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Abstract
Energy resources are a main factor for the development of industry and human life, however, the
use of fusil fuels as energy is harmful to the environment. Taking these two matters into
consideration, the use of waste energy is a good response. The thermoelectric phenomena, which
was, discovered in the 18th century plays a main role in converting waste heat energy to electricity
and vice-versa.
Germanium quantum dots (Ge QDs) have received special attention due to their unusual electrical
and optical properties, which are correlated to the quantum confinement effect. In thermoelectric
devices amazing electrical property of Ge QDs are utilized. Ge QDs can be applied in
thermoelectric devices to increase the electrical conductivity while decreasing the thermal
conductivity, resulting in an increasing of the figure of merit (ZT); a characteristic for
thermoelectric devices that should be as high as possible.
In this study, Reduced Pressure Chemical Vapor Deposition (RPCVD) was used to synthesize Ge
QDs utilizing GeH4 gas on silicon at a temperature of 450℃ with deposition times of 23s, 25s, 30s,
60s, 120s and 240s, and at a total and partial pressure of 20 Torr and 20 mTorr respectively.
RPCVD was used to fabricate multi-layer Ge dots on silicon wafers, which were sandwiched
between thin silicon films. Process parameters used in this study to deposit thin interlayers silicon
film were as follows: Total pressure: 20 Torr, temperature: 500℃ and partial pressure of 10 mTorr.
Deposition times of 150s, 300s and 600s were used to deposit interlayers of silicon utilizing Si2H6
gas to connect and disconnect carrier transfer between Ge QDs perpendicularly and to investigate
the surface roughness. Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM),
Energy Dispersive Spectroscopy (EDS), and High Resolution X-Ray Diffraction (HRXRD) were
employed to investigate the Ge dots and interlayers silicon films. These characterizations showed
that the smallest dots are obtained from 23s deposition time which means higher tunneling of
electrons and an increase of electrical conductivity. The data also showed that a shorter deposition
time results in a higher relative strain which means higher carrier mobility and higher electrical
conductivity. Finally, multilayers of Si/strained Ge-dots analyzed to find the smoothest surface, and
the smoothest surface was obtained with 23s deposition time of Ge dots, which means less electrical
noise in thermoelectric devices. Such structures are ready to be grown on silicon on insulator (SOI)
wafer to make advanced coupled or uncoupled dots for future thermoelectric applications.
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1. Introduction
The demand for new energy sources has steadily increased in the latest decades. Due to increasing
of consumption of fusil fuels, more greenhouse gases are produced, inevitably resulting in global
warming with its catastrophic consequences. In recent years, many researchers have tried to find
new methods and materials to generate or recycle the wasted energy.
One of the fields of research in these directions is the application of thermoelectric and PeltierSeebeck effect. The thermoelectric effect is the direct conversion of temperature differences to
electric voltage and vice-versa. Although the Peltier-Seebeck effect is an old textbook phenomenon,
its new application in the modern field of energy harvesting is a revolutionary idea. Its applications
span to many aspects of industries such as electronic devices, car industries, or any heat engine.

1.1 Thermoelectric phenomenon and thermoelectric materials
The Seebeck effect is a phenomenon in which a temperature difference between two different
electrical conductor substrates or two different semiconductor substrates generates a voltage
between the two substrates. An example is to use heat waste, which is a by-product of engines to
electrical power [1]. Generally, thermoelectric materials are used to generate electrical power as
well as for cooling. In solid-state systems, cooling can be done by using another property of
thermoelectric materials, which is Peltier effect. When a carrier flows through a conductor it carries
heat and this heat current (Q) is proportional to the charge current applied to the conductor [2], this
is shown in Eq.1.
𝐐 = 𝚷 ∗I

Eq.1

The constant Π is Peltier coefficient and I is the current.
When two dissimilar materials are joined and a current flows through their junction, excess or
deficient energy can be generated at the junction due to different Peltier coefficient. This energy is
released through the lattice, resulting in heat. Conversely, if energy is applied to the junction, it
causes a cooling effect [2]. A figure of a cooler and power generator is shown in Figure 1.
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Figure 1. Schematic of a) cooler, b) power generator.

In the power generation case, the most promising thermoelectric materials are called “phonon-glass
electron-crystals” or PGECs in short. In these materials, the lattice thermal conductivity should be
low as glass and electrical conductivity in crystals is high [3]. Those parameters lead to high figure
of merit (ZT) which should be high for thermoelectric materials in thermoelectric application.
The efficiency of thermoelectric materials can be measured by a dimensionless parameter so-called
figure of merit (ZT). Figure of merit is given by Eq. 2 [4].
𝐙𝐓 =

𝐒𝟐 𝐓𝛔

Eq. 2

𝐊

In Eq. 2, “S” is Seebeck coefficient, “T” is temperature (in kelvin), “σ” is electrical conductivity
and K is thermal conductivity, which is dependent on two sources: First, it depends on the heat
generated from electrons transport (K e ) and second, it depends on phonon movement through lattice
(K ph ); this is expressed as K = K e + K ph . For power generation and conversion of thermal energy
to electricity, ZT should be as high as possible, and therefore more research is required in the area
of thermoelectric materials with high ZT. In fact, Seebeck coefficient for each material is equal to
the “generation of voltage per degree of temperature difference between two points” [2]. This is
shown in Eq. 3.
2

𝐕

𝐬 = − 𝚫𝐓𝟏𝟐

𝟏𝟐

Eq.3

Relationship between Peltier coefficient and Seebeck coefficient is Π = ST, T is the absolute
temperature [2].
In case of power generation device, each thermoelectric couple consists of p-type and n-type
thermoelectric elements, which lead to the movement of holes and electrons for p-type and n-type
respectively. All thermoelectric elements are designed thermally in parallel and electrically in
series. These elements are connected to the metal to absorb the heat. In addition, electrical carriers
move from the hot side to the cold side. The positive and negative charges at the cold side create a
voltage that in return generates an electrical current. A schematic of the device is shown in Figure 2
[5].

Figure 2. Illustration of Thermoelectric device [5].

