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Abstract
Efforts to improve the optical performance of the indirect bandgap semiconductor
silicon (Si) has been a major subject of research in the field of Si photonics due to the
promising applications of Si based light emitters and detectors for optical communication.
With that motivation three different Si based material systems were investigated; Si:Er/O
layered structures, SiGe quantum dots and SiSn nano structures, all grown using the technique
of molecular beam epitaxy (MBE). The main focus of this work has been on Si:Er/O layers,
which lead to fabrication of Si-based light emitting diodes (LED) emitting at 1.54 μm
wavelength. The work on SiGe structures lead to the fabrication of near-infrared light
detectors, whereas the SiSn structures have not shown any strong optical character.
Studies include epitaxial growth, structural characterization, device processing,
electrical and optical characterizations. Material characterization of Si:Er/O structures using
analytical electron microscopy (AEM) revealed interesting results with identification of two
different type of microstructures in these layers depending on the Er and O concentrations.
Several Si:Er/O LEDs were fabricated with different Er and O concentrations and the optical
characteristics were investigated in order to find the best doping levels of Er and O for
efficient light emission. The electroluminescence measurements revealed a strong 1.54 μm
emission from these devices due to the intra 4f shell transition of Er3+ from the excited state
(4I13/2) to the ground state (4I15/2). Si:Er/O waveguide LEDs have also been grown on SOI
wafers using the optimized structure parameters obtained from mode confinement simulations
as well as the microstructure investigations. The Si:Er/O waveguide LEDs are aimed at
fabricating a planar Si cavity with Bragg mirrors on both sides to obtain light amplification
and realise an electrically pumped Si laser. A focused ion beam (FIB) instrument was used to
fabricate the Bragg mirrors but initial attempts did not result in light amplification in our
Si:Er/O waveguide cavities.
SiGe quantum dots are well-known quantum structures which are formed in a selfassembled fashion from Si/SiGe layer structures with a variety of shapes, sizes and
compositions depending mainly on parameters like growth temperature and layer thicknesses.
Optical properties of SiGe quantum structures have been studied while there has been little
knowledge about their composition. A detailed compositional investigation of different SiGe
dots on a nanometer scale was performed using AEM. The results showed a large degree of
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interdiffusion in large quantum dots, which was consistent with the optical properties of these
dots. Using a multiple stack of Ge quantum dots and SiGe quantum wells, MOSFET type
photodetectors working at 1.3 – 1.55 μm wavelength have also been fabricated and
characterized.
Research on the SiSn system was mainly motivated by the possibility to obtain a direct
bandgap transition in Si based material as it was predicted theoretically and experimentally
observed in the related GeSn material system by other researchers. Structural and optical
characterizations of SiSn nano structures were performed. Although the same SiSn nano
structures exhibit a weak signature of optical absorption, low temperature photoluminescence
measurements did not reveal any emission peaks related to the SiSn dots.
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Populärvetenskaplig sammanfattning
Kisel är den helt dominerande halvledaren för tillverkning av de integrerade kretsar
som utgör grunden för vårt nuvarande IT-samhälle. Samtidigt har det inte varit möjligt att
använda kisel-komponenter inom det stora optoelektronikområdet, exempelvis i sändare och
mottagare för fiberoptisk kommunikation. På grund av de stora fördelar det skulle innebära att
kunna integrera optoelektronik med kiselbaserade komponenter på samma halvledarskiva så
har det under de senaste åren varit mycket forskning kring möjligheterna att modifiera kisel så
att det kan användas inom optoelektronik.
I denna avhandling har tre olika materialkombinationer studerats för att undersöka om
kiselbaserade material kan användas för emission eller detektion av optiska signaler. Den
största delen av arbetet handlar om att tillverka, studera och utnyttja strukturer med låga halter
av erbium och syre som kan fungera som lysdioder i det infraröda området med just den
våglängd, 1,54 µm, som används i de flesta fall av fiberoptisk kommunikation. Genom att
studera hur ljusintensiteten beror på erbium- och syrekoncentrationerna samt den erhållna
mikrostrukturen i materialet så har tillverkningen kunnat optimerats för högsta intensitet.
Vidare har multilagerstrukturer utvecklats så att ljusemissionen sker ifrån en s.k. vågledare.
Målsättningen har varit att skapa möjligheter för att erhålla s.k. stimulerad emission vilket
skulle resultera i en kiselbaserad laser.
En annan del av avhandlingen berör tillverkning, karakterisering och användning av
s.k. germanium kvantprickar som kan erhållas på kiselytor om man belägger ytan med ett
antal atomlager av germanium. Dessa öar kan sedan begravas av kisel och får intressanta
optiska egenskaper. Studier har gjorts av hur stor interdiffusionen är av kisel och germanium i
kvantprickarna vilket påverkar vilka ljusvåglängder som kan absorberas eller emitteras av
kvantprickarna. Med hjälp av sådana kvantprickar har detektorer för våglängder 1,3-1,5 µm
tillverkats och karakteriserats.
Då även tenn/kisel kvantprickar har rapporterats ge användbar absorption av vissa
våglängder har en studie genomförts av tillverkning och karakterisering av material som
innehåller sådana kvantprickar.
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INTRODUCTION AND MOTIVATION
Electronic devices have developed rapidly over the last 50 years. The role of silicon

