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Chapter 1

Introduction

This thesis work was performed at Acreo AB in cooperation with KTH using the
resources of the Electrum laboratory which they share. The work is a continuation
of two previous master thesis work by Magnus H. Berntsen[1] and Dan Wigblad[2],
with the aim to engineer the optimal structure of a thermistor material based on
Germanium quantum dots (QD) in Silicon. This thermistor material is going to
be used in a type of detector called bolometer and these bolometers will be part
of an infrared (IR) imaging sensor. The motivation for this will be explained in
this introductory section.

1.0.1 IR-radiation

Every object in our surrounding emits thermal radiation in the IR part of the
electromagnetic spectra. The wavelength of IR-radiation range from 1µm to 14µm
which corresponds to energies from 1.24eV down to 0.09eV. The thermal radiation
from an object depends on its temperature and emission properties. By mea-
suring the IR-radiation, many of the objects properties can be deduced. There
are many applications of infrared imaging, for instance night vision, firefighting,
fatigue measurements, thermal efficiency analysis, astronomy or automotive colli-
sions detection systems. Therefore it is motivated to develop reliable and cheap
IR image sensors.

1.1 IR-detectors

An image sensor consists of an array of pixels, where each pixel detects the radia-
tion falling upon it. The spatial changes in intensity and/or energy of the radiation
are creating an image. Each pixel must be able to detect the radiation independent
of the other pixels and hence needs a separate detector and readout-circuit. There
are several techniques to detect IR radiation. The two main groups of detectors
are photonic and thermionic detectors.

1



2 Introduction

1.1.1 Photonic detectors

Today the most developed detectors are the photonic detectors. The advent of
today’s nanotechnology has given us the possibility to engineer materials with a
desired bandgap. This has led to much research and development of this type
of detectors. As a detector material they use a semiconducting material with a
bandgap in the same order of energy as IR-radiation. When an IR photon is
incident upon the material a charge carrier (electron or hole) will be excited over
the bandgap. If the material is biased, a current will appear. This current is the
measured signal from the detector. Since the energy of an IR photon is small, the
bandgap have to be small. But at room temperature charge carriers will easily
be excited by lattice vibrations (phonons) for a small bandgap. This will give
noise that overwhelms the signal. To avoid this, the detectors are kept at a low
temperature. This is why this type of detector is also called a cooled IR detector.
Photonic detectors have high sensitivity and short response time. The response
time is the time it takes for the heat to dissipate from the device until it is ready for
a new measurement. The drawbacks of photonic detectors are the cooling device,
which makes them large, expensive and complicated to fabricate.

1.1.2 Thermionic detectors

Thermionic detectors do not need to be cooled and are therefore often called un-
cooled detectors. The principle for thermionic detectors is that the detector ma-
terial is heated by the incident IR-radiation. The increased temperature changes
the electrical properties of the material, which can be measured and used as a
signal. Often an absorber material, in thermal contact with the active detector
material, is used to collect the incident radiation. The detector is insulated from
the surrounding, so that the heat from the incident radiation will dissipate slowly
and will cause as large temperature change as possible. The insulation is usually
achieved by letting the detector rest on long thin legs, which also serve as elec-
trical connections. The disadvantage of thermionic detectors is that they have
slow response time since the heat must dissipate from the detector before a new
measurement can be performed. But on the other hand, they can be made small
and cheap.

Bolometers

A bolometer is a type of thermionic detector where an absorber material is heated
by the incident radiation. This material is in thermal contact with the actual
detector material, which is a thermistor material. A thermistor is an electronic
component that changes it’s resistivity with temperature. The change in resis-
tance is measured by coupling the thermistor in a voltage divider circuit with a
second thermistor that is isolated from the incident radiation but kept at the same
temperature as the first thermistor. In this way, only the temperature change due
to the incident radiation is measured, independent of the surrounding temperature
and no cooling device is needed.
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1.2 Thermistor material

A requirement of an IR-detector is that it has a high sensitivity or high thermal
resolution. For the thermistor material of a bolometer, this means that a small
change in temperature must induce a large change of resistance. The temperature
behavior of a bolometer can be modeled by[3]:

∆R = αR∆T (1.1)

Here α is the property called Temperature Coefficient of Resistance (TCR) with
the unit %/K. For a high sensitivity, α should be as large as possible.

Another requirement on the thermistor material is that it has a high Signal
to Noise Ration (SNR). The bolometer should have a predictable response to
incident radiation. Radiation of one specific energy should give the same change
of resistance, but if this response changes over time or there are several possible
responses for one energy the measured signal will be noisy.

1.2.1 Intrinsic thermistor material

Today bolometers using Vanadium oxide, Titanium or amorphous Silicon as ther-
mistor material are available on the market. These have TCR of approximately
2.3%/K, 0.25%/K and 0.34%/K respectively.[3] The most established are Vana-
dium oxide and amorphous Silicon based detectors. Except for low TCR their dis-
advantage is that they are expensive materials and Vanadium oxide is complicated
to integrate with CMOS technology. These are examples of intrinsic thermistor
materials.

1.2.2 Thermistor material of quantum wells

A thermistor material can also be created from quantum structures in semicon-
ductors. A material with a quantum well (QW) will act as a thermistor. In figure
1.1 a schematic of a potential well of Ge in Si is shown. At equilibrium the charge
carriers will relax down into the well, if a bias is applied, the charge carriers will
start to move but they have to overcome the energy barrier between the QW and
the substrate material to exit the well before they can move further. The charge
carriers can be excited by thermal energy (phonons) of the lattice, either to a
higher energy state in the well or outside in the substrate. A higher temperature
induces both excitations to higher energy levels but also a larger number of ex-
cited free carriers. Hence if a bias is applied at higher temperature, the carriers will
move more easily than at lower temperature, i.e. the resistance is lower for higher
temperatures. Bolometers with a quantum well structure of SiGe in Si have been
successfully fabricated by Acreo. This type of bolometer has a very good TCR
which can be as high as 3.5%/K. The TCR for QW thermistor material is linearly
dependent on the height of the potential barrier between the well material and the
substrate. A theoretical expression for the TCR in a QW is[1]:

α =
1
kBT 2

[

|V − E0|+
kBT

2
− nsh

2

8πm∗

]

(1.2)
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where V is the potential barrier of the QW and E0 is the ground state energy
of the well, ns the dope concentration per area, m∗ is the effective mass, T is
temperature, kB and h are the usual physical constants. It is obvious that a
higher TCR can be achieved with a deeper well.

Figure 1.1. Schematics of a potential well of Ge in Si. The holes can be thermally
excited to overcome the potential barrier and escape the well.

Due to the large lattice mismatch between Si and Ge, QWs with pure Ge
cannot be grown since the crystal lattice will relax for unreasonable thin layers.
Therefore QWs of Si/SiGe are grown instead. The depth of such a well depends
on Ge content and it cannot be too large since a larger Ge content of the deposited
SiGe will make the layer relax by creating dislocations.

1.2.3 Thermistor material of Ge QDs in Si

The purpose of this and the preceding thesis works is to investigate the next step
in the bolometer development: A thermistor material composed of QDs. The most
important advantage of QDs is that dislocation free QDs with high Ge content are
possible to grow on Si which would give a large potential barrier. There is also
the issue of growing heterostructures. The more abrupt the border between the
different materials in a QW or QD is, the larger the confinement will be. To be
able to grow abrupt heterostructure borders, the lattice parameters cannot differ
too much. If they do, there will be relaxation either as dislocations causing noise
or intermixing lowering the energy barrier. Because of this the QWs cannot be
grown too thick or the material will relax in some way. QDs on the other hand
can be dislocation free. So with QDs it should be possible to create a dislocation
free heterostructure of two materials with large difference in lattice parameter.
The difference in lattice parameter is often linked to the difference in bandgap,
a large difference in lattice parameter often means a large difference in bandgap.
For Si and Ge this is the case, they have a large difference in lattice parameter
and bandgap and that is what makes it difficult to grow Si/Ge heterostructures.
This will be discussed more in section 2.2.
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Si/Ge specifics

Acreo fabricates bolometers made of SiGe QW structures in Si. The advantage
of this is that the entire detector including readout circuitry is made in the same
material system (group IV) and hence manufactured using the same standard
CMOS process techniques and equipment which will lower the cost and complexity.
The readout-circuitry can also be made smaller and integrated with the actual
detector material, it is often placed under the pixel area of detector material.
With smaller pixels the entire array of pixels for an imaging chip can be made
smaller but also a higher spatial resolution can be achieved for the same area. A
consequence of using Si/Ge is that the band alignment of a Ge QD in Si will be of
TypeII, see figure 1.2. This means that the electrons will not be confined only the
holes in the valence band will be confined. Therefore the holes are the relevant
charge carriers for these structures.

Figure 1.2. Band alignment of a Ge/Si heterostructure. Notice that it is a TypeII
alignment, only the holes will be confined in a QW or QD.[1]

1.3 Scope of this thesis work

The main aim is to fabricate a structure of Ge QDs in Si with as high TCR, strong
signal and low noise level as possible. To achieve as high TCR as possible, the
energy barrier needs to be as high as possible. The height of the energy barrier is
determined by the band structure and energy levels of the material. The positions
of the energy levels in turn are dependent on several properties of the QD: the
size and shape, the strain in the material and the composition of the material
i.e. how much intermixing has occurred. These effects have been investigated and
are theoretically discussed in section 2.2. Due to normal statistical fluctuations,
the QDs grown will have a size distribution. Accordingly there will also be a
distribution of energy barriers, which will lead to a weaker signal and possibly
more noise. To achieve a narrow size distribution of the dots is therefore desirable
and the dots shall have uniform shape and size. Single layers of quantum dots on
a substrate might give a weak signal and small effect on the thermistor properties
since the signal from the surrounding bulk material overwhelms it. To make the
signal stronger the number of QDs per volume can be increased by growing a
multilayer structure. This will give further complexity to the fabrication but might
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also give some benefits. Dots grown in multilayer structures can be made to
correlate in size shape and position. This might help to make the size distribution
narrower. In section 2.2 this will be discussed in more detail.

1.3.1 Pervious work

The first thesis work by Berntsen[1] performed on this subject was to simulate the
energy levels of a pure Ge QD of different size and calculate the possible TCR. The
result was that for dot sizes below 100nm the larger the dot becomes the larger
will the TCR be. Larger sizes than 100nm will only give a small increase in TCR.
See figure 1.3. For a size of 60× 60× 10 the TCR is as high as 8.5%/K. The TCR

0 20 40 60 80 100 120
0.06

0.07

0.08

0.09

0.1

Dimension [nm]

T
em

pe
ra

tu
re

 c
oe

ffi
ci

en
t β

 [%
/K

]

Figure 1.3. Results from TCR simulation of a block shaped Ge QD in Si with a height
of 10nm and different dimensions of its square base.[1]

of a state of the art QW is around 3.5%. The simulations show that even a dot
as small as 10× 10× 10 would have a larger TCR than this. In the second thesis
work by Wigblad[2] QDs where fabricated and characterized. The result was that
intermixing of Si into the Ge dot occurs when the dots are capped by a Si layer and
the Ge content was measured to 36%. This gives a lower value of the theoretical
TCR than expected but still higher than for QWs. Other conclusions were what
parameters should be used during the growth to achieve the largest QDs with the
most uniform size distribution. The temperature should be 650 ◦C, the gas flow
24sccm and the growth time should be 20s. Some multilayer structures were also
grown but not really optimized.

1.3.2 Aim and purpose

This thesis is an experimental continuation of the previous thesis. One aim is to
further enhance the properties of Ge QDs grown in single layer structures, con-
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cerning: Ge content, uniformity, density and size. The previous thesis suggested
a lower growth temperature might decrease the intermixing of Si into the dots,
therefore dots with at growth temperatures lower than 650 ◦C shall be grown and
characterized. The characterization is also aiming for giving a better understand-
ing of the dots and their growth behavior.

The behavior of dots grown on different kinds of surfaces is important to under-
stand for further development of Ge QD structures. Therefore dots shall be grown
on different strained and strain relaxed surfaces and their behavior investigated.

With the aim to achieve QDs with a high Ge content, high uniformity, high
density and large dot sizes, dots shall be grown with different growth conditions in
multilayers structures and be characterized. The behavior of the dots for different
Si barrier thicknesses and different number of periods shall be investigated.

A side goal is to investigate the possibility of using Raman spectroscopy for
measuring composition and strain in Ge QDs in a Si structure.





Chapter 2

Principles

2.1 Fabrication of quantum structures

2.1.1 Epitaxial growth

To have the desired properties a Ge QD has to be crystalline. Crystalline Ge
can be grown on Si by a technique called epitaxy. Epitaxial growth will form
a fine interface between the Ge and Si substrate where the crystal structure of
Ge becomes a seamless continuation of the Si substrate crystal. The principle is
that the material is deposited on a heated substrate. The heat gives the adatoms
(atoms adsorbed on the surface) energy to diffuse on the surface to find the most
energetically favorable place, which is a place in the continued crystal lattice being
created, once here they still have enough energy to bond to the crystal lattice.

Epitaxy can be achieved by e.g. molecular beam epitaxy (MBE) or chemical
vapor deposition (CVD). With MBE the material is deposited by evaporation.
This process can be controlled very precisely but it is slow, therefore this technique
is commonly used in research. With CVD, large batches containing many wafers
can simultaneously be grown in a fast manner, therefore the technique is well
suited for the industry. In CVD the substrate is placed in a heated chamber where
reactive gases are introduced, the heat makes these gases react and decompose
into the material that shall be deposited. The deposited material stays on the
substrate and the other products of the chemical reaction are flushed away by the
flowing gas.