Semiconductors elements are used for thermoelectric applications because thermal conductivity and
electrical conductivity can be controlled. In order to increase the Fermi level in semiconductors,
there are two options. One is to raise the temperature and the second is to dope the material. The
first option is not feasible due to the fact that if the Fermi level is monitored at a high level,
3

temperature of the materials will be raised significantly which in turn results in generating problems
for the device due to limit on thermal budget that electronic devices face. The second option is the
only viable option that can easily be achieved for the purposes of having adequate free electrons to
be moved by ambient heat for a thermoelectric device to operate efficiently [4].
Some of the thermoelectric materials are listed below:



Thallium chalcogenides (Tl9BiTe6, Tl2SnTe5), these compounds have a low thermal
conductivity, but they have also have a low electrical conductivity which affects the figure of
merit (ZT) [6].



Bismuth telluride (Bi2Te3), There is a great interest in this material for thermoelectric devices.
It has a high figure of merit (ZT) for n-type and p-type in bulk form and nanotube structure.
Bi2 Te3 has narrow semiconductor indirect bandgap (0.15 eV). It has high ZT at room
temperature in bulk form and a high ZT of about 1 and 1.25 at temperatures 450 K and 420 K
for nanotube p-type and n-type respectively [6].



Lead telluride (PbTe), It is a semiconductor material with a band gap of 0.32 eV which can be
optimized by doping, it has applications for a range of temperatures about 600-800 K and has a
maximum ZT of 0.8-1.0 at 650 K [6].



The germanium based TAGS (Te-Ag-Ge-Sb), their efficiency are higher than PbTe for
thermoelectric devices, but they have less use because of their high sublimation, high cost and
phase transition at low temperature [6].



Silicon-germanium (SiGe), it is a semiconductor material, which is extensively used in
electronics and photonics devices. This material has significant physical and mechanical
properties for thermoelectric power generation, which distinguish silicon-germanium from other
materials. These properties are: high melting point, atmospheric oxidation resistance and low
vapor pressure [7]. Content of germanium decreases the thermal conductivity [7]. It has an
appreciable ZT at high temperatures such as 1200 K, which makes it a suitable material for
thermoelectric generation (RTG) [6].
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Silicon (Si), Silicon is an element in the group IV after carbon and before germanium; this
element is an indirect band gap semiconductor and has diamond structure. Bulk silicon has
small figure of merit (about 0.01 at 300 K) but in the nanoscale such as nanowire, its thermal
conductivity sharply reduces [4].

ZT for several n- and p-type doped materials at different temperatures are shown in Figure 3.

Figure 3. Figure of merit for a) n-type and b) p-type materials at different temperature [5].
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1.2 Quantum dots (QDs)

In recent years, many scientists have devoted their efforts to develop new materials and devices in
nanoscale dimensions and discover fabrication techniques to achieve that goal. In this effort, many
new materials with amazing new properties have been discovered.
Some of the new discoveries are remarkable for semiconductor materials, for example, the band gap
of these materials, melting temperature, electronic and optical properties can change as functions of
size [8]. For semiconductor materials, the new electronic and photonic properties are truly
significant for technological developments.
One of the new discoveries is the application of quantum dots in thermoelectric devices. Quantum
dots (QDs) made of semiconductor materials have crystal structure with a diameter ~ 10 nm
consisting of 103 − 109 atoms [9, 10].

By spatially confining materials in three directions,

quantum dots can be created [11]. There are specific properties for QDs that are interesting for
science and technology such as long relaxation time, three dimensional quantum confinement
discrete energy, and high-intensity light absorption and emission [12].
Shrinking the material from bulk to QD level results in modification of the electron density of state
(DOS) which is shown in Figure 4. For QDs, the electron band structure cannot be continuous like
bulk materials and it is composed of discrete energy levels which is similar to the quantization of
energy in atoms [8].

Figure 4. Illustration of density of semiconductor materials as function of dimension [8].
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1.2.1 Quantum confinement

To have a free electron, energy equal the band gap energy is needed to excite an electron from
valence band to conduction band. However, if the energy for an electron is not enough for this
excitation, electron may be excited to a state above its equilibrium state but below the conduction
band; this creates a stable structure pair called exciton that orbits around a hole [13].
Bohr radius can express the radii and energy for an electron orbiting nucleus in a hydrogen atom,
also by shrinking the material to quantum dots, an exciton, creates a state of energy which is
confined and localized. This state has many similarities to Bohr radius and is called exciton Bohr
diameter with values that are dependent on the materials. Exciton Bohr diameter and band gap
energy for some of the QD materials are shown in Table 1 [13].

Table 1. Exciton Bohr diameters and band gap for different semiconductors [13, 44].

Semiconductor

Exciton Bohr Diameter

Band gap Energy

CuCl

13 Å

3.4 eV

ZnSe

84 Å

2.58 eV

CdS

56 Å

2.53 eV

CdSe

106 Å

1.74 eV

CdTe

150 Å

1.50 eV

GaAs

280 Å

1.43 eV

Si

40 Å
90 Å
50 Å
400 Å

Ge

(Longitudinal)
(Transverse)
(Longitudinal)
(Transverse)

1.11 eV
0.67 eV

When dimensions of a material are reduced roughly to its exciton Bohr diameter, quantum
confinement can be achieved, resulting in a free electron and hole confined to specific energy level.
The quantum confinement process is shown in Figure 5 for a coupled state and decoupled state.
Quantum confinement can be strong or weak depending on the degree of coupling between electron
and hole in the exciton. In the case of strong confinement, by reducing the dimensions of the
material as small as possible to create smaller dots, the exciton cannot be excited any longer and
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decomposes to a free electron and hole. Weak quantum confinement occurs if the size of the crystal
is 3 to 10 times larger than the exciton Bohr radius [11].

Figure 5. Illustration of band diagrams for a free exciton, confined, coupled exciton and decoupled exciton [11].