(Si) as the most dominating semiconductor in microelectronics industry has been established
with the fast advancement of integrated circuit (IC) technology. Apart from the excellent
electronic properties of Si and its oxide, low cost, a large natural abundance, mature
processing technology, and availability in large size wafers are main advantages. Advances in
microelectronics over a large period followed the prediction of Gordon Moore in 1965, which
is known as Moore’s law. This law describes the decreasing device size and increasing
complexity over time (i.e. doubling of device density approximately every 24 months), as
summarized in Fig. 1.1. The expected continuation of Moore’s law has also been a motivation
for the development as described by the International Technology Roadmap for
Semiconductors (ITRS).

Figure 1.1. Decrease of device dimensions with time as predicted by Moore’s law.

Today the minimum feature size on the surface of a complementary metal-oxidesemiconductor (CMOS) device is less than 100 nm and ultimately the extrapolation of
Moore’s law would require the dimensions of individual atoms. However before this
fundamental limit is approached, ITRS outlines a number of serious obstacles for the
continuation of Moore’s law including the introduction of quantum effects, device fabrication
limits, and device performance limits, with the decrease of device dimensions or increasing
the number of transistors per CMOS chip. The CMOS interconnect bottleneck is another issue
which states that the performance of future generation data processing systems will be set by
inter and intra-chip interconnects rather than by the IC performance [1]. Hence the demands
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of future communication for faster data transfer eventually would not be fulfilled by the
current microelectronics technology and a new breakthrough is needed. The fact that, in any
communication system employing electromagnetic waves as the information carrier, the
amount of data sent increases with the frequency, can be understood from the frequency
bandwidth associated with TV broadcast (~ 50-900 MHz) and with AM radio broadcast (~
600 kHz–20 MHz). Naturally, optical waves with frequencies in the range of 1014 to 1015 Hz
allow an enormously fast transmission of information.
The idea of optical communication, although in a different form, was originally
proposed by Alexander Graham Bell shortly after the development of the telephone in 1880.
He performed an experiment, with a device he called photophone, where a modulating light
beam could transmit speech, traveling through the atmosphere to a receiver at a distance of ~
200 m. Although Graham Bell thought his photophone was a bigger invention than the
telephone, it never developed further due to large attenuation of light through atmosphere and
unavailability of a strong light source. The interest in telecommunication with carrier waves at
optical frequencies was greatly triggered after the discovery of laser in 1960, which serves as
the light source for carrying information. In addition, the development of optical fibers was
characterized by extremely low transmission losses compared to light transmission through
atmosphere. Optical fibers fabricated with today’s technology offer losses as small as < 0.2
dB/km. The advantages of optical communication besides the increased band width are
increased transmission path, reduced influence of electromagnetic interference, reduced signal
cross-talk, and reduced weight. However, it involves integration of a large number of
electronic and optical devices, therefore a realistic approach would be to utilize the excellent
electronic properties of Si and look for Si-based optical devices. This scenario leads to the
field of Si photonics [2], where the goal is to fabricate Si based optical devices with
efficiencies comparable to III–V semiconductor materials. Such devices would find
applications in optical communication on all scales, from intra- and inter-chip interconnects to
the fibre-optic network. Unfortunately, for pure Si, light emission is a very inefficient process
as it has indirect energy bandgap. Nevertheless, if the mutual integration of Si electronics and
photonics is achieved, it would result in integrated photonic circuits offering greater
functionality and performance, which would be revolutionary. The building blocks for Si
based integrated photonic circuits are efficient light emitters, photodetectors, modulators,
waveguides, and chip-to-outside interface. Clearly the most challenging component is the
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efficient light emitter, which is preferably an electrically pumped Si laser, as Si is capable of
modulating and detecting light but obtaining optical gain or lasing is still one of the
fundamental challenges.
Different approaches have been investigated for light emission from Si [3-9] in order
to fabricate Si based light emitting devices (LEDs), including the optically active doping of
the rare earth erbium (Er) in crystalline Si. Although a great amount of work has been done by
different groups on Er doping of Si for light emission the hopes for realizing a Si laser were
low for a couple of decades. However the work on Si based optical devices has taken a new
pace after the demonstration of a continuous-wave Raman Si laser [10, 11] and a hybrid
silicon laser [12]. Nevertheless, both are based on indirect approaches which involve certain
limitations, e.g. in case of Raman laser an external source is needed for pumping and the
hybrid laser involves direct bonding of group III and V semiconductors on Si. The direct
approach of obtaining an electrically pumped, fully Si-based gain element has yet to be
realized. One of the direct and fundamental approaches include Er and O doped, epitaxially
grown Si layers to fabricate LEDs, which may be used to design planar waveguide cavities
and realize an electrically pumped Si laser.
The motivation for the work presented in this thesis is thus investigating different Si
based materials for realizing efficient optical devices. The objectives include production of
epitaxial layered structures, material characterization and device fabrication in order to
enhance the existing knowledge in connection with the previous research works performed in
this field.
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CHAPTER 2. MATERIAL SYSTEMS