The parameters that control the epitaxial growth process in a CVD reactor is
the total pressure, the concentration of the reactants and most importantly the
temperature. The temperature is very important and it can not be too low for two
reasons. First of all, for the chemical reaction to take place, the temperature has
to be high enough so that the reactants have energies higher than the activation
energy. Secondly, if the temperature is too low there will be no epitaxial growth
since the adatoms will not have enough energy to diffuse on the surface. The
adatoms will simply stay where they are deposited and an amorphous or polycrys-
talline structure will be created instead. The total pressure of the gases will affect

9



10 Principles

the growth in the way that at high pressure the surface is bombarded with more
atoms and more nucleation sites is created. The concentration of reactive gases
affects the growth in the same way, higher concentration means higher impinge-
ment on the surface but also a faster growth rate. The reactive gas is introduced
in the chamber together with a carrier gas, the concentration of the reactive gas
is regulated by changing its flow.

Growth of strained and unstrained layers of SiGe alloy

With a CVD process, it is possible to grow layers of SiGe alloy on Si substrates.
This is achieved simply by introducing a mixture of reactive gases one carrying Si
and the other Ge. These layers can be engineered to be either relaxed or strained
at the surface. If the growth of the epitaxial alloy layer has a constant mixture of
gas, the entire layer will be uniform in composition but also strained due to the
mismatch of lattice constant with the substrate. Strain will be discussed in more
detail in 2.2.1.

On the other hand, if the mixture of gas changes over time, it is possible to grow
relaxed layers. A relaxed layer is grown by slowly increasing the concentration
of Ge carrier gas from a low concentration in the beginning until the desired
composition is reached simultaneously as the right thickness of the layer is reached.
This layer will not have an abrupt change in lattice parameter at the interface
with the substrate and there will be no strain. The layer will now be relaxed at
its surface but still have a specific composition.

It is also possible to grow a pure but strained Si layer by this technique. First
a relaxed SiGe layer is grown on the substrate, as described above. The amount
of strain can be modified by the final Ge content. On top of this SiGe, layer a new
Si layer is grown. The difference in lattice parameter between the SiGe layer and
the topmost Si layer will cause the Si layer to be strained.

2.1.2 Nucleation of QDs

When Ge is deposited epitaxially on a Si substrate, a process called Stranski-
Krastanov (S-K) growth occurs. This is one of three possible growth modes of a
thinfilm, the result is that dislocation free islands of Ge are grown. First a wetting
layer (WL) is grown, it is strained due to mismatch of the lattice parameter of
Si and Ge, aSi = 5.431Å and aGe = 5.646Å. The strain accumulates for each
monolayer grown and after a certain number of monolayers, the strain energy is so
high that it is energetically favorable to relax the strain and increasing the surface
of the film by creating an island. These islands or dots have a fine crystalline
structure and is free of defects and dislocations. Therefore they have very nice
and predictable properties. Because their size is very small, quantum mechanical
effects have to be taken into account, i.e. they are quantum dots.

One way to describe this growth behavior is by the capillary theory. This
involves the surface energy of the substrate γs [J/m2], the surface energy of the
grown film γf and the surface energy of the interface between the film and the
substrate γfs. When a surface is wetted by a film, the surface energy between the
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film and substrate γfs (actually atoms bound to each other) plus the surface energy
of the film γf (where the atoms have dangling bonds) is smaller than the surface
energy of the uncovered substrate γs (also dangling bonds). This is valid for both
layer-by-layer growth mode and S-K growth mode, expressed mathematically it
is:

γs ≥ γfs + γf (2.1)

This means that it is energetically most favorable to cover the substrate with a film.
What differs S-K growth from layer-by-layer growth is that there is a > instead of
a ≥ since the strain energy built up in the WL will increase with increasing number
of monolayers. What happens when the islands are created is that the additional
strain energy and interface energy γfs is decreased in a relaxation process. The
relaxation process involves rearrangement of the atoms into a three dimensional
structure instead of two dimensional layer. But at the same time, the surface
energy of the film γf and the substrate γs are increased since the dot has a larger
surface area than a flat layer and less surface of the substrate is covered. The
decrease in energy due to relaxation is larger than the increase of energy due to
a larger surface area, so the total energy is decreased and a more favorable state
is reached. The total effect is that strain relaxed islands are created on top of the
strained WL. It is important to note that the strain is not totally relaxed and the
QD will still have a certain amount of strain.

2.1.3 Continued growth of QDs

On a strain free pure Si substrate islands will nucleate randomly on the surface.
The density of nucleation sites will mainly depend on and increase with the im-
pingement of atoms. This means that the flow of gas should be able to control
the nucleation density. If the depositing of atoms continues once the nucleation of
islands has started, the islands will grow into different sizes and shapes. In figure
2.1 are some examples of different shaped islands grown in this thesis work. Zela
et al.[4] describe the growth process for dots in this material system thoroughly.
The islands will first have the shape of small squared based pyramids bounded
by four {105} facets with a contact angle of 11◦ to the substrate. The pyramids
will at first grow in size both vertically and horizontally until they reach a certain
saturation size and height. If deposition of material continues it will stay on the
top of the pyramid. The result is that it will grow in height and the sides will split
up into 8 {113} faceted sides and a truncated top to accommodate all the extra
material, these islands are called domes. The domes will mainly grow horizontally
in the plane, once they reach a certain critical size dislocations along with different
new faceted sides (mainly {111} facets) will start to form. The islands are now
called superdomes. Domes and pyramids are dislocation free but superdomes are
not hence they are not desired to grow. All three types can be seen in the SEM
micrographs of figure 2.1. Here the square based shape can also be seen. The
pyramid shape can not be seen due to the limited resolution. The 8 faceted sides
of the domes have been observed with SEM but it is not visible in print. Since I
can not confirm the shapes of the islands being pyramidal and dome-shaped, in
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the continuation of this thesis I have chosen to call them immature, mature and
large dots instead of pyramids, domes and superdomes.

During deposition of material new islands will continuously nucleate but there
is a saturation value of the density and once this is reached, the only thing that
happens is growth in island size and shape transitions. Now several different
processes can occur. The islands can grow by ripening, this means that they
grow in size by absorbing more atoms, sometimes they absorb atoms that migrate
from smaller islands, and the driving force for this is the lower surface energy
of the larger islands. Once an island has grown past a certain size the ripening
accelerates the larger it becomes. The islands can also grow by coalescence meaning
two islands merge into one. There will be a certain island size where two islands
touch each other and coalescence can occur. The coalesced islands will keep their
facets but the base shape will be of the islands that coalesced. This process is also
accelerating with island size.

Often the islands have a bimodal size distribution, which means that e.g. pyra-
mids and domes coexist on the surface. There are often pyramids together with
domes, or domes together with superdomes. For the application this thesis aims
for a uniform shape and size distribution is desired. When islands are grown there
is a critical time, when the distribution of islands will become bimodal, containing
pyramids and domes. For continued growth it can change to trimodal: pyramids,
domes and superdomes or bimodal: domes and superdomes. To achieve a uniform
shape and size distribution the right time for the specified growth conditions have
to be found.

2.2 Issues affecting the properties of a QD

There are several issues affecting the different properties of a QD or an ensemble
of QDs especially in multilayer structures. The shape of a QD is affected by its
strain, intermixing, the surface and surrounding QDs. The band structure and
thereby the energy levels of a QD is greatly affected by the size, shape, strain and
the intermixing of the QD. The distribution of QDs on a surface is affected by the
properties of the surface such as its strain and composition. In multilayers, the
preceding periods will affect the distribution, shape and size of QDs in consecutive
dot periods. In this section, the theory of these issues will be treated. In chapter
5, properties of QDs depending on these issues are investigated.

2.2.1 Strain

In a heterostructure like Ge QD on Si strain is always present. The structure
consists of crystalline Si and Ge which both have a diamond crystal lattice and
there is a continuous transition from one material to the other, continuous in the
sense that there are no broken bonds or discontinuities in the bonds, assuming
that there are no dislocations. Because the lattice parameters (aSi = 5.431 Å, and
aGe = 5.646 Å) differ, the areas of different material have to adapt to each other,
either by compressing or stretching the bonds between the atoms. This stretching
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(a) (b)

(c) (d)

Figure 2.1. SEM micrographs with examples of different island types, observe that the
magnification differs. (a) immature dots (pyramids) can be seen as faint areas their size
is almost as the mature dots (domes). In (b) mature dots can be seen here their square
base can clearly be seen. (c) shows a sample with three types of dots, immature, mature
and large dots (superdomes). (d) shows a sample with a bimodal shape distribution of
mature and large dots where of many large dots have ripened to very large sizes, many
coalesced large dots can also be seen.
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Figure 2.2. Expansion in one direction due to compression in another.

or compression gives tensile or compressive strain respectively. Strain is defined
as:

ǫ =
astrained − arelaxed

arelaxed
(2.2)

The strain is exploited to achieve the S-K growth, but it also changes the band
structure. How the strain can be modeled will be described below. It is assumed
that the strain is continuous throughout the material and is described by a strain
matrix:

ǫ =





ǫxx ǫxy ǫxz

ǫyx ǫyy ǫyz

ǫzx ǫzy ǫzz



 (2.3)

Each element in this matrix represents the magnitude of strain in each direction.
The diagonal elements ǫxx, ǫyy, ǫzz represents the strain in the x̂, ŷ and ẑ direction,
for an isotropic material all other elements are = 0. Different standards to express
and measure strain are defined to be able to compare it for different cases, they
are used as measurements of the materials. One standard is hydrostatic strain, it
is the strain due to the volume expansion (or contraction) hence it is the sum of
the diagonal elements of the strain matrix:

ǫh = ǫxx + ǫyy + ǫzz (2.4)

Another standard is the biaxial strain also called in-plane strain ǫ‖. This is the
strain parallel to a specific plane. Yet another is the uniaxial strain ǫ⊥ which is
the strain perpendicular to a plane. For thinfilm structures the coordinate system
is usually oriented so that ẑ-direction is the normal of the surface and x̂, ŷ-plane
is the surface plane. For this case the in-plane strain is usually synonymous to the
strain in the x̂, ŷ-plane i.e. ǫ‖ = ǫx,y and the uniaxial strain is in the ẑ-direction
ǫ⊥ = ǫz.
For some materials a compression (or expansion) in one direction will lead to an
expansion (or compression) in another direction (usually a perpendicular direc-
tion). See figure 2.2. The rate of this behavior is proportional to the Poisson ratio
ν in the equation:

ǫy = −νǫx (2.5)

For Si and Ge the Poisson ratio is positive and around 0.3.[5]
In the elastic region for an isotropic media the relation between strain ǫ and

stress σ is described by Hooke’s law:

ǫx =
1
E

[σx − ν(σy + σz)] (2.6)
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if there is no stress in ŷ and ẑ directions this simplifies to:

σ⊥ = Eǫ⊥ (2.7)

E is the modulus of elasticity. In a strained material there will be a stored energy
which will be released when the strain relaxes. This strain energy per volume Es

is proportional to the square of the strain[5]:

Es =
1
2
Eǫ2 (2.8)

It is the relaxation of this energy that drives the S-K growth, and determines the
shape of the QD. To have a stable structure the energy should be minimized and
hence also the strain.

As already stated the Ge dots will form on-top of the Si substrate due to the
relaxation of the strain. The quantum dots will not be free of strain even though
they have gained some energy by relaxing the strain to some degree. Since the
lattice parameter of Ge is larger than that of Si there will be compressive in-plane
strain (negative strain) in the Ge dots. The mismatch of lattice parameters will
also affect the Si substrate it will be tensile strained. But since the substrate is
such a large piece it will have a larger strength to resist displacement of the atoms
and will stay basically unaffected and all the strain will be in the Ge. Due to
the Poisson ratio the dot will also have a tensile uniaxial strain in the z-direction.
When the barrier layer of Si is deposited on-top of the dots the strain distribution
will change. The in-plane strain of the Ge will relax to some amount since it can be
distributed into the Si barrier layer. There will be a lattice mismatch between the
dot and barrier layer, to accommodate for this both sides will change their lattice
spacing. The Si barrier which can not withstand displacement of the atoms like the
substrate did will be strained. The result is that the Ge dots are less compressive
strained than before capping, and the Si capping layer will be tensile strained.
But not as much tensile strained as it would have been if it was deposited on-top
of a pure unstrained Ge substrate since the Ge dot layer is already compressive
strained and the difference between aSi and astrained

Ge is not as large as the difference
between aSi and aGe. See figure 2.3 for a schematic representation of the strain
in the structure. If a material is affected by strain in one point the entire piece of
material will be affected, all bonds will be more or less strained. But the larger the
piece is the smaller will the strain per bond be. The strain will be largest close to
the source and attenuate through the material. The thicker the Si capping layer
is the smaller the strain on its surface will be.[6] The consequences of this will be
explained more in section 2.2.3.

The magnitude and distribution of the strain will not only affect the shape of
the material, but also the energy bandstructure. The changed lattice distances
due to strain will shift the lattice potential in the material and thereby the energy
bands. The forces in the material due to strain will affect the electrons which are
the particles conveying the bonds this will also change bandstructure. The shift
of the energy bands will be proportional to the hydrostatic strain with constants
called the deformation potentials. The shift of valence and conduction band is
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(a)

(b)

Figure 2.3. Distribution of in-plain strain around Ge QDs buried in Si. The arrows
represent the magnitude and displacement direction of the atoms. The curve is the
magnitude of the strain along the dashed, dot-dashed and dotted lines in the Si barrier.
The figure is drawn with inspiration from a figure in O.G. Schmidt et al.[7] (a) show
a single buried dot and the strain created by it, (b) show how the strain is distributed
around two stacked dots, and how the size of the dots are increased for each period.
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expressed as[1]:

δEc = acǫh

δEv = avǫh (2.9)

Where ac and av are the deformation potential for conduction band and valence
band, respectively. Since the holes are the confined carriers in a Ge QD, the valence
band shift is interesting. According to Berntsen[1], av is positive for both Si and
Ge and hence a negative hydrostatical strain will shift the valence band down.
Since the dots are subjected to compressive strain and surrounding Si to tensile
strain, the valence band will shift down in the dot and up in the Si, decreasing the
potential barrier of the dot.