Depending on the size, quantum dots manifest unique properties in different environments.
Quantum dots in the range of 5-6 nm are more suitable in the area of biotechnology due to
comparability with the size of molecular dimensions [14]. Meanwhile, quantum dots in the range of
1-6 nm have unique optical properties. By changing the size and composition of quantum dots, their
optical properties can vary from ultra violet to inferred region [15]. Their emission also comes
from quantum confinement, which can be tuned from infrared to visible emission. This property can
be used for photoluminescence, which has a broad application in several areas such as bio imaging
[15].
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1.2.2 Band gap energy, transport of electron and optical properties for quantum dots

By conventional definition, a quantum dot has zero dimensions where electrons are confined in
three-dimensional spaces.
For free electrons to exit a quantum dot, a surface potential barrier of usually 3-4 eV should be
overcome. The normal energy of electrons in a quantum dot is much less than the surface potential
barrier. From a classical aspect, the free electrons cannot exit the quantum dots as long as their
kinetic energy is less than the potential barrier. From quantum aspects, the probability of a free
electron to penetrate the barriers is not zero. Due to quantum tunneling effect, some electrons can
tunnel through the potential barrier to reach to the surrounding area. By decreasing the size of dots
that results in an increase in the confinement energy of electrons, more electrons tunnel through the
potential barrier [16].
Due to quantum tunneling effect, some electrons can tunnel through the potential barrier to reach
the surrounding area. By decreasing the size of the dots, which results in an increase in the
confinement energy of electrons, more electrons can tunnel through the potential barrier [16].
In bulk materials, charge carriers have continuous energy and a forbidden energy region called a
band gap. In contrast, in quantum dots, band gap energy is larger than the bulk band gap. This is
shown in Figure 6. Quantum dots band gap increases as their sizes decrease [16]. In addition,
depending on the size of the dots, the nature of the band gap changes. For example, the band gap of
bulk silicon is indirect. However, depending on the size of the silicon quantum dots, the band gap
can be direct, mix of direct and indirect, or indirect. This is also valid for Ge quantum dots or SiGe
[17].

Figure 6. Schematic of band gap diagram in bulk material and nanoparticle [16].
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Quantum dots can absorb and emit photons. The characteristics of the emitted photons depend on
the size of the dots. This is the process for the emitted photons from the quantum dots. When the
size of the dots shrinks, the band gap energy increases as shown in Figure 7 [18].

Figure 7. PL energy of amorphous silicon quantum dots versus dot size [18].

When electrons from the conduction band transit to the valance band, due to higher band gap
energy, the emitted photons that are the result of this transition have higher energy and therefore
larger frequency or smaller wavelength (E=h=h/). For large dots, the wavelength is in red region
and for shrunk dots, emitted photos have blue color, indicating a shift in wavelength that is
followed by increase in the energy of the electrons in conduction band. See Figure 8 [18].

Figure 8. PL spectra of amorphous silicon dots for various dot size [18].

Another aspect of quantum dot size reduction and quantum confinement is the changes in thermal
conductivity of the materials. Thermal conductivity is reduced when scattering phenomenon
increases. In that regard, when quantum dots are shrunk, the electron-phonon interaction is
increased and consequently the thermal conductivity decreases [19].
10

1.3 Strain effect
The force acting in the solids is called strain. Stress is strain on unit area. Depending on the
direction of force, the effect can result in dimension reduction (compressive) or increase in
dimension (tensile).
There are two types of strain: compressive and tensile. If (bulk) lattice constant of an epi-layer is
larger than the substrate (or buffer layer), then strain is compressive, however, if lattice constant of
epi-layer is smaller than the substrate then there is tensile strain. Both these strain types result in
narrowing band gap and higher carrier’s mobility [20].
When stress is compressive, the band structure changes in a way that the effective mass of the holes
becomes less [20]. In case of tensile stress, the conduction band’s six energy sub-bands (∆2 and ∆4 )
are modified and the energy of sub-band ∆2 shifts down while the energy of subband ∆4 shifts up.
The effective mass of an electron in ∆2 valley is smaller than the effective mass electron in ∆4
valley (Figure 9) [22]. Accordingly, the carrier mobility is increased due to changes in the effective
mass the electron. The mobility equation given below indicates both that the lower effective mass
of carries results in its mobility to increase [10].
𝛍𝐞 =

𝛍𝐡 =

𝐞𝛕𝐞

Eq. 4

𝐦𝐞

𝐞𝛕𝐡
𝐦𝐡

Eq. 5

In Eq. 4 and Eq. 5, e is the electron charge, τ and m is the collision carrier time and effective mass,
respectively. Both τ and m are indexed “h” and “e” for holes and electrons.

Figure 9. Tensile and compressive strain for Ge [21].

Another effect of strain on materials is the thermal conductance. In general, the thermal
conductance can be expressed as k = 1/3∑kp Ck,p vk,p λk,p where Ck,p is specific heat, vk,p is average
11

phonon group velocity and λk,pis phonon mean free path. By applying compressive strain average,
phonon group velocity and specific heat increase which in turn causes the thermal conductance to
rise. Applying tensile strain has an opposite effect and results in lower thermal conductance [22,
23]. Figure 10 shows how thermal conductivity responds to tensile strain for Si films and
nanowires.

Figure 10. Thermal conductivity versus tensile strain for A) silicon nanowire B) Si thin film silicon [22].

In general, compressive strain can increase thermal conductivity while tensile strain results in a
decrease of thermal conductivity. If the compressive strain changes to tensile strain in
thermoelectric device, then the device will be more efficient in terms of energy conversion (lower
thermal conductivity) [24].
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1.4 Germanium (Ge) and Germanium dots
Germanium is one of the materials in group IV which has an indirect band gap of ~ 0.67 eV at room
temperature which is lower than the band gap of silicon (~ 1.2 eV). Some of germanium physical
properties are shown in the Table 2 [25].

Tabel 2. Germanium properties [25].

Atomic number

32

Atomic weight

72.59

Color

Silvery

Crystal structure

Cubic (diamond)

Density (at 25 ℃)

5.32 g/cm3

Melting point

958 ℃

Boiling point

2700 ℃ approx.