In this part of the thesis a description of the material systems studied will be presented.
With the motivation of obtaining Si based optical devices, three different material systems
were investigated. The first type of Si based material system investigated was erbium (Er) and
oxygen (O) doped Si layered structures. The promising optical properties of this material
system lead to the fabrication of light emitting devices at 1.54 μm wavelength. The second
material system investigated was SiGe nano-structures (quantum dots). The work on these
structures lead to the fabrication of near-infrared light detectors. A portion of this work also
covers investigations of tin (Sn) nano structures in Si. However the optical characterization
studies did not reveal any luminescence in this material, hence realization of optical devices
based on this material system would not be realistic at the current stage. For a complete
understanding of basic concepts of semiconductor physics used in this work the reader is
advised to check the references [1- 4].

2.1.

Si:Er/O structures
Er is a so called rare earth element, belonging to the lanthanoid group, with an atomic

number of 68. “Rare earths” is the more commonly used term to describe the lanthanoids,
because of the minerals from which they were isolated. However they are neither rare in
abundance nor "earths" (an outdated term used for some type of metal oxides). Nevertheless
in this thesis the same term will be used. The rare earth elements present properties that are
unique in the periodic table, e.g. forming stable compounds with partially filled inner
electronic shells. Like the other members of this group Er is an element with a partially filled
4f shell. The characteristic of rare earths which separates them from other transition elements
is the screening of their 4f electrons by the filled 5s and 5p shells.
The discovery of Er was made by a Swedish chemist Carl Gustav Mosander in 1843
by separating it from an element called "yttria", found in the mineral gadolinite and named
after the town of Ytterby in Sweden. The unique optical properties of rare earths were known
for a long time [5], however primarily most of the work was focused on their incorporation in
ionic hosts e.g. oxides and fluorides. Among all the rare earths Er has been a good optical
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dopant for many applications. One of the most common applications of Er is in optical fibers
as a gain medium for amplification of optical signals (a modulated laser beam) directly,
without opto-electronic and electro-optical conversions. In Er doped fiber amplifiers (EDFA)
[6, 7] the core of a silica fiber is doped with trivalent Er ions (Er+3), which can be pumped
efficiently with a laser at 980 nm or at 1480 nm, and exhibits gain at 1550 nm.
The incorporation of rare earths in covalent hosts was proposed in the early sixties [8],
which initially faced a lot of challenges [9]. However after the observation of low temperature
light emission at the wavelength of 1.54 µm from Er inside Si and III-V semiconductors by
Ennen and coworkers [10, 11], there has been a huge increase of work on incorporation of Er
into silicon motivated by the prospects of integrating light-emitting silicon into the available
silicon technology. In this respect several types of Si based Er doped material structures
evolved, which include single crystal epitaxial layers [11-14], Si nanoclusters [15-17], SiO2
layers [18], Si/SiO2 superlattices [19, 20] etc. There has been a considerable amount of work
performed on understanding the optical characteristics of different Er doped Si structures
which has accelerated the activity in the field of Si photonics and lead to realisation of Sibased Er-doped light emitters. Some of the references in this regard are [11, 21-32].