The strain will also affect the intermixing as is described below.

2.2.2 Intermixing

The intermixing of Si atoms into the Ge QD is an issue that greatly affects the
properties of the QD. When Si atoms intermix, the dot will become an alloy of
SiGe instead of Ge. Different properties of such an alloy can to the first order be
described by Vegard’s law, which states that a property can be interpolated from
the properties of the constituents of the alloy. For the lattice parameter, Vegard’s
law is:

aGexSi1−x
= xGeaGe + (1− xGe)aSi (2.10)

where xGe is the content of Ge. The bandgap of an alloy can be described anal-
ogously to equation 2.10. For Si and Ge, the bandgaps are 1.11eV and 0.67eV at
300K and for SiGe the bandgap and band structure will be something in-between.
If the dot is composed of SiGe instead of Ge, the difference in band edges compared
to Si will not be as large. The depth of the potential well of the dot relative to the
surrounding will not be as deep and the quantum confinement will decrease. This
will change the energy levels and the potential barrier for a hole to escape from the
dot will be smaller. This is not desired if a high TCR is wanted, the Ge content
should be as large as possible. If there is an abrupt change from one material to
another there will be an abrupt change in valence and conduction band energies.
But in the border between the two materials, there will usually be a gradient of
intermixing. The effect is that there will be an area of continuously varying band
edges and there will not be an abrupt energy barrier but an energy slope. This
will also decrease the confinement and thereby change the energy levels of the dot.
For the barrier to be as abrupt as possible the intermixing must be minimized.

Driving forces of intermixing

Intermixing is driven by gradients of material concentration but also by strain.
To relax the strain built up in the dot, Si atoms can migrate into the dot and
thereby changing the lattice parameter which will decrease the strain. Ge atoms
can also migrate out into the Si by the same mechanism. The intermixing in the
QD will be largest where the strain is largest. This is a reason high levels of
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strain is unwanted, since the strain gradients will drive the intermixing which will
change the band structure. But on the other hand if an abrupt border between the
materials is wanted there will inevitably be a high strain which will also change
the band structure. These two parameters have to be balanced to achieve the
largest potential barrier between the dot and its surrounding.

The intermixing in the interface on-top of the dot will be larger than at the
interface with the substrate. There are several reasons for this. The first is that
the silicon substrate already has a nice ordered crystal structure which is difficult
to destroy, the activation energy for a Ge atom to migrate into the substrate and
replace a Si atom is large, and the same goes for a Si atom to first break its bonds
and then migrate into the Ge dot. Even though there is large strain here and
such a migration would decrease the strain energy. When Si is deposited on top
of the dot, on the other hand, the bonds of the Ge are not that difficult to break
since the volume of the dot is small, and the atoms in the dots topmost layer can
have dangling bonds in several directions because of the curvature of the dot. The
area where the Si adatoms can interact with the dot is also larger than what the
area for the Ge adatoms is, since the area of the dot surface is larger on top than
underneath it. On the dot there are also the borders between the facets where
there is easier for the Si adatoms to penetrate down into the dot. The activation
energy for a Si adatom to replace a Ge atom and the activation for a Ge atom to
move is smaller on-top of the dot compared to the interface between dot and the
substrate. This means that when dots are buried by Si, their Ge content as well
as their height will decrease due to intermixing.

The parameters that determine the rate of intermixing is the diffusion coeffi-
cient of Ge in Si, the temperature and the time passed. A higher temperature gives
the adatoms higher energy making it more probable to overcome the activation
energy of intermixing. The longer time passing the more interactions between the
atoms occur and intermixing is more probable to occur. Therefore the time and
temperature have to be minimized especially the time the dot is exposed to high
temperature i.e. during the growth, and deposition of Si capping layer. Several
articles e.g. [8], [9], [10], [11], indicate that lower growth temperature gives a higher
Ge content in the dots.

2.2.3 Growth correlation between periods

As already explained in section 2.2.1 and illustrated in figure 2.3 the Si capping
layer will be tensile strained above the QD. This strain will attenuate with the
thickness of the layer. If another period of Ge dots is grown on the Si capping
layer, it will be affected by the properties of the Si layer. When the Ge adatoms
diffuse on the surface of this tensile strained Si surface, they will adsorb on the
position where they will gain most energy by bonding. This will be directly above
a dot in the previous period since here the Si capping layer is most tensile strained.
This means that if two Ge adatoms shall bond to each other here they will be less
compressively strained than if they bound on-top of a pure unstrained Si substrate.
Since Ge atoms prefer to bond here, this will give a diffusion gradient towards the
positions above the dots. There will be an increased probability that dots will
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Figure 2.4. A sketch of the behavior of the vertical correlation probability. There are
three regions one where the probability of correlation is high, a transition region and one
upper region where there is no correlation.

nucleate above dots in the previous periods. Since the strain attenuates with the
thickness of the barrier layer, the diffusion gradient and thereby the probability of
nucleation on these spots will be smaller with increasing barrier thickness. This
vertical alignment and correlation probability of dots in different periods have been
thoroughly investigated [7],[12],[6]. The probability behavior looks something like
figure 2.4, with a region of correlation for thin barriers, followed by a region where
the probability drops and for barriers above a certain thickness no correlation is
observed. Measurements by Thanh et al.[12] show for Ge dots in Si that a thickness
of the barrier above 85nm will have a negligible correlation probability, while there
is a correlation in position, shape and size, below this thickness.

If there is a correlation with the preceding dot period, the required amount
of Ge to deposit before nucleation of dots occurs will be smaller. This can seem
strange since a tensile strain means a larger lattice parameter, hence there will be
less difference in lattice parameter between the Ge wetting layer and Si surface.
The consequence is that the strain built up in the Ge wetting layer will increase
slower, requiring a thicker wetting layer before the strain is large enough to be
relaxed by creating QDs, as described in 2.1.2. But as Kim et al.[13] describe, if
the diffusion is large enough, the wetting layer will be locally thicker at these spots
compensating for this. The increased diffusion to these spots will cause the dots
to nucleate earlier here. By earlier is meant for an average overall thinner wetting
layer, i.e. less total amount Ge deposited over the entire surface. The nucleation
might be able to start even without any wetting layer. Then the growth will not
be by SK-growth, since the high content of Ge creates a dot by itself.

If the barrier layer has a constant height for a multilayer structure and the
amount of Ge deposited is the same for each period, the dots will be larger for
each successive period. This is because the strain is accumulated for each period.
The larger strain will give a larger diffusion to the aligned spot and the dots will
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be larger at the cost of WL thickness for the same amount of Ge.[14] Larger dots
will also induce a larger area of strain which will increase the area of correlation.
Also the shape of the dots will be affected by the strain. An earlier nucleation and
increase of strain in the dot will lead to more dome type dots than pyramids. The
strain attenuates in a barrier layer and is a function of position z from the bottom
ǫ‖(z). For a multilayer structure the strain is superimposed and accumulated from
each period this can be described by

ǫ‖(z, n) =
n
∑

i=1

ǫ‖(z − its) (2.11)

where z is the distance from the substrate and i is the number of the period, n
is the total number of period and ts is the thickness of the barrier layer. At the
surface of the n:th layer, the strain is then ǫ‖(nts, n). This strain will saturate for a
certain number of periods, since there will be a point, where the contribution from
the first n− 1 periods have attenuated so much that it is exactly as much as the
contribution form the n:th period. If further periods are grown the dots in these
will be grown under the same conditions. For thicker barrier ts, this saturation
will happen faster. [7]

When a multilayer structure is grown, these correlation effects have to be taken
into account since the shape and size of the dots in different periods are affected.
But these effects can also be used to grow a uniform distribution of dots, by varying
the thickness of the barrier and amount of deposited Ge, it should be possible to
grow dots of equal shape and size in the different periods.



Chapter 3

Experiments

Samples of Ge QDs with different properties have been grown by S-K growth in
a CVD reactor. The parameters which have been varied in the CVD reactor are
temperature, time and flow of gases. The samples were then analyzed and from
the conclusions drawn, new samples were fabricated. Three main properties were
investigated:

1. How the largest dots which are most uniform in shape and size can be grown
at a lower temperature than before.

2. What effect the strain and composition of the surface has on the shape and
size of the dots.

3. How the thickness of the barrier affects the dots in multilayer structures.

3.1 The CVD reactor

The layers of Ge QDs have been grown epitaxially on Si substrates with a reduced
pressure CVD (RPCVD) technique. The reason for using CVD is at first that
this is the equipment Acreo/KTH possess and secondly that the aim is to find a
production technique which can be used in industry. The difference of RPCVD
from ordinary CVD is that at reduced pressure the diffusivity of the gas is increased
and the amount of impurities is also decreased, enabling to grow more pure and
homogeneous films. The reactive gas used was Silane SiH4 for Si and Germane
GeH4 for Ge deposition. The lowest temperature for Silane to decompose and
deposit Si is around 500◦C. Therefore the QDs could not be grown below this
temperature. The chamber was kept at a constant base pressure of 20torr. The
carrier gas was hydrogen H2 with a flow of 20 standard liters per minute (slm).

21
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3.2 Samples fabricated

3.2.1 Single layer

The previous master thesis work[2] suggested that a lower growth temperature,
could decrease the intermixing. Therefore the first thing was to investigate if this
is so, and how a uniform structure can be grown at a lower temperature. Two
temperatures were investigated 550 ◦C and 600 ◦C. Two flows were investigated:
24sccm (standard cubic centimeter per minute) and 48sccm, i.e. the same flows as
used by [2] to be able to compare with those results. These two values represent
the maximum and minimum for the CVD reactor. The third and main parameter
to investigate was the time. Several samples were grown to find the time where
the shape distribution change from unimodal to bimodal and from bimodal to
trimodal, that means when superdomes start to appear. The single layer samples
grown are listed in table 3.1. An additional single layer sample D1 was grown
in a later stage after batch A and B were characterized. These samples were

Sample Temp. Flow Time
[◦C] [sccm] [s]

A1 550 24 40
A4 550 24 50
A3 550 24 60
A2 550 24 80
A5 550 48 30
A6 550 48 40
A7 550 48 50

B1 600 24 20
B2 600 24 30
B3 600 24 40
B4 600 48 20
B5 600 48 30
B6 600 48 40

Table 3.1. Growth parameters of samples for analysis of single layers.

investigated by Scanning electron microscope (SEM) to see their dot density and
dot sizes. Raman spectroscopy was also performed to determine the Ge content
of the dots.

3.2.2 Strained and unstrained surfaces

Further development of thermistors might include growing Ge dots in SiGe QWs
or on top of SiGe layers, these structures will be strained. Strain will also be
present when growing dots in multilayer structures, the surface of the barrier
where the next period of dots shall be grown will be strained. The strain and
Ge contents in these structures will affect how the dots grow. To investigate the
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effect of a strained/unstrained surface and a pure Si compared to a SiGe surface
the samples in table 3.2 were fabricated. These samples were fabricated to be able
to see what is effecting the dot growth, the Ge contents or the strain. Therefore
different surface layers were grown. The strain in the SiGe layer will increase with
a higher Ge content. Strained SiGe layers with different Ge content, C1-C3, were
grown to compare the effect of strain with layers of the same SiGe composition
but strain relaxed, C4-C5 (grown according with the method described in section
2.1.1). Also strained Si surfaces, C6-C7, versus strained SiGe surfaces were grown
to compare the effect of Ge content. These samples were analyzed by SEM for
their dot density, and dot sizes and with Atomic Force Microscopy (AFM) to see
their height profile.

Sample Temp. Flow Time Ge cont. Surface type
[◦C] [sccm] [s] surf. [%]

C1 600 24 35 10 Strained SiGe
C2 600 24 35 20 Strained SiGe
C3 600 24 35 30 Strained SiGe
C4 600 24 35 10 Relaxed SiGe
C5 600 24 35 20 Relaxed SiGe
C6 600 24 35 0/10 Strained Si

on relaxed SiGe
C7 600 24 35 0/20 Strained Si

on relaxed SiGe

Table 3.2. Growth parameters of samples for analysis of strain from surface layer

3.2.3 Multilayer structures

The multilayer samples (and one single layer reference sample) of table 3.3 were
grown to investigate several properties. The structures consist of layers of Ge
dots, grown in the same way as the singe layer samples. These dot layers are
capped with a Si barrier. One dot layer and one barrier layer compose one period
in the multilayer structure. The most important property investigated was the
propagation of strain through the Si barrier. If the dots in consecutive periods
affect each other, there is a strain propagation. The effects on the dots for different
Si barrier thickness were studied. Three different thicknesses of the barrier were
studied, 25nm 50nm and 100nm. The behavior in structures with different number
of periods were also studied, samples with three or six periods of Ge dot layers
were grown. The effects of capping the dots by a Si barrier were investigated. But
not all dots were capped, to be able to characterize the dots with SEM the top-
most period did not contain any Si barrier, the layer of dots in the top period were
uncapped. The dots in the uncapped top period of these samples were studied
from the top view with SEM to investigate density, sizes and shapes. The samples
were also studied with SEM in cross-section to determine the height and shape of
buried dots, with Raman spectroscopy to determine the Ge content and with AFM
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Sample Temp. Flow Time Periods Barrier
[◦C] [sccm] [s] thick. [nm]

D1 600 24 35 1 0
D4 600 24 35 3 25
D3 600 24 35 3 50
D2 600 24 35 3 100
D5 600 24 35 6 25

Table 3.3. Growth parameters of samples for analysis of multilayer structures

to accurately determine the height of dots in the top-most layer. Complementary
measurements were performed with X-ray diffractometry (XRD).