Volume resistivity at 25 ℃

60 × 106 µΩ/cm

The germanium band structure, as demonstrated in Figure 11(a), shows that it has a maximum on
valence band, located at the Γ point and two minima on the conduction band located at L and Γ
points on the λ line. In contrast, silicon has a maximum on the valence band, located at the Γ point
and a minimum on the conduction band located on the Δ line from Γ point to X point. The details of
the band structures for Ge and Si are shown in Figure 11(a) and 11(b) respectively [17, 26].

a)

b)

Figure 11. Schematic of band gap energy for a) Ge and b) Si [26].
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Germanium quantum dots (Ge QDs) are attractive because of their unusual electrical and optical
properties created by the quantum confinement effect, In addition because of small differences
between indirect bandgap (in point L on conduction band) and direct bandgap (in point Γ on
conduction band) which is 0.14ev, the rate of recombination for electrons and holes becomes much
higher [27]. This small band gap energy causes the carrier mobility to increase. In addition, due to
the strain that is exerted on the germanium quantum dots by silicon substrate, two different impacts
are observed; one is that the mobility of the carrier in the quantum dots increases and second impact
is that the thermal conductivity of the quantum dots deceases [28].

14

Objective of this work
The objective of this work is to synthesize and characterize the Ge quantum dots and integrate them
in multilayers structure of Ge-dots/Si with different periods and thin Si thicknesses for
thermoelectric application.
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2. Epitaxy
Materials grown with epitaxy technique can be categorized in two groups: Homoepitaxy and
Heteroepitaxy. Schematic of a heteroepitaxy is demonstrated in Figure 12.

Epilayer

Substrate

Figure 12. Schematic of homoepitaxy.

In the case of homoepitaxy, deposited layer and substrate are from the same material, but in the case
of heteroepitaxy, deposited layer and substrate are from different materials [21]. In the case of
heteroepitaxy there is mismatch between lattice of layer and lattice of substrate that can be
calculated from Eq. 6 [29] :
𝒅=

𝒂𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 −𝒂𝒆𝒑𝒊𝒍𝒂𝒚𝒆𝒓
𝒂𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆

Eq. 6

In Eq. 6, d is lattice mismatch between substrate and epilayer, 𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is lattice constant for
substrate, and 𝑎𝑒𝑝𝑖𝑙𝑎𝑦𝑒𝑟 is lattice constant of epilayer.
If there is a lattice mismatch, stress applies on the epilayer and a strain effect is generated. This
strain can be released by generation of formation of dislocation in the material. In Figure 13
schematic of dislocation-free (pseudomorphic) and fully relaxed layer with dislocation are shown
[35].

a)

b)

Figure 13. Schematic of heteroepitaxy of a) unrelaxed, b) fully relaxed.
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Mismatch “d” can affect the epitaxial layer through three modes [29]:


Frank-van der Merwe:

In this mode the surface energy of substrate (ES) is very high, but surface energy of layer (EL) and
interface energy between the substrate and layer (EI) are very low. These conditions result in the
growth of the layer as a 2-dimentional thin film. This mode, shown in Figure 14, is the ideal
homoepitaxy.

2-dimentional thin layer

Substrate

Figure 14. Schematic of homoepitaxy (Frank-van der Merwe mode).



Volmere Weber:

In this mode, the surface energy of substrate (ES) is very low, but surface energy of layer (EL) and
interface energy between the substrate and layer (EI) are very high. These conditions result in
nucleation and formation of islands as shown in Figure 15.

Nucleated layer as islands

Substrate

Figure 15. Schematic of heteroepitaxy (Volmere Weber mode).
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Stranski-Krastanov:

This mode is an intermediate mode between Frank-van der Merwe mode and Volmere Weber
mode. In this mode, the growth goes through two phases. At the beginning of the growth, the
surface energy of substrate (ES) is very high and surface energy of layer (EL) and interface energy
between the substrate and layer (EI) are very low. This results in a 2-dimentional layer with high
strain. This phase is followed by the second phase when the growth conditions change. In the
second phase, due to high strain energy, surface energy of substrate (ES) becomes very low and the
surface energy of layer (EL) and interface energy between the substrate and layer (EI) become very
high. These conditions will result in nucleation and island formation of the epilayer. Schematic of
this growth is demonstrated in Figure 16.
Nucleated layer as islands

2-dimensional layer

Substrat
Figure 16. Schematic of heteroepitaxy (Stranski-Krastanov)

The two most commonly used techniques to grow materials on a silicon substrate are Molecular
Beam Epitaxy (MBE) and Chemical Vapor Deposition (CVD) [29]. In brief, these methods are
described in the following sections.

2.1 Molecular Beam Epitaxy (MBE)
MBE is a method to deposit crystal films or dots of specific materials. In this method, the growth
chamber is under ultra-high vacuum (UHV) about 1 × 10−10 Torr, which is achieved through
combinations of different vacuum pumps (roughing Pump, and Cryo Pump). The system consists of
several source cells and shutters for different materials. The growth is controlled by the substrate
temperature and material flux. Most of the MBE equipment are equipped with surface analysis
instruments e.g. Auger Electron Spectroscopy (AES), high energy electron diffraction (RHEED),
low energy electron diffraction (LEED) to observe the reactions and reconstructions. The growth
rate is monitored by connected tools e.g. mass spectrometer, Ellipsometer, or RHEED oscillations.
18

The deposition rate in MBE technique is usually low and thin layers with high precisions and purity
can be grown [29, 30]. An illustration of an MBE reactor is shown in Figure 17.

Figure 17. Illustration of MBE [30].

2.2 Chemical Vapor Deposition (CVD)
CVD deposition systems in general are comprised of the following:
a) Reactor chamber, reactant gas supply, transport and control, and exhaust system and control.
b) Reactant transport gas. The reactant gases are carried by hydrogen and injected into the
reactor. The flux of gases is control by mass flow controllers (MFC). H2, Ar or He gas may
be used as a diluter or carrier gas. The gases reactant specimen flow in the chamber and
decompose in the chamber to deposit a film or dots. Decomposition can be controlled by
pressure, temperature and gas flow. “Halogen lamps or a resistance heater” heats the
chamber and the wafer is placed on the graphite chuck in the heat zone as shown in Figure
18 [29].