2.1.1. Electronic configuration of Er in Si
Er generally has the trivalent charged state Er3+ when embedded in a solid, losing two
electrons from the outermost 6s shell and one electron from the 4f shell, and it has than an
electronic configuration of [Xe]-4f11. The incompletely filled 4f-shell of the Er3+ ion allows
an electronic configuration with different energies due to spin-spin and spin-orbit interactions.
Following the Russell-Saunders notation the energy levels are shown in the schematic
diagram of Fig. 2.1 where the corresponding wavelength for each transition is also indicated
[2]. The transition from the first excited state of Er3+ (4I13/2) to the ground state (4I15/2) gives a
photon of wavelength 1.54 μm, which is represented by the small thick arrow in Fig 2.1. This
wavelength is important because it falls in the minimum loss window of transmission in
optical fibers. For a free Er3+ ion the radiative transitions between most of these energy levels
are in principle forbidden according to the selection rules. However, when Er is incorporated
in a solid, for example Si, perturbation of the 4f wave functions due to the crystal field of the
surrounding material occurs, which causes Stark-splitting of the energy levels. This results in
a broadening of the optical transitions as shown in Fig. 2.1, making radiative transitions
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weakly allowed. This splitting was experimentally observed in the first photoluminescence
spectrum observed at low temperature of Er implanted Si by Ennen et al. [11]. Another
attractive feature of the 4I13/2  4I15/2 transition is that it is very weakly influenced by the
external environment because the 4f shell is shielded by the two filled 5s and 5p orbitals. As a
result, the transition energy does not change with temperature changes. The life time of the
4

I13/2 → 4I15/2 transition is very long (∼1 ms), and once an Er3+-ion is excited to one of the

higher levels it rapidly relaxes to the 4I13/2 level via multi-phonon emissions. The large
transition energy (0.8 eV) to the ground state of Er3+ makes the multi-phonon emission less
likely and efficient radiative emission at 1.54 μm can be possible. The long decay time of the
first excited state 4I13/2 provides the ideal scenario for population inversion and stimulated
emission, which are the fundamental issues for constructing a laser from an Er doped
waveguide structure. Although the probability for stimulated emission is rather small because
of low optical gain, high Er concentrations might solve this problem. In fiber amplifiers this
issue is tackled by increasing the total length of the Er doped fiber. However in case of Si
based Er doped optical devices length scales are limited, thus high Er concentrations are
needed.
0.53 μm

2

H11/2

0.55 μm

4

S3/2

0.67 μm
0.81 μm

4

I9/2

0.98 μm

4

I11/2

1.54 μm

4

I13/2

4

I15/2

Figure 2.1. Schematic representation of the Er3+ intra 4f energy levels.