Chapter 4

Characterization techniques

The samples were characterized by several different techniques. The most im-
portant technique used was SEM. It gave information about the spatial structure
and morphology of the material. The multilayer samples were also investigated
in cross-section with the SEM. AFM was used to investigate the topography of
the uncapped samples, and measure dot heights. Raman spectroscopy was used
to give information about the composition and strain in the material. XRD was
used as a complementary technique on the multilayer structures to confirm the
measurements performed by SEM and Raman spectroscopy.

4.1 Scanning Electron Microscopy

4.1.1 General concerns

Scanning electron microscope (SEM) is a versatile instrument for material analysis.
It is fast and easy to obtain results and no sample preparation is required. Since
the sample is scanned with an electron beam it has to be conducting, which is no
problem for semiconductors like Si and Ge.

The contrast of the picture depends on several things. Important is how many
secondary electrons the excitation volume of the e-beam creates. A large excitation
volume creates more secondary electrons. The penetration of the electrons into
the material will give signal not only from the surface but from a volume. A SEM
picture is not the surface but the topmost layer of the sample. Another important
consideration for the contrast is the Z-contrast, heavier elements (larger atomic
number Z) give more secondary electrons since they are larger and heavier, and
these will therefore appear brighter on the picture. A SEM micrographs of Ge
dots on Si have brighter areas where there are Ge and darker where there are Si.
The micrographs will also show what lies a bit under the surface, therefore for a
multilayer sample if the barrier thickness is too small the excitation volume can
penetrate down into the underlying layer and give a signal from this layer. Another
important aspect of the contrast in SEM pictures is that a rougher surface will
give a higher contrast. This is due to the fact that the electron beam interacts
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over a larger area with objects which are three dimensional and “stands out” from
the surface compared to objects lying in the plane of the surface. Edges will give
a higher secondary electron yield and appears bright. When QDs on a surface are
studied, they will appear brighter the more they stand out from the surface i.e.
the higher they are. Because of this quantum dots with low height can be difficult
to detect in a SEM micrograph.

The backscattered primary electrons can also be used to create a picture. For
these electrons the principle of Z-contrast is the same as for the secondary electrons.
They will more likely be backscattered for a heavier element. Therefore areas with
Ge will appear brighter than areas with Si in an image created from backscattered
primary electrons.

4.1.2 Method of SEM measurements and data analysis

A Zeiss Ultra 55 HR-SEM was used to analyze the surface of all samples. To
obtain high resolved micrographs of the surface, the InLens detector was used
with a working distance of approximately 2mm and an acceleration voltage of
10kV.

The micrographs of the surface were analyzed with a MATLAB script.1 This
script divided the image into different areas through the change of contrast in the
image. The areas were labeled as either dot area or surface area. In this way
the dots could be counted and their area could be calculated. The dots where
assumed to be circular and a diameter for each dot was calculated. The mean
dot diameter, standard deviation of diameter and the dot density of each sample
was calculated. But since the images are discrete, there is a minimum dot size the
script can recognize. Features that were too small or were separated from other
features with too small spacings would not be correctly recognized. Therefore the
minimum size of the dots to count had to be specified when running the script.
Also the maximum size of dots to count had to be specified. The range of sizes had
to be chosen with visual inspection. The dots were divided into three categories,
immature dots, mature dots and large dots. The immature dots and mature dots
have the same base area but different height, while the large dots have started to
grow by ripening or coalescence, see section 2.1.3.

The multilayer sample wafers were cleaved along the {010} lattice plane. The
cross-section of the multilayer samples was analyzed with the same SEM by looking
at this cleaved surface. Here the contrast was enhanced by using a mix of the signal
from the InLens detector and the Energy Selective Backscattered electron detector
(ESB). The working distance was approximately 1mm. The acceleration voltage
was kept very low, 1.5kV. Otherwise the edge effects were glaring the image. The
sizes of the dots were measured with the annotation tool of the SEM control
software.

1This script was used by Wigblad during his master thesis work. I have assumed he is the
one who have written and developed it.[2]
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4.2 Atomic Force Microscopy

4.2.1 Principles of AFM

Atomic Force Microscopy (AFM) is a tool used to study surfaces. Compared to
the SEM which gives a two dimensional projection of the surface, the AFM gives
three dimensional topographic data of the surface.

The principle is that a thin tip (probe) on a cantilever beam is scanned over
the surface and the interaction due to atomic forces (wan der Waals, electrostatic
forces, capillary forces etc.) between the tip and surface is measured. The interac-
tion is determined from the position in height (z-direction) of the cantilever which
is measured by a laser. Scanning the tip over the surface will give a height map
of the surface this is the image. AFM can be used in different scanning modes,
contact mode where the tip is dragged across the surface or tapping mode where,
the cantilever beam is made to oscillate and the change of oscillation amplitude
due to forces is measured. Contact mode can damage the surface and therefore
the tapping mode is the most commonly used.

The resolution of the AFM is different in the x-y plane compared to the z-
direction. In the x-y plane, the size and curvature of the tip is the limiting factor,
if the tip is larger than the separation of two features on the surface, it will not
be possible to distinguish between these two. A wide tip will feel an object even
if it is not positioned straight above it. In this way, features will seem to be
larger in the x-y plane than they really are. The shape of the tip can also give
the image a different appearance. E.g. if the tip is triangular shaped, in the x-y
plane, a circular shaped dot smaller in size than the tip will appear to be triangular
shaped in the recorded image. Therefore the quality of the tip is very important for
the image quality, it should be as small and sharp as possible. In the z-direction,
on the other hand, the resolution can be very small and accurate, since very small
changes in the oscillation of the beam can be recorded. The resolution that can
be achieved with an AFM is approximately 20Å in the x-y plane and less than 1Å
in the z-direction. To achieve a high resolution in the x-y plane, most important
is to use a sharp tip, but for a scan in tapping mode, the spacing between taps
also has to be low. This is changed by modifying the scan rate (or scan speed)
and the size of the scanned area. Either a lower scan rate or a smaller scanned
area gives more samples per scan. Also the oscillating frequency and oscillation
strength influences the resolution.

4.2.2 Method of AFM measurements and data analysis

The samples D1, D2, D3 and C7 were analyzed with a Digital Instruments NanoScope
Atomic Force Microscope in tapping mode. The recorded data was analyzed by
means of the software NanoScope v5.12. A section analysis was performed, this
means that the height profile of the topography image at different lines was viewed
and the height and width of the dots were measured. Several dots were measured
and an average height and diameter was calculated.
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4.3 Raman spectroscopy

Raman spectroscopy can be a very powerful technique if you know how to use it
and how to interpret the measurements. A large portion of this thesis work has
been to try to figure out how to use it in a reliable way to measure the quantum
structures of this project. This has been done more or less successful. Below
the principles of the technique and the specifics for the Raman spectrometer are
described.

4.3.1 Principles of Raman spectroscopy

Raman-shift

When light is incident on a crystal it will be scattered, the scattering can be elastic
or inelastic. For the inelastic scattering, energy is absorbed or transferred by many
different processes. Examples of these processes are: excitation of an electron or
exciton, creation or absorption of phonons. Raman scattering is the process where
energy and momentum from phonons are either absorbed or transferred from the
incident photons. The energy shift can be either by, transfer of energy from the
photon Stokes shift or by absorption of energy by the photon anti-Stokes shift.
The amount of this energy shift of the photon is called Raman-shift. The Raman-
shift is usually measured in the unit of reciprocal centimeters cm−1. A schematic
spectrum of scattered light can be seen in figure 4.1. The spectrum of scattered

Figure 4.1. Schematic spectrum of scattered light.

light has one peak at the same energy as the illumination source. This peak is
elastically scattered light and is called the Rayleigh peak. On both sides of this
peak there are Raman peaks. On the low energy side is the Stokes shifted peak
and on the high energy side is the anti-Stokes peak. The distance from the central
peak will be equal to the energy of the phonon involved in the process. Since
the spectrum is symmetric (for most cases) a Raman spectrum is obtained by
subtracting the part below the Rayleigh frequency. Since the phonon energies
are relatively small, the separation of Raman and Rayleigh peaks are also small.
Therefore a filter with a very small stop-band has to be used to subtract the
Rayleigh peak. An example of a spectrum where this has been done is figure
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Figure 4.2. Example of two Raman spectra, one sample and one substrate spectrum.
The origins of the respective peaks are marked. Note that the Si-Si peak at 520cm−1 is
scaled to 3% of its real height.

4.2. Thereby it is a spectrum over the phonons in the crystal that can interact
with the incident light. Second-order Raman effect occurs when two phonons are
involved in the scattering process. The two phonons do not need to have the same
energy. Their interaction can be either both Stokes, both anti-Stokes or a mix.
The intensity of different peaks can be derived from the density of states (DOS)
of the phonons in the crystal. The DOS can be derived from the dispersion of
the phonons in the material. This can be seen for Si, Ge and a SiGe alloy in
figure 4.3. The scattered light is highly polarized depending on which phonons
are involved transversal or longitudinal phonons. There are certain selection rules,
derived from the so called Raman tensor of the crystal, which tells which phonons
are involved in the scattering for a certain polarization of the incident light and
crystal orientation relative to the incident light.[15]

The temperature dependence is different for the Stokes and anti-Stokes scat-
tered light. At lower temperatures the anti-Stokes scattered light becomes weaker
and disappears. The Stokes scattered light will become stronger and more clearly
defined with smaller peak widths for lower temperatures. The width of the peaks
can be broadened by two phonon interaction which increases at higher tempera-
tures.

The frequencies of phonons are characteristic for crystals of a specific element.
For bulk Si there is a large peak from transverse optical phonons (denoted TO)
at 520.7cm−1 and one double peak from second-order Raman effect of transverse
acoustical 2TA at 302cm−1.[15] See figure 4.2, here both peaks can be seen but the
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Figure 4.3. Schematic drawing of the relationship between dispersion of phonons and a
Raman spectrum combined from Si, Si0.5Ge0.5 alloy and Ge . Solid lines are longitudinal
and dashed lines are transversal polarized phonons. Dotted lines are just a help for the
eye. (The Raman spectrum is not a real measured spectrum, it is a freehand drawing. The
lines in the dispersion diagrams are not accurate since they are also freehand drawings.)
The figure is drawn with inspiration from the calculated dispersions of bulk Si, Si0.5Ge0.5

alloy and Ge by Schorer et al.[16]

resolution is too bad to distinguish whether the 302cm−1 peak is a double peak.
Bulk Ge which has the same crystal structure as Si has almost the same peaks but
at slightly different frequencies, the major peak is a double one phonon LO-TO
double peak at 300cm−1. The spectra from a bulk SiGe alloy will therefore have
the peaks from the vibrations of Si-Si and Ge-Ge atoms sitting next to each other.
But there will also be a peak from the vibration of Si-Ge atoms sitting next to each
other. For a bulk alloy this peak will be at 410cm−1. But in an alloy, the phonon
frequency will depend on the relative contents of Si and Ge. From the equation

for the frequency of a harmonic oscillator ω =
√

k
m

, it can be seen that since Ge is
heavier than Si the eigen frequency of the lattice vibrations will be smaller for an
alloy with much Ge (m larger). The strain in the material will also affect the eigen
frequency. A larger strain will give a higher frequency (larger spring constant k).
So the position of the peaks in an alloy of SiGe will depend on the Ge content and
on the strain. By measuring the positions of the peaks it shall then be possible to
determine these two parameters. The behavior of the peaks and their dependence
on strain and Ge content has been determined empirically. Tsang et al.[17] have
derived the following equations.

ωSi = 520.0− 68x+ ∆SiΣ (4.1)

ωGe−Si = 400.5 + 14.2x+ ∆Ge−SiΣ (4.2)

Where Σ is the normalized strain

Σ =
(

δl

l

)(

1
0.00417

)

= ǫ
(

1
0.00417

)

(4.3)
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And l is the relaxed lattice constant, 0.00417 is the mismatch between pure Si and
Ge, δl is the strain induced change in the lattice constant. ∆Si and ∆Si−Ge is the
linear shift of the Si-Si and Si-Ge phonon energies. They have determined these
two to 34cm−1 and 24cm−1 respectively. Similar results are reported and used
by others. Baranov et al.[8] have applied the following equations to calculate the
peak positions:

ωSi−Ge = 400.5− 14.2x− 575ǫxx[cm−1] (4.4)

ωGe−Ge = 282.5 + 16x− 384ǫxx[cm−1] (4.5)

But the empirical determined values in these equations are only valid when x < 0.5
for values above this, they have used this equation:

ωGe−Ge = ω0
Ge−Ge − 400ǫxx[cm−1] (4.6)

They say that ω0
Ge−Ge is the frequency of Ge-Ge mode in unstrained SiGe alloys,

but they do not give any value for this. Instead they refer to another source Alonso
and Winer[18] where it is not given either.2 I measured the peak positions in the
graphs of a x = 0.85 alloy in Baranov et al. and used the value they had calculated
for the strain, when I inserted this into equation 4.6, I got ω0

Ge−Ge = 294cm−1.
Therefore I will use 294cm−1 to calculate the strain where the Ge content is larger
than 50%.

In these equations there are two unknown parameters, to be able to determine
these unknown parameters two peak positions have to be measured and two equa-
tions solved simultaneously. For Ge dots on Si substrate, there is the complication
that the signal from the Si substrate will also be present in the spectrum. The
strong signal from Si at 520.7cm−1 will be dominated by the substrate signal and
the position of the part from the Si intermixed into the Ge dots will not be possi-
ble to distinguish. This leaves only the Ge-Ge and Si-Ge peaks to measure. The
Ge-Ge peaks are also difficult to measure since it is mixed with the Si 2TA double
peak at 302cm−1 from the substrate, but this can be removed as explained below.
There is also the restriction that the equations are only valid if xGe < 0.5. To be
able to determine the composition for xGe > 0.5 other techniques have to be used.