Figure 18. Schematic of CVD [31].
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There are various CVD techniques: Atmospheric Pressure Chemical Vapor Deposition (APCVD),
Low-Pressure Chemical Vapor Deposition (LPCVD), Plasma-Enhanced chemical vapor Deposition
(RECVD), High-Density Plasma Chemical Vapor Deposition (HDPCVD) and Reduced Pressure
Chemical Vapor deposition (RPCVD) [31, 32]. RPCVD provides better quality films with higher
throughput compared to other CVD techniques [32].
A CVD system works through following steps [31]:
1. The reactants are transported into the reactor chamber.
2. The reactants may defuse downwards from gas boundaries and reach the substrate.
3. Reactants specimen is absorbed by surface of the wafer.
4. At the surface, the reactant specimen is decomposed on the wafer.
5. Byproduct materials are desorbed from the surface of wafer.
6. By diffusion, the byproduct materials are transport by carrier gas.
7. The product materials are transported out of the chamber through exhaust.

Various steps of CVD film deposition are shown in Figure 19.

Figure 19. Schematic of CVD process [31].

Growth rate can be controlled by pressure and heat. The growth rate in CVD technique is much
higher compared to MBE technique and the film quality can be as high as MBE ones. CVD is a
more common technique for deposition for industrial applications [29].
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3. Experimental work

In this part, the fabrication of single and multilayered (sandwiched between multilayer) Ge quantum
dots (QDs) on silicon is described.

3.1 Wafer cleaning
Prior to the synthesis of Ge QDs on silicon substrate, surface cleaning was performed. The silicon
wafers were cleaned in piranha solution with 3:1 ratio of sulfuric acid (H2SO4) and hydrogen
peroxide (H2O4) to remove any traces of organic and other materials from the substrate. The
cleaning process took about 5 minutes followed by DI water rinsing. This step was then followed by
dipping the wafers in 5% diluted hydrofluoric acid (HF) for 5 seconds to remove any silicon oxide
layer. The wafers were then rinsed in DI water for 5 minutes, dried, and then loaded in a RPCVD
for further processing. Schematic of cleaning has shown in Figure 20.

Figure 20. Schematic of cleaning wafer.

3.2 Deposition part
To synthesize Ge quantum dots (formula shown below) on the silicon wafers, GeH4 gas at low
pressure in a reduced pressure chemical deposition (RPCVD) equipment was used.
GeH4 (g)

Ge (s) + 2H2 (g)

Process parameters were as follow: temperature: 450℃ , partial pressure: 20 mTorr and total
pressure: 20 Torr.
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Si and Ge have 4% lattice mismatch [29], therefore, Stranski-Krastanov mechanism dominates the
growth and germanium islands formed on the silicon surface. Due to optimization of the process
parameters, the only variable that could alter the sizes of the QDs was process time. We started with
a process time of 23s and then increased the time for other samples to 25s, 30s, 60s, 120s and 240s
to characterize the time dependency of the QD sizes with process time. The smallest Ge dots were
obtained with a process time of 23s. A schematic of Ge dots on a silicon wafer have been shown in
Figure 21.
Ge dots
Silicon wafer

Figure 21. Schematic of Ge dots on silicon wafer.

The following procedure was developed to achieve sandwiched Ge QDs between several layers:
Frist QDs of Ge were processed at 30s on silicon wafers for the formation of the initial batch of
QDs. Then a silicon layer was deposited on Ge QDs using Disilane (Si2H6) gas at temperature
500℃ with a process time of 300s and a partial pressure of 10 mTorr at 20 Torr total chamber
pressure. Formation silicon layer from Disilane follows the following formula [4].
Si2H6 (g)

2Si (s) + 3H2 (g)

The silicon deposition temperature and deposition time was set at 500℃ and 300s respectively to
decrease the intermixing of Si into Ge [39]. This sample had four periods of Ge-dots. Schematic of
this process is shown in Figure 22.

Si interlayer at 300s
deposition

Ge dots

Silicon wafer

Figure 22. Schematic of “4-layers 30s” synthesized Ge dots on Si wafer.

In order to prevent any possibility of carrier connection between Ge dots from various layers, we
also decided to investigate this possibility for only two layers. In this regard, larger Ge QDs were
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needed. To achieve that, Ge QDs were processed at 30s with thicker Si layers, deposited at 600s.
This sample was named “Uncouple 30s”.
The third batch of samples were fabricated with the same condition as “Uncouple 30s” sample but
with thinned silicon layers. In this case, Si layers were deposted at 150s. This sample was called
“Couple 30s”. Schematic of these two samples is shown in Figure 23.
a)

b)
Si cap layer

Si interlayer

Silicon
wafer

Si layers
at 600s

Si cap
layer
Si interlayer
at 150s

Ge
dot
s

Silicon
wafer

Figure 23. Schematic of synthesized a) “Uncouple 30s” b) “Couple 30s”.

Finally, two more samples were grown on silicon wafers by applying the same condition as
“Uncouple 30s” and “Couple 30s” but the Ge QDs deposition time was changed to 23s. These two
samples were named “Uncouple 23s” and “Couple 23s”.
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4. Results and Discussion
In this study, characterization tools: SEM, AFM, EDS, and HRXRD were utilized to verify and
characterize the Ge QDs structure.

4.1 SEM analysis
Figure 24 shows SEM images and histogram of diameter size distributions graphs for deposition
time of 23s, 25s and 30s.
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Figure 24. SEM images and histogram for Ge deposition time of a) 23s, b) 25s and c) 30s.

Figure 25 shows deposition time for 60s. The Ge dots have coalesced each other and formed big
islands with two kinds of diameter size distribuition.
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Figure 25. a) SEM image for Ge deposition time of 60 s, b) histogram for small islands, c) histogram for big islands.