2.1.2. Er incorporation in Si
Er has a low solubility in Si, 1016 cm-3 at 1300 oC and precipitation will occur for high
concentrations at high temperature. However two different nonequilibrium methods are used
to incorporate high Er concentrations well beyond the solubility limit of the host: ion
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implantation and epitaxial growth. From the point of view of layer quality Er doping of Si
using molecular beam epitaxy (MBE) is preferred because implantation leads to structural
defects. Initially the low solubility of Er in Si had been an important issue. Studies of
solubility, segregation and precipitation of Er in Si were performed by Eaglesham et al. [33]
on samples prepared by Er implantation in Si. A concentration limit of 1 × 1018 cm-3 at 900 oC
was found before precipitation (most probably ErSi2) of Er would occur. The ErSi2
precipitates are detrimental for the 1.54 μm luminescence. Similar values of solubilities were
found in case of Er-doped Si layers grown by MBE [34].
Several studies were performed on the role of codopants in increasing the Er solubility
limit and also the optical activation of erbium in silicon was considered to be related to the
presence of either native or intentionally added codopants. Several codopants have been tried
including C, F, O etc. However O proved to be the best codopant so far in enhancing the
solubility limit and luminescence [14, 35-37]. The stronger 1.54 μm Er luminescence from
Czochralski (CZ) grown Si (background O ∼ 1018 cm-3) compared to Float-zone (FZ) Si
(background O ∼ 1015 cm-3) was a confirmation of the importance of O [38]. Reports have
been made that an Er concentration of about 1020 cm-3, well above the solubility limit and
precipitation onset, could be achieved by O co-doping with Er/O ratio 1:10 [13, 14, 39]. In
reality the formation of Er/O complexes during growth increases the Er incorporation and
makes it possible to have high Er concentration without ErSi2 precipitation. These complexes
maybe also be optically active and create a defect level at 0.15 eV below the conduction band
edge of Si, which is involved in the energy transfer and efficient pumping of Er3+ ions [37,
40] as will be discussed in the next section.
In this work, the Er and O doped Si layers, with doping concentration up to 5 × 1019
cm-3 and 5 × 1020 cm-3, respectively, were epitaxially grown without any detrimental
precipitation, using molecular beam epitaxy (MBE).
2.1.3. Excitation of Er3+ ions
For optical characterization of Er/O doped Si light emitting structures, the excitation
of the Er3+ ions from the ground state 4I15/2 to the first excited level 4I13/2 is achieved through
two different ways depending on the measurement type, i.e. photoluminescence (PL) or
electroluminescence (EL). During PL the excitation is achieved optically using laser radiation
(normally an Ar laser of ∼ 488 nm) for direct excitation or to generate electron-hole (e-h)
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pairs. PL measurements are often performed at low temperatures where the photo-generated
e-h pairs form free or bound excitons. When these excitons recombine the corresponding
energy is released in different ways. In one way energy is released radiatively with assistance
of phonons since Si has an indirect bandgap. However the probability for this process is very
small. Another way of energy release occurs through exciting an exciton at an Er-related
level. Reports have been made that this Er related level is situated at about 150 meV below
the conduction edge of Si, which acts as a pathway for energy transfer between the Si host
and the Er3+ 4f level [41-43]. Excitation cross sections of Er3+ in Si via the above mentioned
mechanism are reported to be in the range of 3 × 10-15 to 10-12 cm-2 [28, 31]. This indirect
excitation process is schematically shown in Fig. 2.2(a).
Hot electron
Ec

Ec
4

I13/2

4

I15/2

Ev

Ev
Si

Er

Er3+

Si

3+

(a)

(b)

Figure 2.2. Excitation processes of Er3+ ions to the first excited state by (a) electron-hole
recombination at an Er-related level and (b) hot carrier impact excitation.

During EL measurements of Si:Er/O LEDs the primary energy is provided through
electric pumping instead of optical pumping. However there are two ways the electrical
pumping is done, either by operating the Si:Er/O LEDs in forward bias or in reverse bias
condition. In case of forward bias, the Er3+ excitation mechanism is the same as in Fig. 2.2(a)
where the majority carriers flowing across the pn-junction recombine or form bound excitons
and the rest of the processes is the same as described above. However in case of reverse
biasing, the Er3+ ions are excited by the hot carrier impact excitation mechanism [44]. When
the pn-junction is reverse biased in breakdown condition, electrons (the minority carriers)
tunnel from the p-side of the junction to the n-side if the applied field is sufficiently high.
Under the high field across the pn-junction, electrons gain kinetic energy and become hot at
the n-side of the depletion region where the Er doped layer starts [42]. When a hot electron,