Peak intensities

To determine the Ge content if it is higher than 50% the relative intensities of
the peaks can be used. This technique is valid for all contents, not only higher
than 50%. The integrated intensity of one peak is proportional to the number
of scattering events of this type in the crystal. The number of scattering events
involving a certain phonon e.g. lattice vibrations of Ge-Ge bonds is proportional
to the number of this kind of bonds there are in the crystal. For a random alloy
of Si1−xGex the fraction of nearest neighbors which are Ge atoms is x2

Ge and the
fraction of nearest neighbors which are Si atoms is (1 − xGe)2 and finally the

2The only value given in Alonso and Winer is 295cm−1 and 290cm−1 as the peak positions
for Ge-Ge alloys of x = 0.55 and x = 0.77 respectively but then the strain is not given.
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fraction of nearest neighbors which are Si-Ge pairs are 2xGe(1− xGe).[17] Taking
the ratio of the intensity of the Si-Ge peak and the Ge-Ge peak gives:

ISi−Ge

IGe−Ge
= B

2xGe(1− xGe)
x2

Ge

= B
2(1− xGe)
xGe

= 2B
(

1
xGe
− 1
)

(4.7)

Where B is a proportionality constant dependent on the relationship between the
number of bonds and intensity and on variations in the specific experimental setup.
To determine B, samples with known composition have to be measured. Once B
is determined, this equation can be used to determine the Ge content in unknown
samples. Rewritten the equation become:

xGe =
1

ISi−Ge

2BIGe−Ge
+ 1

(4.8)

The Ge content in SiGe dots are probably not distributed homogeneous, there will
probably be higher concentration of Ge in the core compared to the edges. This
means equation 4.8 will give an average Ge content for the entire dot. Another
implication is that homogeneously alloys with low Ge content might be difficult to
determine since there might not be any Ge-Ge bonds and only Si-Ge bonds even
if the Ge content is not zero. Variations in the Ge content of the sample will give
phonons of slightly different energies, this will induce broadening of the peaks.
But these different energies are accounted for since the intensity of the entire peak
is integrated.

Removing Si signal

When measuring Raman spectroscopy on Ge QDs in a Si lattice there will be a
signal from both the dots and the Si substrate. Some of the Si peaks coincide
with the Ge peaks and will disturb the spectrum, e.g. Si 2TA and Ge LO-TO at
approximately 300cm−1. To deal with this, a reference spectrum of a Si substrate
is measured and subtracted from the sample spectrum. Since the intensity levels of
the two spectra are different, the reference spectrum is scaled before subtraction.
It is assumed that the 520cm−1 first order LO Si peak in the sample spectrum is
a sum from both the substrate and sample. The substrate spectrum is scaled so
that this same peak has an equal intensity as the peak of the sample spectrum.
Expressed mathematically the procedure is the following:

Idots = Isample − Isubstrate
Isubstrate(520cm−1)
Isample(520cm−1)

(4.9)

In figure 4.4 this procedure and the result are shown. This procedure removes all
background and all Si components including the 2TA emanating from the sub-
strate. The intensity of the 520cm−1 peak in the sample spectrum will be a
combination of the signal from the Si substrate and the Si in the sample. By
scaling the substrate spectrum so that the 520cm−1 peak has the same height as
in the sample spectrum, the Si contribution from the sample will also be removed
unless the Si peaks have shifted.
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Figure 4.4. Spectra illustrating how the substrate and Si signal is removed from sample
spectrum. Sample spectrum solid line, Si substrate spectrum dotted line, scaled substrate
spectrum dashed line and dot-dashed line sample spectrum with substrate spectrum
removed.

4.3.2 Specifics of the Raman spectrometer

A LabRam HR800 spectrometer system from HORIBA Jobin Yvon was used for
Raman spectroscopy. A schematic of the spectrometer can be seen in figure 4.5.
An external Ar+ laser with a wavelength of 514nm was used for excitation of the
samples. The intensity of the laser can be changed, the maximum effect which is
possible to use is 0.2W higher than this will destroy the spectrometer. The laser is
directed through a variable intensity filter which is controlled by the software. It
is then incident on an inject/reject filter which reflects the incident beam into the
objective lens and onto the sample. The objective lens is mounted in a microscope
setup for focusing of the light beam. The objective lens used was an Olympus
50×WD with numerical aperture of 0.7. The beam is scattered on the sample,
collected by the lens and lead back to the inject/reject filter which it now passes
straight through. The next obstacle in the beam path is a notch filter of 514nm.
It filters away the Rayleigh scattered light of 514nm. Now the beam enters the
actual spectrometer through a confocal hole. The diagonal of the confocal hole
(it is square shaped) was set to 300µm. The light is reflected on a grating which
was chosen to 1800 lines/mm. The beam is now split into a spectrum. A movable
mirror collects the light and selects what part that shall be reflected onto the
Charged Coupled Device (CCD) detector. The CCD have 1024 × 256 pixels of
26µm size and is air cooled. The spectra collected with the CCD were saved with
the software LabSpec v.4.12. Polarization filers can be inserted before and after
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Figure 4.5. Beam path of the laser in the Raman spectrometer.

the inject/reject filter, if polarized Raman measurements are performed. Since
there where no filters available non-polarized Raman spectroscopy was performed.

The frequency of the phonons is measured in wavenumbers with the unit of
reciprocal centimeters cm−1. The resolution of the spectrometer varies with wave-
length. For the 1800 lines/mm grating and an exciting laser with λ = 514nm the
resolution ranges from approximately 2.25 to 1.4cm−1 according to the manual.

Analyzed volume

The light scattered from the sample will come from an excitation volume defined
by the penetration depth of the laser and the size of the laser spot. The values
of these are important since the diameter will tell how many dots are analyzed
i.e. how large the ensemble is and thereby how representative the measurement is
for the entire sample. The ratio of signal coming from the substrate will depend
on the penetration depth. For the multilayer structures the penetration depth
of the laser is important since it will say how many periods are analyzed. The
penetration depth of the laser is given by [19] as:

dp =
2.3
2α

(4.10)

Where α is the absorption coefficient of the material for the specific wavelength.
For a 514nm laser αGe = 600 000cm−1 and αSi = 15 080cm−1.[20] The penetration
depth for Si becomes 763nm and for Ge 19.2nm. For an alloy Vegard’s law can be
used

dp(Si1−xGex) = (1− x)dp(Si) + xdp(Ge) (4.11)
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Wigblad[2] reported the height of the dots on the surface to be around 10nm,
which is smaller than the penetration depth of Ge. For the single layer samples
this means that a part of the signal will come from the substrate even if the
surface is completely covered by pure Ge dots. If the dots are composed of a
SiGe alloy, the penetration will be deeper. E.g. for xGe = 0.5 the penetration is
dp(Si0.5Ge0.5) = 391.1nm. In the thickest multilayer sample with 100nm barrier
it should be possible to receive a signal from the bottom layer at 300nm depth for
such Ge content. For the multilayer with 6 periods and a 25 nm thick barrier, it
should also be possible to receive signal from the bottom layer, even if the entire
structure was a Si0.5Ge0.5 alloy. Although the signal from dots of deeper periods
might not be measured since they can be shielded from the laser if they are located
right below a dot with high Ge content or a dot with a Ge rich core.

The area of the samples analyzed is determined by the size of the confocal
hole. The magnification of the spectrometer from the sample to the confocal hole
is 0.56 times the magnification of the objective lens. The objective lens had a
magnification of 50× and the confocal hole was 300µm. Therefore the maximum
size of an objects picture, which pass through the confocal hole is 300µm

0.56·50 = 10.7µm
which is smaller than the laser spot and is the limiting size. The area of the
sample being analyzed is then (10.7/

√
2)2 ≈ 57µm2. If the density of the dots is

approximately 1010cm−2, then the signal comes from an ensemble of 57 · 10−8 ·
1010 = 5700 dots. For the multilayer samples this will be multiplied with the
number of periods. The consequence is that a Raman spectrum represents the
average of a large number of dots. The Ge content determined from a Raman
spectrum is the average content for all the dots analyzed in the entire excitation
volume.

4.3.3 Method of Raman spectroscopy data analysis

The measured Raman spectra’s were analyzed, processed and plotted by MATLAB
according to the principles described in section 4.3.1. From these plots, the peak
positions and the integrated intensities were determined. The integrated intensities
were determined by taking the sum of the peaks data values subtracted by the
background. The background was chosen to be the area underneath a line drawn
manually where the peak seemed to end. An example of this selection is seen in
figure 4.6.

4.4 X-ray diffractometry

4.4.1 Principles of XRD

X-ray diffractometry (XRD) is a very common technique to analyze the crystal
structure of a material. X-rays can penetrate materials opaque to the visible
spectra which makes them suited for analysis of such materials. The wavelengths
of X-rays are in the order of the spacing of crystal planes in a crystal lattice
therefore diffraction can occur. For a crystal composed of specific elements there
will be certain crystal planes where constructive interference occurs, this depends
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Figure 4.6. Example of a Raman spectrum where the area of the peak has been selected
by drawing a line at its bottom.

on the atomic scattering factor, the structure factor and Braggs law: 2d sin θ = nλ.
The structure factor and atomic scattering factor are material constants. Bragg
diffraction for a specific lattice plane occurs when the incident beam has a certain
angel ω depending on the lattice parameter of the material according to Braggs
law. Then the angel, called 2θ, between the diffracted beam and the incident
beam is two times the angle ω between the incident beam and the lattice plane.
(See figure 4.7) A so called ω/2θ-scan (or Rocking curve) can be used to analyze a
multilayer structure. First, the detector and incident beam is adjusted to a known
diffraction condition for a specific plane of the crystal. Now the incident angle ω
is scanned around the chosen value while the detector is scanned simultaneously
so that the condition 2ω = 2θ is fulfilled. Since the lattice parameter is slightly

Figure 4.7. Setup of an XRD measurement, if Braggs law is full filled for this ω the
detector will detect the diffracted ray.
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different for the different layers, giving a slight different plane spacing d, Braggs
law will be fulfilled for a slight different value of ω. This will create a peak in the
spectrum and from its position relative to the substrate peak, the plane spacing
and thereby lattice constant can be determined. If the material is an alloy then
the composition can be determined by Vegard’s law, equation 2.10.

In the scanned spectrum, there will also be satellite peaks and fringes. The
origin of these is due to reflections between the planes of the multilayer struc-
ture and constructive/destructive interference of the reflected beam. This is the
same optical effect as occurs for visible light in transparent thin films, e.g. a soap
bubble. The spacings of these satellite peaks are dependent on the periodicity of
the multilayer structure. From this the different thicknesses and spacings of the
structure can be calculated. To do this is a tedious task. Therefore a simulation is
often performed and fitted to the measured spectrum by changing the values. The
shape and number of fringes depends on the quality of the interface between the
layers. A perfect interface will give an infinite number of thin fringes. In figure 4.8
is an example of a measured XRD scan together with the calculated curve fitted
to the experimental curve.
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Figure 4.8. Plot of XRD signal (top curve) together with a calculated curve fitted to
the measured one (bottom curve).

4.4.2 Method of XRD measurements and data analysis

The multilayer samples were analyzed with a Philips MRD X’Pert system X-ray
diffractometer in the ω/2θ setup. The X-rays were Cu Kα with wavelength λ =
0.154nm. Since the layers of Ge dots is very thin and contain little Ge, the signal
when measuring single layers is too weak to be analyzed. The acquired spectra’s
were analyzed in the program X’Pert Epitaxy 4.0 where they were compared to
spectra’s from a simulation of the structure. In the simulation, the dot layer was
exchanged by a thin quantum well layer. Three parameters were varied to obtain
a close fit: the Ge content in the dots, the height of the dots (quantum well layer)
and the barrier thickness. The three parameters were changed until an optimal
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fit was acquired. The purpose of using XRD was to determine the Ge content
and to confirm the values measured with Raman spectroscopy. The values for
the thickness of the barrier layers and the dot layers were compared to the ones
measured by SEM. These were used as an initial guess for the simulation.



Chapter 5

Results and discussion

5.1 Raman measurements

Raman spectroscopy was applied to evaluate strain and Ge content. In these mea-
surements the excitation had to be as high as possible since the signal was too weak
otherwise. To obtain a reasonable signal-to-noise-ratio long measurement time is
required. To remove spikes (smoothen the curve) an averaging of several different
measurements has to be performed. The applied parameters in the measurements
were following:

• 200mW laser effect

• 90s measurement time

• 5 measurements to make an average

To be able to determine the Ge content by the method of integrating the peak
intensities and use them in equation 4.8, the constant B has to be determined. This
was done by performing Raman spectroscopy on reference samples with known Ge
content. The contents of the reference samples used are listed in table 5.1. Other
samples with less Ge content of about 20% were also measured but their Ge-Ge
peak was too weak to be able to clearly separate it from the background. It is
possible that the SiGe alloy in these samples where so homogeneously mixed in
combination with the low Ge content that there where no Ge atoms sitting next
to each other, giving rise to Ge-Ge vibrations.

The reference samples where measured, the Si signal subtracted from them and
their peaks were integrated by the method described in section 4.3.3. The values
obtained was then used to solve equation 4.8 for B by the method of least squares.
In figure 5.1 the measured values and the fitted curve are plotted. B-constant was
determined to be 0.52.

39
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Sample Ge content [%]
Ref15 26.53
Ref16 28.34
Ref17 31.80
Ref18 33.15

Table 5.1. Ge contents of reference samples for Raman spectroscopy
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Figure 5.2. SEM micrograph of sample B5 grown for 30s at 600◦C with a flow of
48sccm.