Examining the size distributions reveals that when the deposition time is 60s, the Ge dots size
distributions become relatively symmetric distribution pointing to more relaxed and less stress
layers. On the other hands, for lower deposition time, the distributions of Ge dots are skewed and
deviated from normal distribution, pointing to more stressed films. Figure 26 shows the highest
deposition time of 120s and 240s.
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a)

b)

Figure 26. SEM images for Ge deposition time of a) 120s, b) 240s.

From figure 26(a), it is seen that Ge dots have coalesced to form almost a continuous layer but there
are still some small dots, and figure 26(b) shows only coalesced dots, which are close to form a
layer. In addition, the strain is totally relaxed since the dots have coalesced.
The mean values (µ) of the diameter size of the Ge dots were extracted from SEM results and are
summarized in Table 3, given below.

Table 3. SEM results for largest population size of the Ge dots.

Deposition time
Mean value of

23s

25s

30s

60s (for small dots)

11.47 nm

15.37 nm

18.21 nm

20.38 nm

diameter

In addition to SEM top view analysis, cross sectional analysis was also performed to investigate the
films and their interfaces. For samples tagged as “4-layers 30s”, we determined that the thickness of
the first silicon epilayer, grown on silicon substrate was about 70 nm to 80 nm and the thickness of
the consequent layers to be about 13 nm. The result is demonstrated in the Figure 27.
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Figure 27. SEM cross-section image for sample “4-layers 30s”.

For samples tagged as “Couple 30s” the SEM cross-sections provide thickness of 6.5 nm for silicon
interlayers and 26 nm for the cap layer with 38 nm for the total epilayer. The same analysis for
sample “Uncouple 30s”, resulted in a silicon interlayer thickness of about 26 nm with a total
epilayer thickness of 57 nm. The results are demonstrated in the Figure 28.
a)

b)

Figure 28. SEM cross-section image for sample a) “Couple 30s”, b) “Uncouple 30s”.

SEM cross-sectional analysius show that by reducing the silicon interlayer thickness, the Ge Dot
overlaps increase as should be.
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4.2 AFM analysis
In addition to SEM analysis, AFM technique was employed for further investigation of Ge dots for
size and height measurements. We provide surface topography and height size distributions for Ge
dots processed for different process times.
Figure 29 shows AFM images and histogram of height size distributions graphs for deposition time
23s, 25s and 60s.
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Figure 29. AFM images and histogram for Ge deposition time of a) 23s, b) 25s and c) 30s.

Figure 29 shows the same trend as SEM, but in AFM analysis we consider the height of the dots. It
is clear that by increasing deposition time, height of dots increases too.

Figure 30(a), Figure 30(b), and Figure 30(c) below show the results for 60s Ge deposition. The
results show the mean values of height size for small Ge dots and big islands respectively. There is
a relatively symmetric size distribution, which means less stress on the system.
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Figure 30. a) SEM images for Ge deposition time of 60s, b) histogram for small islands, c) histogram for big islands.

Table 4 provides the results of AFM analysis for various deposition times and corresponding mean
values of height for Ge dots. The results are demonstrated in Table 4.

Table 4. AFM results for largest population size of the Ge dots.

Deposition time
Mean value of height

23s

25s

30s

60s (for small dots)

2.66 nm

5.75 nm

8.07 nm

18.59 nm

In addition to the size measurements, we determined the roughness of the Ge dots from the AFM
analysis for various deposition times. The results are demonstrated in Figure 31.
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a)

b)
Surface roughness = 0.368 nm
nm

Surface roughness = 0.616 nm

b)

d)
Surface roughness = 8.107 nm
Surface roughness = 5.006 nm

f)
Surface roughness = 18.344 nm

Figure 31. AFM roughness image for a) “Uncouple 23s”, b) “Couple 23s”, c) “Uncouple 30s”, d) “Couple 30s”, and e)
“4-layers 30s”.
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The roughness measurement results are presented in Table 5.

Table 5. Roughness measurement results for multi-layers samples.

Sample

4-layers 30s

Couple 30s

Surface

18.344 nm

8.107 nm

Uncouple 30s

5.006 nm

Couple 23s

0.616 nm

Uncouple 23s

0.368 nm

roughness

These results show that the films with smaller dots (corresponding to shorter deposition time) have
smoother surfaces. The smoothest surface corresponds to “Uncouple 23s” which is the closest to the
surface of a silicon wafer with lowest amount of overlapping dots in multi-layers samples.
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4.3 EDS analysis
EDS technique was utilized for elemental analysis of the films in order to demonstrate the presence
of Ge in the materials. The results for two samples with deposition times of 240s and 23s are shown
in Figure 32 and Figure 33, respectively.

a) Mix

b) SEM image

c) Ge (epilayer)

d) Si (substrate)

Figure 32. EDS analysis for deposition time of 240s, a) mix, b) SEM image, c) extracted result of Ge as epilayer, and d)
extracted result of Si as substrate.
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a) Mix

b) SEM image

c) Ge (epilayer)

d) Si (Substrate)

Figure 33. a) EDS analysis for deposition time of 23s (mix), b) SEM image of 23s, c) extracted result of Ge as epilayer,
and d) extracted result of Si as substrate.

These results confirm the existence of Ge as epilayer on silicon substrate wafers. It can be seen that
the Ge growth with 240s deposition time has the highest amount of Ge. The lowest amount of Ge
corresponds to 23s Ge deposition time (green). The Si substrate is shown as red color.
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4.3 HRXRD analysis
In this part, HRXRD technique through taking rocking curves and reciprocal lattice mapping was
applied to characterize the samples.

4.3.1 HRXRD rocking Curves analysis

In order to characterize the Ge dots structures, HRXRD was utilized to obtain one-dimensional
measurement, rocking curves. This analysis provides the variation of lattice constant (or strain) in
perpendicular to the growth direction. The results for samples grown for process times of 23s, 25s,
30s, 60s, 120s and 240s are shown in Figure 34.

Figure 34. HRXRD rocking curves for different deposition times.