9

with kinetic energy higher than the energy difference (0.8 eV) between the ground state
(4I15/2) and the first excited state (4I13/2) of Er3+, collides with an Er3+ ion it may transfer its
energy to excite the Er3+ ion. The hot carrier impact excitation mechanism is schematically
shown in Fig. 2.2(b). It is an efficient way to excite the Er3+ ions as compared to excitation via
e-h recombination. The excitation cross section of Er, which is considered as an effective area
around an Er ion, is a strong function of the kinetic energy of the hot electrons [44]. It has
been reported [12, 45] that the reverse biasing of Er doped Si devices gives much more
efficient light emission than forward biasing, at room temperature.
2.1.4. De-excitation of Er3+ ions
The excited Er3+ ions can de-excite to the ground state (4I15/2) through two types of
possible mechanisms, i.e. radiative or non-radiative de-excitations. As it is evident from the
name, in the radiative de-excitation the Er3+ ions radiate a photon of wavelength 1.54 μm as
represented schematically in Fig. 2.3(a). This is the required process in Si:Er/O LEDs to
obtain 1.54 μm luminescence. Whereas the non-radiative de-excitation of Er3+ does not emit
any photon, instead it quenches the 1.54 μm radiation. There are several paths for the nonradiative de-excitation of Er3+ from the first excited state (4I13/2) to the ground state (4I15/2) of
Er3+ ions, which are schematically shown in Fig. 2.3(b-d). One of these non-radiative
processes is the thermally activated energy back transfer, which is the reverse of the excitation
process of Fig. 2.2(a). When an Er3+ ion de-excites, the energy is used to promote an electron
from the valence band to an Er related donor level inside the bandgap creating an Er related
bound exciton as shown in Fig. 2.3(b). The energy mismatches are supplied though phonons
which make this non-radiative process thermally activated [46, 47]. Hence the energy back
transfer process through an Er related defect center is dominating at high temperatures.
Another non-radiative path for the Er3+ ion de-excitation is by energy transfer to free carriers
as schematically represented in Fig. 2.3(c), which is also called the Auger carrier effect. This
process is important in situations when there is a large number of free carriers, e.g. the
forward bias pn-junction. To some extent this process can also be increased by temperature
due to thermally generated carriers. Any excited Er3+ ion can also de-excite non-radiatively by
giving its energy to excite a neighbouring Er3+ ion from the first excited state to a higher state.
This process, shown in the schematic picture of Fig. 2.3(d), is called cooperative up-
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conversion [48] and is more active in highly doped structures where the Er/O centers contain
Er ions close to each other.
To have an efficient luminescence it is important to suppress the competing nonradiative de-excitation processes, which limit the light emission from Er in particular due to
the long radiative decay time of the 4I13/2 excited state. Hence, all these non-radiative
processes lower the amount of excited Er and in case of reverse bias LEDs one needs to
increase the number of hot carriers by increasing the reverse breakdown current. Identification
of these non-radiative mechanisms is not a straightforward task particularly as they often
occur in combination. However studies have been made of energy back transfer and Auger
mechanisms using time resolved measurements of Er doped Si LEDs [12, 45, 49]. From this
brief description it is clear that main factors influencing the Er3+-ion de-excitation are
temperature, impurity concentration, carrier density, and microstructure.
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Figure 2.3. De-excitation processes of excited Er ions to ground state through (a) radiative
transition, (b) energy back transfer, (c) Auger de-excitation with energy transfer to a carrier
and (d) up-conversion.
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2.1.5

Optical Waveguiding
Optical, waveguiding is a confined propagation of an electromagnetic wave from one

point to another point and the range of this transfer can vary very much depending on the
application. Today the most common optical waveguides are glass fibers with well-known
applications, particularly for optical communication. Optical communication is the
transportation of modulated optical signals through glass fibers or other waveguiding
materials. There have been remarkable developments in the field of fiber optics technology,
especially fabrication of low-loss single-mode optical fibers in the late 1970s, enhancing the
significance of waveguide-based optical devices.
One of the biggest advantages with Si:Er/O light emitters is that the emission
wavelength is 1.54 µm, which falls in the minimum loss window of optical fibers as seen
from Fig. 2.4. Figure 2.4 shows the loss coefficient per unit length as a function of
wavelength of a typical silica optical fiber obtained by Miya et al. [50]. The losses are caused
by various mechanisms including Rayleigh scattering, absorption due to metallic impurities
and water in the fiber, and intrinsic absorption by the silica molecule itself. The minimum loss
region window has become extremely important for the availability of erbium-doped fiber
amplifiers. In epitaxialy grown Si:Er/O light emitting devices waveguiding can be achieved
by growing strained Si1-xGex layers. These layered structures are promising for realizing a Sibased cavity for light amplification and achieving an electrically pumped Si-laser working at
1.54 µm.

