning the thermal conductivity
measurement, a reduction of 20 % was observed for the monocrystalline “n”-doped
sample, validating the phonon scattering theory. The same effect was not observed for
the polycrystalline and for the monocrystalline “p”-doped samples. The reason
concerning the polycrystalline samples is that the grain boundaries already act as
phonons scattering sites, masking the QD effect. For the monocrystalline “p”-doped
sample the reduction on the thermal conductivity is probably not observed due to the
lower volumetric fraction of QD of this sample.

Concerning the Mo-based QDSL, the results of the power factor were not as
conclusive as those for the Ti-based samples. For all the samples tested, only a slight
difference was observed for some samples and can be due to an underestimation of
the measurement error bars. It is possible that the very low volumetric concentration
of these QD did not produce a noticeable effect on the material’s power factor.

The thermal conductivity was only obtained for the “n”-doped monocrystalline
QDSL, and an effect similar to the one observed for the Ti-based sample was observed,
with a change from 13 W/m.K of the SiGe reference sample to 9,5 W/m.K for the
QDSL, i.e., a significant reduction of 27 %.

It is the first time that the growth of metal silicide and SiGe-based QDSL is
reported. The characterization results showed that these materials are good
candidates for improving the thermoelectric properties of the SiGe material. Further
experiments and measurements should be encouraged in order to best understand the
effect of the QD inclusion inside thin films, particularly the effect of it on the material’s
power factor. These further studies could also be useful to determine the maximum
possible improvement obtained by the inclusion of QD in order to evaluate industrial
applications for these new materials.
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Estimative of the Quantum Dots diameter
after reaction with Si

As it was shown in Chapter I, both the metallic nano-islands and the silicide
quantum dots diameters were considered to be the same for the volumetric fraction
calculations. The following calculations are presented in order to support this
assumption.

Take as an example the Ti-based materials. It can be seen in the Atomic Force
Microscopy (AFM) in Figure A.1 that a nano-island with a diameter “dy,” of around 20
nm has a thickness “t” of around 4 nm.

dy =20 N

t=4nm

Figure A.1: AFM image of a surface deposition of Ti nano-islands onto a SiGe thin film substrate. This technique
allowed to measure the nano-island diameter and thickness.

As it was seen in the TEM images presented in Chapter lll, the final obtained QD
are spherical. In Figure A.2 is represented the morphological changes between the
metallic nano-island and the spherical quantum dot. It is necessary thus to estimate
what is the final QD diameter after the metallic nano-islands discs react with Si atoms
to form the silicide phase.
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d.
\ )
|
dNI =20nm
b. -

dgp=7?— TiSi, Quantum Dot

Figure A.2: Schematic representation showing a Ti nano-island of diameter = 20 nm and thickness = 4nm (a) and
of the same nano-island after the reaction with Si and formation of a spherical silicide QD or diameter dqp .

In order to accomplish this, first consider the unit cell volume for both Ti (V+;) and
for TiSi; (Vrisiz). The values are approximately 35 A® and for TiSi, is 339 A® for metallic Ti
and TiSi, respectively. Furthermore, the number of atoms per unit cell for Ti (Ny) is 2
and for TiSi, (Ntisi2) is 24. As Ti atoms represent 1/3 of the total atoms of TiSi,, the
number of Ti atoms per unit cell of TiSi, is 8.

The methodology employed here is based on the changes of the total volume of
the particles after the Ti atoms react with Si, i.e., the same amount of Ti atoms on the
nano-island will produce a QD with a higher volume.

The unit cell volume per Ti atom for the metallic nano-islands (V;*) can be
calculated as follows:

Vi = Vri 233 _ 175 [A3] Al
{7 Ny 2

The same can be made for TiSi, as shown above.
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Vpisia 339 )
Visp = =——=1424  [A%] A2
NTLSLZ 8

. 42,4 . . . .
Thus, a volume increase of “ T 2,4” is observed when a metallic nano-island is

transformed into a silicide quantum dot.

Now consider the volume of the disc (nano-island) represented in Figure A.2-b. It
can be calculated by considering the nano-island thickness “t” which is 4 nm and the
diameter dy; = 20 nm. The nano-island volume Vy, is thus:

2
Vyi=m (%) .t =12566 [nm’] A3

By considering the volume increase after the reaction with Si, the final QD volume
will be:

VQD = VNI' 2,4 = 3015,8 [l’lm3] A4
Finally, considering the Quantum Dot as a sphere, the calculated radius is:

R="|(Vop22)=9 [nm] AS

4 T

A QD radius “R” of around 9 nm is obtained, thus the QD will present a diameter
of 18 nm after the formation of the silicide phase. This value is very close to the
measured initial nano-island diameter of 20 nm.

It can be seen thus that for the conditions present on this work (nano-island
thickness of around 4 nm) no significant changes are observed between the observed
nano-island diameter and the final QD diameter.
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