The high intensity peak at around 34.5 degree is related to the silicon substrate. On the other hand,
there is a peak at around 32.8 to 33 degrees with significantly lower intensity from Ge dots. The
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peak intensity for Ge decreases with decreasing Ge deposition time and is almost unnoticeable for
Ge deposited at 30s. The location of this peak shifts to the right with increasing Ge deposition time.
The small shift in the location of the Ge dots peak to the right (towards silicon peak) indicates less
strain in Ge film or more relaxed Ge film. The lack of Ge peaks in samples with Ge deposition time
of 30s and less indicate a smaller size and lower concentration of Ge dots.
In addition, we used HRXRD multi-layers “4-layers 30s” sample to investigate the interfacial
quality. The rocking curve of this sample is shown in Figure 35.

Figure 35. HRXRD rocking curve for “4-layers 30s”.

As it is seen from Figure 36, in addition to the main silicon peak that is observed at 34.5 degree,
there are several satellite peaks around it. We attribute the presence of these satellite peaks to
interference phenomena within the multi-layers, no sign of Ge peak was observed due to low
intensity or low concentration and small sizes of Ge dots.
A similar analysis was performed by rocking curves for “Uncouple 30s”, “Couple 30s”, “Uncouple
23s”, and “Couple 23s” samples. The results are given below in Figure 36. The presence of satellite
silicon peaks is dependent of the amount of silicon layers. With increasing thickness of the silicon
layers, the satellite peaks increase as expected for various samples used in this study and described
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earlier. It should be noted that more pronounced satellite peaks means more distinctive silicon
layers with better interface.

Figure 36. HRXRD rocking curve for “Uncouple 30s”, “Couple 30s”, “Uncouple 23s”, and “Couple 23s”.
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4.3.2 HRXRD reciprocal lattice mapping analysis

In order to be able to calculate the strain in deposited layers, reciprocal lattice mapping was
required. A necessary condition to achieve this goal is to have a larger quantity and sizes of Ge.
Only samples for 240s and 120s were qualified for this technique. The results are demonstrated in
Figure 37.
a)

b)

Figure 37. HRXRD reciprocal lattice mapping for deposition time of a) 240s, and b) 120s.

From the reciprocal mapping graphs of these two samples, two distinctive peaks are clearly
observed for Si substrate and Ge dots. The graphs also show a slight shift to the right in the
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location of the Ge peak for sample 120s, indicating some level of strain in the film. Also lower
intense peaks in this sample indicate lower amount of Ge dots which is consistent with smaller
depostion time.
Using the equations given below, one should be able to calculate the relaxed lattic constant (𝑎𝑅𝐿 ) of
epilayer strain [41].
𝑭⊥ =

𝑺𝒊𝒏𝜽𝒔 𝑪𝒐𝒔(𝝎𝒔 −𝜽𝒔 )
𝑺𝒊𝒏𝜽𝑳 𝑪𝒐𝒔(𝝎𝑳 −𝜽𝑳 )
𝑺𝒊𝒏𝜽 𝑺𝒊𝒏(𝝎 −𝜽 )

−𝟏

𝑭∥ = 𝑺𝒊𝒏𝜽𝑺 𝑺𝒊𝒏(𝝎𝑺 −𝜽𝑺 ) − 𝟏
𝑳

𝑳

𝑳

(Perpendicular mismatch)

Eq. 7

(Parallel mismatch)

Eq. 8

𝜃 and 𝜔 are diffracted and incident angles, respectively and they are extracted from reciprocal lattic
mapping graphs. L and S stand for layer and substrate.
We could extract the values of the required parameters for sample “240s” and “120s”.
For “240s” :
𝜃𝑆 = 27.937275°

,

𝜔𝑆 = 2.87960° , 𝜃𝐿 = 26.717275° , 𝜔𝐿 = 1.58960°

,

𝜔𝑆 = 2.91960° , 𝜃𝐿 = 26.667275° , 𝜔𝐿 = 1.28960°

For “120s” :
𝜃𝑆 = 27.927275°

In addition equations below have been considered [43].
𝟏− 𝝂

𝑭 = (𝑭⊥ − 𝑭∥ ) 𝟏+ 𝝂 + 𝑭∥ (Mismatch)

Eq. 9

Where 𝝂 is Poisson ratio and is 0.252 for epitaxial Ge thin film and dots grown on Si wafer [42].
𝑭=

𝒂𝑹𝑳 − 𝒂𝑺

Eq. 10

𝒂𝑺

Where 𝑎𝑅𝐿 is relaxed lattice constant of layer and 𝑎𝑠 is lattice constant for substrate.
From Eq. 10 mismatch can be calculated where 𝑎𝑠 is lattice constant for substrate which is equal
5.43095 Å for Si.
By calculating 𝑎𝑅𝐿 for Ge deposited on silicon wafer and comparing it with lattice constant for Ge
which is 5.6579 Å [29] , the strain can be calculated which is approximately about 1% and 5% for
samples “240s” and “120s” respectively.
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Conclusions
RPCVD deposition technique was employed to process and investigate Ge dots on silicon substrate.
In this process, the following process parameters were employed: total pressure: 20 Torr,
temperature: 450℃ and partial pressure 20mTorr. Several deposition times in the range of 23s to
240s were applied. Samples were investigated by SEM, EDS, AFM and HRXRD to obtain physical
dimensions, size, structural information, strain, and size distributions. The smallest dot size was
about 11.47 nm in diameter and 2.66 nm in height. The results for the diameter and height have
been obtained from SEM and AFM respectively. It was found that the size of the diameter and
height of the Ge dots were deposition time dependent and increased with increasing deposition
time. EDS analysis confirmed the presence of Ge dots in the samples. Rocking curves obtained for
the samples showed the presence of strained Ge dots on the Si wafer. Multi-layer rocking curves
showed silicon layers as satellite peaks around the main silicon peaks. In addition, through HRXRD
reciprocal lattice mapping, the level of strain was calculated at 5% and 1% for deposition times of
120s and 240s respectively.
Multi-layer Ge-dots/Si with two and four periods were grown and characterized in terms of surface
roughness and interfacial quality. A smooth top surface could be obtained when the Ge dots were
exposed for 23s. The thickness of the Si layer between the Ge-dots layers was changed. The
purpose behind this was to create multilayer structure of Ge-dots which could couple or uncoupled
for electrical transport. This study presented two structures with Si thicknesses of 6.5 nm and 26 nm
for coupled and uncoupled design, respectively. These grown structures can be integrated in Si
NWs where the thermal conductance is minimized but the electrical conductivity is heightened in
the presence of Ge dots. The results demonstrate a very interesting thermoelectric material for
future medium temperature applications.
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Future Work
The grown multilayer structures can be integrated in Si NWs as shown in Figure 38 for high
performance thermoelectric materials in future. The properties of Ge dots embedded in Si can
increase the electrical conductivity but decrease the thermal conductivity at the same time. High ZT
values are expected from such structures.