5.2 Analysis of single layer

5.2.1 SEM

The single layer structures of batch A and B (and sample D1) were investigated
with SEM according to 4.1.2. There were three types of dots on the majority
of samples, immature, mature and large dots. The resolution of the SEM is not
sufficient in order to achieve conclusive results but it implies that the base of the
immature and the mature dots are square shaped. The large dots are clearly
distinguished with 8 facet sides, and a truncated top. These facet sides can some-
times almost be distinguished on the mature dots as well. The base of the large
dots is varying, commonly is that it is ellipse-shaped when two or more dots have
coalesced. The larger the large dots become a more irregular shaped is obtained,
therefore the large dots are not desired. In figure 5.2 all three types of dots can be
seen (although there are few immature dots). Here the facetted sides and irregular
base of the large dots are seen. In this figure the mature dots are not well resolved
but it can be seen that they might have a square base. The immature dots are
difficult to distinguish. They are only observed as faint light spots in areas where
there are no other dots.

The measured dot densities and the average dot diameters are plotted in figure
5.3 and figure 5.4 respectively. The left plots figure (a) represents dots classified
as mature and the right plots figure (b) represents dots classified as large type.
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(a) Mature dots on single layer
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(b) Large dots on single layer

Figure 5.3. Dot density of single layers samples mature dots (a) and large dots (b)
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Figure 5.4. Average dot diameter of single layer samples with standard deviation
marked.
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From these figures it can be seen that on the samples grown with a flow of
48sccm, large dots appear already for as short times as 20s. For samples grown
at 24sccm the large dots does not start to appear until after 35s and 50s for
temperatures of 600◦C and 550◦C, respectively. This means that there is a bimodal
dot distribution until these times. It can also be seen that the density increases
with time for all temperatures and flows except for the samples of 600◦C and
48sccm. It also seems that the size-growth is slowing down for longer times. This
can be interpreted as the density of mature dots increases with time towards a
saturation level. But once large dots start to appear, more and more mature dots
will be transformed to this type. After a specific time, the increase of mature dots
is less than the increase of large dots. At this moment the density of mature dots
starts to decrease. For the 600◦C and 48sccm sample this has probably already
happened for deposition times larger than 20s. The density of large dots will also
increase towards a saturation value.

The average size of the dots increase slowly for longer deposition times as seen
in figure 5.4(a). The slight decrease for the 600◦C samples are probably due to the
difficulty to determine which dots are mature and which are large when analyzing
them by the MATLAB script.

For all samples it can generally be said that a higher flow and higher tempera-
ture gives a faster growth development. A higher flow gives a higher start density
and more nucleated dots. On the other hand a higher temperature gives a lower
density due to mobility enhancement of adatoms which leads to size growth of
dots rather than nucleation of new dots. This behavior is consistent with previous
observations by Wigblad[2], where the density of 9.5 · 109cm−2 for 650◦C and flow
of 24sccm is lower than the densities in figure 5.3 both for 600 and 550◦C for flows
of both 24sccm and 48sccm as expected.

The standard deviations of the diameter of dots are plotted in figure 5.5. The
standard deviation is an indication for the uniformity of the dots. For a uniform
size distribution of dots the standard deviation would be very small. The standard
deviation increases for all samples after large dots have started to appear. For the
24sccm batches, it also increases for shorter times. The reason for this is that
they contain both immature and mature dots, which differ slightly in size. In
these experiments the sample with the most uniform dots (i.e. smallest standard
deviation) was the sample D1, grown for 35s at 600◦C with a flow of 24sccm. This
sample is also the sample with the highest dot density and largest dot diameter
where no large dots are present, see figure 5.3 and 5.4. Large dots are present
for the 48sccm samples at all times, for the 24sccm samples they do not appear
until after 50s and 35s for the 550◦C and 600◦C respectively. Therefore only the
24sccm samples for shorter times were interesting to use for further investigation.
D1 was grown after this observation had been done and the growth time was chosen
from the trends of the previous grown samples. As expected from these trends in
figure 5.3 to 5.5 D1 was the most uniform, had the highest density and the largest
dot diameters. Because of this it was chosen as the recipe for the dots in the
consecutive investigations. A SEM micrograph of this sample can be seen in figure
5.6. Although this sample has good dot properties it is not perfect, there are still
some immature dots, and the dot distribution is not uniform but bimodal. The
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Figure 5.5. Standard deviation of the diameter for all the dots on each sample.

mean dot diameter on this sample is 43nm with a standard deviation of 3.3nm.

5.2.2 AFM

Although, the distribution and diameter of the dots have been determined by SEM,
the shape and height of the dots are difficult to estimate with this technique. In
this case, AFM is applied at this stage to accurately scan single dots. AFM
investigation of sample D1 revealed that the immature dots have a base diameter
that is just slightly smaller than the mature dots. The height and base diameters
are displayed in table 5.2. The topography for this sample can be seen in figure
5.7. There is a large discrepancy between the diameters measured with AFM and
SEM, respectively. This is due to the fact that AFM has a lower resolution in the
xy-plane. Thus in the experimental data, the values for distribution and diameter
of the dots obtained from SEM and the height values obtained from AFM are the
most reliable. The base diameter of the immature dots is slightly less compared
to mature dots but their diameters are still within the standard deviations of each
other. The height of immature dots is only a third of the mature, which means
that an immature dot grows mainly in height. These relations between diameter
and height between immature and mature dots are indications that they are in
fact pyramids and domes, respectively.
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Figure 5.6. SEM micrograph of sample D1 showing an almost uniform dot distribution.

Dot type Avg. diameter Std. dev. Avg. height Std. dev.
[nm] [nm]

Immature 69.1 9.0 3.20 0.86
Mature 77.9 7.1 10.96 1.28

Table 5.2. Average diameter and height for D1 measured whit AFM
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Figure 5.7. Topography of sample D1 recorded with AFM. (The bright elongated
features in-between the dots are artificial optical effects of light reflecting on a shiny
surface. These are created in the analysis software.)
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5.2.3 Raman spectroscopy

The results of Raman spectroscopy can be seen in figure 5.8. Samples fabri-
cated during the previous diploma work by Wigblad were also measured using the
method described in this work, this data is also included in figure 5.8. The plot
indicates that higher growth temperature results in more intermixing and smaller
Ge content. The overall trend is that the Ge content increases with the growth
time. This is not so surprising since the diffusion of Si into the dots is proba-
bly slower than the deposition of Ge on the surface, and the dots have not been
capped. The most uniform samples, (i.e. lowest standard deviation where no large
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Figure 5.8. Ge content measured with Raman spectroscopy of single layer samples.

dots are present) for each temperature and flow are listed in table 5.3. They are
compared with Wigblad’s uncapped samples, C1 and C3, which are assumed to be
the most uniform for their respective temperatures. The sample with the highest
Ge content of these series is D1. The Ge content of A5 does not differ much from
D1 and it is probably within the statistical variations.

Strain analysis

The in-plane vertical strain was calculated for the samples from the peak positions
of the Si-Ge and Ge-Ge peaks. The Raman-shifts of these peaks are listed in table
5.4. The Ge-Ge Raman-shift varies only slightly. The exact peak position was
difficult to determine since the resolution of the Raman spectra was about 0.5cm−1
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Sample Temp. Flow Time Ge content
[◦C] [sccm] [s] [%]

A4 550 24 50 59.7
A5 550 48 30 66.3
D1 600 24 35 66.7
B4 600 48 20 64.3
Wigblad C1 650 24 20 56.1
Wigblad C3 700 24 20 57.3

Table 5.3. The most uniform sample for each temperature and flow.

and the variations are almost as large. Since the Ge content was larger than 50%
for all samples the strain was calculated from the Ge-Ge peak with equation 4.6
and is plotted in figure 5.9. Because of the large uncertainty of the measured
peak positions, it is difficult to determine if the variation of these strain values
can be trusted. To be able to obtain reliable values of the strain, the resolution
of the Raman spectra has to be increased, and the signal from the samples has to
be stronger so that the peak positions will be more certain. However the values
from equation 4.6 are negative indicating a compressive strain as expected and
the values are in the same range as those reported by Baranov et al.[8]. The only
trend visible is that dots grown at a lower temperature are more strained. This
behavior can be explained by the strain being more easily relaxed by intermixing
at higher temperatures.

Sample Ge-Ge peak Si-Ge peak
A1 - -
A4 300 414
A3 299.5 405.75
A2 300.5 402
A5 301.5 409
A6 300.5 402.5
B1 296.5 415
B2 299.5 410
D1 297.25 409.5
B3 299 409.5
B4 299.5 409
B5 298.5 404
B6 299 404

Table 5.4. Peak positions from Raman spectra of single layer samples.
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Figure 5.9. Strain of single layer samples calculated by equation 4.6 from peak positions
in Raman spectra.

5.3 Analysis of strained and unstrained surfaces

5.3.1 SEM

The samples of batch C were characterized with SEM. The most striking feature
of these samples was a square pattern visible to the naked eye. When viewed in
SEM a crosshatched micro-pattern was also visible for some of the samples but the
occurrence of this crosshatch pattern was not correlated to the occurrence of the
visible pattern, this is presented in table 5.5. On samples with the visible pattern
there was not always a crosshatch pattern and for samples where a crosshatch
pattern could be seen with SEM there was not always a visible pattern. The
different patterns had to have to different origins. The visible pattern could not
be observed with SEM and its origin was unclear until AFM characterization
was done, see section 5.3.2. Some samples also contained a noticeable amount of
artifacts on the surface, occurrence of these artifacts was correlated to the visible
pattern. The results of the observations are summarized in table 5.5.

The crosshatched micro-pattern was only visible when viewed in SEM. The
pattern is composed of aligned dots surrounded by an area deprived of dots. This
pattern can be correlated to the presences of strain with the exception of C1. The
reason C1 does not have a pattern can be explained by the strain being too small
in this sample. According to Kim et al.[13] these crosshatch lines emerge from
a network of misfit dislocations in the layer. On top of these dislocation lines,
the surface has a lattice parameter larger than the surrounding and is therefore
a preferred nucleation site. The increased diffusion to these lines (defected areas)
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gives them a higher dot density than the surrounding. In analogy to the strain
correlation in multilayers as described in section 2.2.3. The size of the area sur-
rounding the lines which is deprived of dots shows how long the diffusion lengths
of the Ge adatoms are. Ge adatoms impinging on the surface at a distance smaller
than their diffusion length from the dislocation line will diffuse to the line and stay
there, creating an area around the lines deprived of dots. Therefore the density
of dots on the samples and the density of these lines are correlated to the strain.
More strain gives a higher density of lines but lower dot density since the dots
will be larger and the deprived area will be larger due to the increased diffusion,
see figure 5.10. The strain is increasing with increasing Ge content. The density
of the samples supposed to be unstrained (C4 and C5), (where the surface only
contain Ge of different content), also decreases with increasing Ge content. An
explanation to this is that these surfaces are not totally relaxed and contains a
small amount of strain.

Sample surface C1 C2 C3 C4 C5 C6 C7
Strained yes yes yes no no yes yes
Material SiGe SiGe SiGe SiGe SiGe Si Si
Relaxed SiGe no no no yes yes yes yes

Crosshatch pattern no yes yes no no yes yes
Visible pattern no no no yes yes yes yes
Artifacts no no no yes yes yes yes

Table 5.5. Summary of features observed by SEM for batch C
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Figure 5.11. Section analysis of C7, the curve shows the average height over the area
in the box.

5.3.2 AFM

AFM results of sample C7 reveals that the surface is undulating, this can explain
the visible pattern. It has a wave pattern where the period is approximately
5µm and the amplitude approximately 10nm, this is large enough to produce a
pattern visible to the eye. In figure 5.11 the section profile of C7 can be seen.
The topography of C7 can be seen in figure 5.12(a), but the magnification is too
small to distinguish any dots in this picture. In figure 5.12(b) which has a higher
magnification, the dots can be seen. Here the connection between the visible and
crosshatch pattern is clearly displayed. The dots align themselves in lines parallel
to the large wave undulations on the surface.

The visible pattern and the artifacts appear for the relaxed SiGe samples. The
artifacts of the surface were seen by SEM to align themselves in lines parallel to
the crosshatch lines. AFM revealed that the undulations of the surface where also
parallel to the lines of the crosshatch pattern. Therefore it is possible that the
artifacts are positioned in the valleys or on the ridges of the undulating pattern.
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(a) (b)

Figure 5.12. Topography of C7 (a) at a small magnification where the undulations is
visible and (b) at a large magnification where the alignment of the dots is visible.

5.4 Analysis of multilayer structures

5.4.1 SEM

The topmost surface of the multilayer samples where characterized by SEM and
the dot densities and size distributions where extracted. In figure 5.13, the micro-
graphs of batch D-samples are displayed at 60k× magnification, D1 is the reference
sample with one period. D2 is disordered and have a wide size distribution of the
dots. The surface the dots rest upon of this sample, seem to be either rough or
dots from underlying layers shine through the barrier from underlying periods. If
dots from previous periods shine through the barrier, it means that the excitation
volume of the e-beam is deeper than the Si barrier of 25nm. To sort out which is
the origin of this appearance of the surface, the sample was investigated in AFM
(see section 5.4.2). Sample D3 have a very ordered structure. The dots are aligned
along lines and the neighboring lines are shifted with a distance of one dot com-
pared to each other. This pattern is square-shaped and rotated with an angle of
45◦ in the image of figure 5.13(c). Here it is obvious that there is some kind of
correlation between the periods. Sample D4 on the other hand has a structure
that is less ordered and more random like D1. The conclusion is that a strong cor-
relation between periods is present for Si barriers around 50nm, which decreases
in strength for thicker barriers. For 100nm the correlation is still present but will
be negligible for values larger than this. Even if the correlation is stronger for Si
barriers thinner than 50nm, too thin barriers close to 25nm and below are more af-
fected by other effects that overwhelm the correlation. An interesting behavior to
investigate further, is if the in-plane ordering of dots on the 50nm sample requires
growth of one or two periods before it appear. On sample D3, there are some
vacancies in the ordered pattern but at all of these vacancies there is an immature
dot instead. This means that the density, if the immature dots are accounted
for, is as high as possible for this pattern and dot size. There are some features
on sample D3 that looks like small “corrals”. These are composed of dots grown
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together into a big ‘C’-shape, in the middle of figure 5.13(c) one example of this is
present. The corrals have quite large sizes and seem to have grown fast compared
to the other dots. This could indicate that they are an extension of some feature
in a preceding period. Since some dots still are immature, a slightly increased
growth time might transform them into mature dots. But an increased growth
time would probably increase the size and density of the corrals. The growth of
the corrals might also be an effect of the topmost period not being capped, they
might not appear in the buried periods. Sample D4 also has some large features
but they do not look like the corrals. They are larger and have lower density.
They probably have the same origin as the corrals (they are not present in figure
5.13(d)).