Figure 38. Schematic of a thermoelectric device utilizing Ge QDs.
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Appendix
Scanning Electron Microscopy (SEM)
In scanning electron microscope (SEM), electron beam is used for imaging the surface morphology.
SEM tool consists of an electron gun, a power supply with variable output voltage (about 2 to 50
kV) for scanning, a series of magnetic lenses, apertures and detectors (as shown in Figure 39). The
electron gun generates an electron beam that has a diameter about 5nm to 2 µm. Electrons are
collimated through series of electrostatic lenses and high voltage before impinged on the surface of
the target materials. Secondary and backscatter electrons diffracted from the surface of the target
are collected through detectors, for imaging the structure of the target. To avoid charging up,
sample should remain conductive. If target material is dielectric or semiconductor, due to charging,
image will be tarnished. To avoid this problem, sample can be coated with a thin gold (~ 20-50
angstroms) before imaging [33]. Secondary electrons give an image from the surface while
backscattered electrons provide the contrast from the sample.

Figure 39. Schematic of SEM. [33]
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Energy Disperse Spectroscopy (EDS)
Energy Dispersive Spectroscopy (EDS) is an analytical technique used for the elemental
analysis or chemical characterization of a sample. It is based on an interaction of X-ray excitation
and a sample. Its capabilities are due to the fact that each element has a unique atomic
structure allowing unique set of peaks on its X-ray emission spectrum. To generate the emission of
characteristic X-rays from a sample, a high-energy beam of electrons or a beam of X-rays, is
focused into the target sample. At rest, an atom within the sample contains ground state (or
unexcited) electrons in discrete energy levels or electron shells. The incident beam can excite an
electron in an inner shell, ejecting it from the shell while creating an electron hole. An electron from
an outer shell can relax to the lower shell to fills the hole. The difference in energy between the
higher shell and the lower energy shells may be released in the form of an X-ray. The X-rays
emitted from the sample can be measured by an energy-dispersive spectrometer. Due to the fact that
the energies of the X-rays are characteristic of the difference in energy between the two shells and
also the atomic structure of the emitting element, EDS allows the elemental composition of the
target sample to be measured [34]. Schematic of EDS is shown in Figure 40.

Figure 40. Schematic of EDS [34].
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X-Ray Diffraction (XRD) and High Resolution X-ray Diffraction (HRXRD)
XRD system consists of an x-ray tube, a sample holder stage and a detector to detect diffracted
beam from the layers in the sample. This technique is used to investigate the crystal structure of the
materials. It is also used to analyze epitaxial films and dots and provide information about lattice
constant, thickness of film, strain effect and composition [30]. XRD technique is based on incident
and diffracted beam from the crystal layer according to Bragg law (2d sin θ = nλ) to determine the
structure of the target crystal. Here “d” is inter-planar distance, θ is angel between incident beam
and plan, λ is wavelength of beam and “n” is an integer number. λ <2d should be considered because
it is a limitation for Bragg law [35]. Schematic of Bragg law condition is shown in Figure 41.

Figure 41. Schematic of Bragg law condition. [35].

In the case of High resolution X-ray Diffraction (HRXRD), a monochromator containing four- Ge
(220) crystal is used to eliminate copper Kα2 to have a single wavelength. The beam size is
controlled by an aperture to provide beam spot size (~100×100 µm2 to 10×10 mm2). System also is
equipped with two Ge (220) crystals in front of the detector to minimize divergence of diffracted Xray beam. Schematic of HRXRD and different angels for sample holder, incident and diffracted
beam are shown in Figure 42 [35].
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Figure 42. Schematic of HRXRD [35].

There are two scanning mode for HRXRD which are explained below [35]:
1. One dimension (1D) measurement
a. Scanning according incident beam angel (𝜔): 𝜔 scan
b. Scanning according incident beam angel (𝜔) and diffracted beam angel (2θ): 𝜔-2θ
scan
c. Scanning for optimization: φ and ψ –scan
2. Two dimension (2D) measurement
a. 𝜔 and 𝜔-2θ scan for reciprocal lattice measurement
b. ψ – φ scan for pole figures
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Atomic Force Microscopy (AFM)
Atomic force microscope is a type of probe microscope which has 0.1 to 1.0 nm resolution in X Y
plan and 0.001 nm resolution in Z direction [36]. AFM consist of a micro machined cantilever, laser
diode and a position-sensitive photo detector (PSPD) as shows in Figure 43. To get surface
topography of the sample, a probe is utilized with a sharp tip which interacts with surface of the
sample. Tip is few microns long with less than 100 Å diameters [37]. The van der Waals force
between tip and surface of sample cause a deflection on the cantilever. Laser diode exposed on the
cantilever, reflected and detect by a photodetector. Light deflection by the cantilever causes a shift
in the reflected laser beam where the shift will be detected by the position-sensitive photo detector
(PSPD) to create a map of topography [36].

Figure 43. Schematic of AFM [37].

There are three different modes of AFM, which are defined by distance between tip and the surface
of the sample. They are called contact mode, NON-contact mode and tapping mode. Tapping mode
does not damage neither the tip nor the sample compare to contact mode and it is more sensitive to
surface topography than non-contact mode. Schematic of different modes are shown in Figure 44
[38].

Figure 44. Schematic of different mode of AFM: (a) contact mode, (b) NON-contact mode and (c) tapping mode [38].
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