The dot densities and the average diameter of the dots are displayed in figure
5.14 and figure 5.15 respectively. These figures confirmed the findings about the
correlation as described above, these diagrams also reveal some other features.
The density of the dots is smaller for all multilayer samples compared to the single
layer. This can be explained as the multilayer samples having a larger average dot
size. If they occupy a larger area, they can not be as dense. D2 has the lowest
density, this can be explained by the irregularity and randomness of this sample.
The increase of size for all the samples compared to D1 indicates that there is a
correlation between the periods inducing an earlier nucleation of dots and hence
larger dot sizes for the same growth time. The relative decrease of dot diameter
for sample D4 strengthens this reasoning. If there is lower correlation strength for
thicker barriers (like D4) the size of dots would also decrease, as is seen in figure
5.15. But this reasoning is quite uncertain, since the size change is not that large
and the different average sizes almost fall into each others standard deviations.

SEM characterization of the sample D5 with six periods of dots showed a
surface similar to D2 but with an in increased clustering of the dots. The dots
seem to cluster around hills created from dots in underlying periods. Figure 5.16
shows a comparison between D2 and D5. The mature dots still keep their average
diameter indicating that the strain is still the same as for three periods. The large
dots increase in size due to more coalescence since they are more clustered together.
The density is decreased for mature dots but increased for the large dots, this is
once again explained by the increased clustering. If more time where available
it would have been interesting to investigate how a sample with a more ordered
structure like D3 behaves for an increased number of periods. The roughness
of the surface in the 25nm barrier samples seems to have propagated and been
enhanced for each period, but what is the case for a more smooth surface? Other
unanswered questions are if the ordered structure of D3 would have been kept,
destroyed or reshaped? Would the strain accumulated create larger dots? These
questions could not be answered from D5 since the roughness of the surface over-
shadows the correlation due to strain. Due to lack of time in the project this could
not be investigated.
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(a) (b)

(c) (d)

(e)

Figure 5.13. SEM micrographs of multilayer samples, (a) D1, (b) D2, (c) D3, (d) D4
and (e) D5
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serve that for the 50nm barrier the “corrals” have been counted as large dots
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Figure 5.16. Comparison of the behavior of dots on top of a multilayer stack with two
or five periods of buried dots. (a) density of dots and (b) diameter of dots.

SEM-cross-section

The cross-section SEM micrographs of multilayer samples show the vertical align-
ment of dots in consecutive periods, figure 5.17. There is an alignment of the
dots but in different way for different samples. For D2 (figure 5.17(b)) there is an
alignment due to the surface roughness. Dots in consecutive periods are located
vertically in-between dots in preceding periods. The same is valid for the three
first periods of D5 figure 5.17(e). For the other periods the alignment is broken by
too much disorder. For D3 and D4 figure 5.17(c), (d) there is also an alignment,
the dots in a succeeding period are located vertically above a dot in a preceding
period. Although this behavior is weak and does not always occur. Often there is
a slight lateral shift of the dot position.

From the cross-section SEM micrographs, the thickness of the barriers and the
height and diameter of the dots were measured. The heights and diameters for each
period are plotted in figures 5.18(a) and (b) respectively. The diameters measured
on the top-most dots were in agreement with the ones measured from the SEM
top view, (compare to figure 5.15). The high values of the diameter for the fourth
and fifth periods of sample D5 is due to uncertainty in the presence of surface
roughness. There is an increase in dot diameters for increasing period number for
all samples except for D4. This is in good agreement with the explanation about
the strain correlation described in the previous section. There is a correlation due
to strain that makes the dot size increase for each period. The overall increase in
size can also be due to the intermixing when the dots are capped. But this would
give a constant increase in sizes for all dots independent of which layer they are
situated in, which is not the case. For sample D4 the strain correlation is weaker
and the increase in dot size is almost not noticeable. This weaker correlation can
also be seen as the decreased diameter in figure 5.15.

It is difficult to estimate the heights of the buried dots. This is due to the
diffused border of each dot where scattering of electrons may occur (due to the in-
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(a) (b)

(c) (d)

(e)

Figure 5.17. SEM micrographs of multilayer samples in cross-section, (a) D1, (b) D2,
(c) D3, (d) D4 and (e) D5
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Figure 5.18. Measured average values of (a) dot height and (b) dot diameter for each
period of multilayer samples

termixing at the edge and Z-contrast of the backscattered electrons). Also smaller
distances than 10nm are difficult to measure with the annotation tool in the SEM.
The heights of the dots on the surface measured with AFM on sample D1, D2 and
D3 (presented later in section 5.4.2) are in the same range as the ones measured
with SEM so this is a good estimate. The spread of sizes in the first period is
probably due to inaccuracy in the measurements. The increased height of the
un-capped dots on top shows that the main reason for decreased height of buried
dots is the intermixing. The larger increase for D2 and D5 is due to their rough
surface, which made it difficult to determine where the actual dot began, and what
was a roughness in the surface.

The real barrier height is not the one specified for the growth, the measured
barrier thicknesses are presented in table 5.6. These values where used to confirm
the XRD measurements, see section 5.4.4.

Sample D2 D3 D4 D5
Specified value [nm] 25 50 100 25
Period1 <24 50 85 28
Period2 21 50 94 27
Period3 26
Period4 27
Period5 25

Table 5.6. Barrier heights measured with SEM in cross-section

5.4.2 AFM

With AFM, the average height and diameter of dots on sample D1, D2 and D3
were measured. The values measured are summarized in table 5.7. The measured
diameters are probably larger than the real value as stated before. They can
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be compared to the values of either figure 5.15 or figure 5.18(b) which are more
correct. The height values are more certain than the ones displayed in figure
5.18(a). The trend of the height is reasonable and can be explained in the same
way as the diameters of figure 5.15. Both multilayer samples D2 and D3 have
dots with larger height than the single layer D1. The height of immature dots in
relation to the mature dots on D2 and D3 is 1/2 which is slightly larger compared
to 1/3 for D1, but as stated before (section 5.2.2) most of the difference between
immature and mature dots is in height.

Sample/ Avg. diameter Std. dev. Avg. height Std. dev.
Dot type [nm] [nm]
D1
Immature 69.1 9.0 3.20 0.86
Mature 77.9 7.1 10.96 1.28
D2
Immature 72.9 12.5 5.71 2.55
Mature 84.8 9.9 12.29 2.44
D3
Immature 76.6 6.8 5.65 1.16
Mature 88.5 7.1 11.85 1.41

Table 5.7. Average diameter and heights measured whit AFM

The SEM micrograph of D2 (figure 5.13(b)), show a surface that either are
rough or dots from buried periods shine through the barrier. AFM results seen
in figure 5.19(a) indicate that the surface is rough with hills which originate from
buried dots in previous period. The hills have diameters larger than the dots
on top and heights smaller than the dots on top. It looks as it can be expected
from a layer of dots capped with a thin barrier layer, a surface where the features
from the dots have been smoothened into hills. The top most dots seem to have
nucleated on these hills. But they are not centered on the top of the hill, instead
they are often slightly shifted. This corresponds well to the observation from the
SEM cross-section in section 5.4.1 that the dots are aligned vertically in-between
two dots in a previous period. There is also a tendency for several dots to cluster
around a hill. This tendency to cluster around the hills is reinforced when more
periods are grown. In SEM micrograph of D5 (figure 5.13(e)) this is visible but
here the hills are larger and there is room for more dots around each hill.

The surface of D3 is flatter and the dots seem not to be affected by any rough-
ness, (figure 5.19(b)). This AFM topography image shows clearly that the im-
mature dots are located at the empty places in the lattice pattern and that their
diameter is almost the same as the mature, they just have a smaller height.
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(a) (b)

Figure 5.19. AFM topography images of multilayer samples, (a) D2 and (b) D3

5.4.3 Raman spectroscopy

Ge content

Raman spectroscopy was performed on all multilayer samples. The calculated
Ge contents are plotted in figure 5.20, here the content measured with XRD is
also displayed (to be discussed further in section 5.4.4). The values ranging from
58% to 67% are quite high and even though they are confirmed by XRD they are
probably too large. In previous articles where similar measurements have been
performed, the content of buried dots is usually smaller, around 30-40% for these
temperatures, Baranov et al.[8]. For uncapped samples, they have reported Ge
contents from 85% for growth temperatures of 460 ◦C down to 40% for growth
temperatures of 600 ◦C. For capped samples in the same temperature range, their
content varies from 50% down to 34%. The deposition times are not mentioned
in the article, but the dot sizes range from 48nm to 100nm diameter, for the
temperature range given above. Since these sizes are larger than dots analyzed
in this thesis, their deposition times are probably longer. Longer deposition time
means more intermixing and this can explain why they have reported lower Ge
contents.

There can be several other reasons for these high values. It can be assumed
that the buried dots have lower Ge content than the un-capped dots on top, since
a decrease in size for buried dots has been observed. To use as a comparison
to what happens when the dots are capped by Si, Raman measurements were
performed (with the method of this thesis work) on one capped and one un-capped
sample grown during Wigblad’s thesis work. There are no free-standing dots on
the surface of Wigblads E1 as on the samples of this thesis work. The properties
of these samples and the measured Ge content are presented in table 5.8. These
measurements confirm that dots covered by Si have a lower Ge content.

The expected lower Ge content of buried dots leaves two plausible reasons for
the high values measured. Either it is because the signal from the un-capped dots
on top overwhelms the signal from the buried dots. The other reason can be that
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Sample Temp. Flow Time Cap th. Periods Ge cont.
[◦C] [sccm] [s] [nm] [%]

Wigblad C1 650 24 20 0 1 56.14
Wigblad E1 650 24 20 25 1 42.26

Table 5.8. One capped and one un-capped sample from Wigblad’s thesis work and their
measured Ge contents.

the un-capped dots on top shield the buried dots and the lasers penetration depth
is not large enough to reach and measure the buried dots.

In the first case, the penetration depth is assumed to be large enough so that
all buried periods of dots are measured. The penetration depth for an alloy of the
highest Ge content of 67% is according to section 4.3.2 dp(Si0.33Ge0.67) = 265nm.
This should be sufficient to penetrate down to the first period of D2, D3 and
D5. It will not reach the first period of D4 at 300nm depth, but since the entire
structure is not Si0.33Ge0.67 it can still be assumed to reach this period. So all dots
are measured, but the uncapped dots on the top, which have quite large volumes
and high Ge content, would give a strong signal of the Ge-Ge phonons compared
to the small buried dots. The measured value corresponds to an average of the
number of Ge-Ge bonds compared to the number of Si-Ge bonds. So if the ratio
of Ge-Ge/Si-Ge bonds is large in the top layer and much smaller in the buried
layers the measured result will still be a high Ge content. Because the Ge content
in the buried layers is so low that it can not compensate for the large content in
the top period.

In the second case the un-capped dots shield the underlying periods of dots,
which thereby are not measured. Since the intermixing is not uniform and the dots
probably have a Ge rich core, they might be able to stop the laser penetration. In
this case the measured Ge content is the content of the un-capped dots.

In both cases the measured Ge content is mainly of the un-capped dots. All
values for multilayer samples D2-D5 are lower than the single layer sample D1, as
can be seen in figure 5.20. The reason for this is that the un-capped dots in the
top period are grown on a strained surface. The presence of the strain correlation
presented in the previous section indicates that the surface is in fact strained.
Dots grown on a strained surface will have more intermixing and thereby lower Ge
content.

The behavior of Ge content changes presented in figure 5.20 is difficult to ex-
plain if there is a contribution to the measured signal form the buried dots. Easiest
is to explain the decrease of Ge content for the multilayer structures compared to
the single layer, it is not unexpected since capped dots will be more intermixed.
The larger intermixing takes place during the totally longer deposition time when
the dots are subjected to the growth temperature. In this way, the multilayer
structure D4 with 100nm barrier would have the highest intermixing, but instead
it is D3 the 50nm structure. The reason D4 has higher Ge contents than D3 is
difficult to explain. But one reason could be that since the surface of the barrier
layers in D4 is less strained, (due to decreased correlation) the dots will themselves
be less strained and this will lead to less intermixing. The reason the high stress
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Figure 5.20. Ge content of multilayer samples, measured with both Raman spectroscopy
and XRD.

of D2 (the 25nm structure) does not give higher intermixing is that the crystal
structure has relaxed and dislocations are formed. Sample D3 on the other hand
has both a longer deposition time and have strained barrier surfaces, both effects
increasing the intermixing. D3 also have a nice distributed structure, here it might
be easier for adatoms to migrate and thereby even out the Ge content over the
surface. Compared to D2 where the surface roughness hinders the strain from
affecting the dots, the strain in the surface of D3 might not be hindered. This
would give higher strain in the dots and thereby more intermixing. If this is so,
it is an important argument that the structure of D3 is not suitable to use as a
thermistor.

The high intermixing of the six-period sample D5 might indicate that the
intermixing is larger the more periods are grown. But since the top periods and
the surface of D5 is really rough and disordered this can not be generalized, a more
ordered structure like D3 might not have this behavior if grown for six-periods.

Strain

The strain in the multilayer structures were calculated by equation 4.6 and are
plotted in figure 5.21. The Raman-shift of the Ge-Ge peak was 297.25, 298, 297.5,
297.5 and 298.5cm−1 for samples D1-D5, respectively. The spread is not big and
as large as the resolution of the spectrometer so these values are really uncertain.
According to this the strain is still compressive. The strain is also higher in the
multilayer than D1 which is to expect if it is accumulated. Sample D2 also has a
higher strain than the others which strengthen the reasoning in the last paragraph
based on a high strain in D2. But then it is not explained why the high strain
will not give a high intermixing in D2, unless the effects of the rough surface are
stronger.
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Figure 5.21. Strain of multilayer samples calculated by equation 4.6 from peak positions
in Raman spectra.

5.4.4 XRD

The values of the parameters used to obtain the closest fit between the measured
curves and the simulated curves are displayed in table 5.9. To obtain a useful
signal, the sample analyzed in XRD must have a multilayer structure, the thicker
the barrier is and the more layers there are the stronger is the signal. Therefore
D1 could not be measured with XRD and the signal from D2 was weak so the
results from this scan are uncertain. The barrier thickness correlates well with the

Sample Barrier thick. QD height Ge content
[nm] [nm] [%]

D2 21 5.5 60
D3 50 6 58
D4 94 5.5 62
D5 20 6 56

Table 5.9. Parameters extracted from fitting of simulated structure to measured XRD
curve.

values measured with SEM of the barrier thickness, in table 5.6. A height of the
dots of around 6nm is also reasonable since the SEM measurements gave values
around 10nm. The measured dot height values by SEM show the top-most dots
were a bit larger than the more correct values from AFM. So the same error of the
SEM measurement probably applies to the buried dots, which would give values
of about 6nm. Since the height values are very reasonable, the Ge contents should
also be reasonable (plotted in 5.20), but they are still higher than what can be
expected. One explanation is that it is not actually the dots which are measured
by XRD, but instead it is the wetting layer.
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Figure 5.22. TCR simulated for a box-shaped dot of the dimensions 43× 43× 9nm for
different Ge content.

5.5 Simulation of TCR

To acquire a rough estimate of the TCR for the structures grown in this thesis,
a modified version of the simulation program created by Berntsen [1] was used.
The program used a 6-band k ·p-method to simulate the wavefunctions and energy
levels of a square box-shaped pure Ge QD in a Si lattice. This model was modified
to simulate a QD of SiGe alloy. The material parameters of SiGe were linearly
interpolated by Vegard’s law (equation 2.10). The interpolated parameters were:
the lattice parameter, Luttinger parameters, spin-orbit splitting, deformation po-
tentials, valence band offset and the elastic constants. The measured diameters,
heights and Ge contents of the dots were used as input parameters.

The TCR was simulated for a quantum dot of the same size as D1 but for
different Ge content, this is shown in figure 5.22. This figure shows the strong
dependence on Ge content for the TCR.

The single layer sample D1 and the multilayer structure of D3 was compared to
the result of previous work. The TCR of dots proposed by Berntsen and Wigblad,
the dots from Wigblad’s uncapped sample C1 (see table 5.8) and capped sample E1
(same as C1 but capped) were simulated. The Ge contents of Wigblad’s dots were
measured by the same Raman spectroscopy method of this thesis work. The input
parameters and simulated results can be seen in table 5.10. The large decrease
in Ge content of the 650 ◦C sample when capped probably apply to the 600 ◦C
sample as well. Since no capped sample of 600 ◦C was measured, a theoretical dot
with the equal decrease in content (42%/56% = 0.75 ⇒ 0.75 · 67% = 50%) was
simulated. In the simulations, a buried dot is simulated, therefore the simulations
of uncapped samples are a bit misguiding, but they help to show the trend.

The higher Ge content in the dots grown at 600 ◦C compared to the ones grown
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Sample Diameter Height Cap Ge content TCR
[nm] [nm] [%] [%/K]

Berntsen 60 10 yes 100 8.42
Wigblad 60 10 yes 36 3.36
Wigblad C1 57 8 no 56 5.03
Wigblad E1 57 8 yes 42 3.85
D1 43 9 no 67 5.78
D3 50 9 no 58 5.14
Theoretical 43 9 yes 50 4.43

Table 5.10. Simulated TCR values.

at 650 ◦C compensated for their decreased size, resulting in a higher TCR. This
might as well be true for a real capped dot grown at 600 ◦C if the decrease in
content is not larger than that for 650 ◦C, which is not to be expected. Both
temperatures seem to result in at least an equally high TCR. But this simulation
is a crude approximation, since the dots are not a block-shaped in reality their
TCR might change in a different way.

5.6 Summary of results

Raman spectra acquired at a laser effect of 200mW accumulated for 90s and av-
eraged over 5 measurements can be used to determine the Ge content. For the
equipment used in this thesis the constant in equation 4.8 is measured to be
B = 0.52.

Since the peak positions in the Raman spectra are very difficult to determine,
calculations of the strain in the dots are very uncertain.

Growth of Ge dots in single layer samples show that there are three possible
types of dots pyramids, domes and superdomes. The super domes have at least 8
facetted sides and irregular shapes, the pyramids and domes have a square-shaped
base that has almost the same size, they differ in shape and height. When dots are
grown, the density increases towards a saturation level that is different for domes
and superdomes. These are competing processes and once superdomes start to
grow they will eventually outnumber the domes. Higher temperature and higher
flow gives faster growth development. A higher temperature also gives a higher
intermixing. The measured strain is compressive and seems to decrease with higher
temperature.

Dots grown at 600 ◦C compared to dots grown at 650 ◦C have higher Ge content
but smaller size. The smaller size is compensated by their increased Ge content
and their TCR is higher or equal. They also have higher densities which are partly
because of the smaller size. This higher density might give a stronger signal since
there is a better average. It is possible to grow uniform samples with a bimodal dot
distribution at this temperature. The types of dots in the bimodal dot distribution



66 Results and discussion

are pyramids and domes. The domes of the most uniform sample have a dot di-
ameter of 43nm with a standard deviation of 3.3nm and the height is 10.9nm with
a standard deviation of 1.3mn, their density is 1.7 ·1010cm−2 and their Ge content
is 67%. Simulation of TCR for these un-capped dots gives 5.78%/K, compared
to 5.03%/K for dots grown at 650 ◦C. For dots grown at 650 ◦C the Ge content
decrease from 56% for un-capped dots to 42% for capped dots, this decreases the
TCR to 3.85%/K. A similar decrease in Ge content from 67% for dots grown at
600 ◦C gives 50%, this results in a TCR of 4.43%/K.

Investigation of the effects of strained surfaces reveals that it makes dots change
from domes to superdomes faster. This increases the dot size and gives a smaller
density. Strain in the surface also makes the dots align in crosshatch patterns.
A more strained surface increases these effects. The presence of Ge in a surface
has no effect. No differences between strained surfaces of SiGe alloy compared to
strained Si surfaces were observed. But a strain relaxed SiGe surface layer creates
large undulations of the surface.

For 600 ◦C, it is possible to grow ordered multilayer structures. In a multilayer
structure, there is a correlation between the periods. It originates from the strain
propagating through the barrier. The propagated strain decreases in magnitude
with barrier thickness and so does the correlation, but it is still present for thick-
nesses of at least 100nm. The correlation gives the following effects: The dots
increase in size for increasing period number since the strain accumulates. The
dots also order themselves in a pattern. This ordering increases the possible den-
sity but also the size uniformity. The densities of dots in multilayer samples are
measured to be smaller than the single layer, which can be due to their increased
dot sizes. The strain makes the dots align themselves vertically between periods.

If the Si barrier is too thin, at least for 25nm and thinner, a rough surface is
created. This gives dots that have a non-uniform shape as well as size distribution.
The consequence is also lower density. If there is a strain correlation present for
25nm it is overshadowed by the surface roughness.

With a barrier of 50nm and three periods, the correlation creates a square-
shaped pattern on the surface. The dots on this surface have a uniform shape
and size distribution. There are vacancies in the square pattern of domes on the
surface, but these are always occupied with pyramids. This means that, when
the pyramids are also counted the dot density is as high as possible, for this kind
of square pattern and dot size. The dots on the surface of this sample have a
diameter of 52nm with a standard deviation of 3.9nm and height of 11.9nm with
standard deviation of 1.4nm, their density is 1.3 · 1010cm−2 and their Ge content
is 58%.

When the dots are covered by a Si layer their heights decrease due to inter-
mixing which is confirmed by a decreased Ge content. The Ge contents of the
dots in the multilayer samples were difficult to draw any conclusions from, since
the top-most dots were un-capped. More samples and measurements have to be
made.
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Conclusions

Ge quantum dots have been grown on Si at a temperature of 550 and 600◦C. They
have a bimodal shape distribution, pyramids and domes. The size distribution of
domes is quite uniform with a standard deviation of 3.3nm, and there is a high
density of dots 1.7 · 1010cm−2. They have a base diameter of 43nm and height of
10.9nm. The intermixing of Si into Ge dots is lower than for higher temperatures,
for uncapped dots the Ge content is 67%. A simulation of the TCR for a block-
shaped buried dot with these properties gives 5.78%/K.

These dots have been grown on unstrained/strained Si and unstrained/strained
SiGe with Ge contents from 10% to 30%. Strain caused increased sizes of the dots.
The Ge dots on the strained surfaces of Si and SiGe had lines of higher density
creating a crosshatched pattern. The samples with a layer of relaxed SiGe had an
undulating surface creating a pattern visible to the eye.

These dots have also been grown in multilayer structures. For barrier thick-
nesses larger than 25nm, they align themselves vertically and the size increases for
each period. For thicker Si barrier layers of e.g. 50nm, the dots arrange themselves
in a close packed square pattern on the surface. The size distribution is uniform
and the density is optimal for this dot arrangement and dot size, 1.3 · 1010cm−2.
The dot size has grown to 52nm in the third period.

Ge quantum dot structures in Si grown at 600◦C with a theoretical TCR of
4.43%/K and high density have the potential to be a better choice to use as ther-
mistor material in an IR-detector than that of quantum wells with a TCR of
3.5%/K which is used today.

Raman spectroscopy can be used to determine the Ge content. This is done
by using equation 4.8 and integrating the intensities of the peaks from Ge-Ge and
Si-Ge vibrations. Using Raman spectroscopy for measuring the strain can not
be performed in a reliable way, unless the resolution of the spectrometer can be
increased.
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Chapter 7

Further work

The accuracy of the Raman spectroscopy measurements might be improved by
using polarized Raman spectroscopy. The 2TA Si phonons are polarized and can
partly be removed in certain polarization orientations. Since they coincide with
the Ge-Ge peak partly removing their contribution in this way, (except for the
subtraction of the reference spectrum) would probably increase the accuracy of the
measurements. Samples with weaker signal might then be possible to measure.[20]

Even though the large superdomes are removed in these samples, the distribu-
tion of dots is not uniform, there are still pyramids and domes. According to Zela
et al.[4] all pyramids can be transformed into domes. A similar approach can be
experimented on to increase the uniformity of the dot distribution.

How much the Ge content decrease when samples grown at 600◦C are capped,
have not yet been measured. These capped structures should be grown and mea-
sured by the method of Raman spectroscopy presented in this thesis. If their
decrease in Ge content is less than the one for 650◦C simulations show they would
have a higher TCR. This has to be confirmed by growing real detector structures
and perform electrical measurements of the TCR.

It is still uncertain if a multilayer structure really is better than a single layer.
Therefore both a singe layer and a multilayer structure have to be grown with
electrical contacts and characterized electrical. The TCR and the noise behavior
have to be measured. The purpose of a multilayer structure is to strengthen the
signal. But the variations in the extra periods of a multilayer structure might
give noise that degrades the signal instead. If a multilayer structure is better, the
number of periods giving the best properties has to be determined.

The sizes of the dots differ in the different periods. To make them more uniform
the amount of deposited Ge has to be changed in consecutive layers to compen-
sate for this.[12] How much to decrease the deposited Ge has to be investigated.
Also the strain accumulation should saturate after a number of layers, giving the
same size of dots for the same amount of Ge. This number of layers has to be
measured.[7] It would also be interesting to investigate if the square pattern of D3
will be preserved for a different number of periods. How does different number of
periods affect the structure, is the pattern present for two or four periods?
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Lower temperature means less intermixing but since the lowest temperature
for Silane to decompose is 500◦C, multilayer structures could not be grown below
this temperature. The alternative would have been to switch to a different reactor
or a different reactive gas. But still the temperature can not be lower than what
is required for epitaxy to take place. A lower temperature also means a slower
growth and 500◦C could have been used in our reactor but the times to grow the
samples would have been inconveniently long.

7.1 Suggestions

I propose that electrical TCR and noise measurements are performed and com-
pared on the following samples:

Sample Temp. Flow Time
[◦C] [sccm] [s]

Single layer D1 modified 600 24 35 25nm cap barrier
Single layer Wigblad E1 650 24 20 25nm cap barrier
Multilayer D3 modified 600 24 35 50nm barrier,

3 periods, capped

Table 7.1. Proposed samples for electrical TCR and noise measurements.

These measurements will reveal if multilayers are better than single layers and
if lower growth temperature really is better. This should be done before further
steps are taken in the optimization process. If multilayers are better there is still
much work to do. The structure proposed above is a good starting point for further
investigations.
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