Typical wavelength dependence of attenuation for a silica optical fiber with the lowest
attenuation around 1540 nm [tm].
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2.2.

Nanostructures
There are several reasons why science and technology move towards smaller

dimensions. Nanotechnology is a field with very rapidly developing concepts for all
disciplines of natural sciences. We are already witnessing the importance and the uses of
nanomaterials in our daily lives for different applications. The first introduction of the concept
of nanotechnology was presented by the physicist Richard Feynman in order to manipulate
individual atoms and molecules. His talk, titled "There's Plenty of Room at the Bottom", at an
American Physical Society meeting at Caltech on December 29, 1959 has been a great
inspiration for nanosciences. When the size of a material system is decreased to nanometer
scale, physical properties change compared to what it would exhibit on the bulk scale and a
number of statistical and quantum mechanical phenomena become pronounced. With great
reductions in particle sizes the electronic and optical properties of solids also alter, as the de
Broglie wavelength of carriers are comparable to the dimensions of the nano-particles. At
present there are a huge number of discoveries in different types of nanomaterials enabling
enormous applications.

2.2.1. Semiconductor quantum dots
Semiconductor quantum dots (QDs) are one type of nano-particles with outstanding
optical and electrical properties. Much of the fascination with quantum dots stems from their
quantum confinement effects and tailoring of energy bandgaps. Developments of fabrication
techniques, such as MBE and metal-organic-chemical-vapor-deposition (MOCVD), made
possible a variety of semiconducting QDs with precise sizes and compositions. Generally
QDs are nanometer sized structures of one type of semiconductor embedded into another type
of semiconductor with a relatively larger energy bandgap, as seen in the schematic illustration
of Fig. 2.5. It is the difference in energy bandgaps that leads to the trapping of charge carriers
such as electrons and holes, inside the QDs. QDs can be considered as zero dimensional
entities as the confinement effect is in all the three directions, unlike in quantum wells (QW)
and quantum wires (QWr) where the confinement is in one and two directions respectively.
The three dimensional quantum confinement in QDs results in splitting of the conduction
band (CB) and valence band (VB) into discrete energy states, hence in most cases they are
treated as individual atoms with well defined energy levels.
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Figure 2.5. Schematic material structure of a bulk (3D), quantum well (2D), quantum wire
(1D), and a quantum dot (0D). The corresponding density of states (DOS) plots for each type
are also presented.

A very useful concept in semiconductor physics is the number of electronic states per
unit volume and energy, which is defined as the density of states (DOS). The DOS is greatly
modified for different type of quantum structures depending on the degree of confinement as
shown in Fig. 2.5. For semiconductor materials in the bulk form, the DOS has a square root
dependence on energy and this dependence changes accordingly with the dimensionality of
the quantum structures as seen from Fig. 2.5. The discrete DOS in case of QDs are
characterized by the delta function resulting in outstanding optical and electrical properties for
realizing advanced semiconductor devices.

2.3.

SiGe quantum dots

2.3.1. SiGe material background
The idea of combining Si and Ge into an alloy for improving the performance of
transistors is very old, but difficulties in growing lattice-matched Si1-xGex alloy on Si has been
an obstacle and delaying the progress in this area. The earliest reference about Si1-xGex
devices one can find is actually a patent in 1950s where the idea of a Si1-xGex heterojunction
bipolar transistor (HBT) was discussed in light of the physics of the 1950s [51]. However
practical demonstration of such a device was reported only in 1975 using the epitaxial growth
technique of MBE [52]. Another motivation for researchers working on the SiGe material
system has been realization of improvements in the optical properties of Si and achievement
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of direct bandgap Si. Reports have been made proposing that zone-folding effects might
create a quasidirect bandgap in short-period SiGe superlattices [53, 54]. However,
experimental results of PL from such structures have been very controversial [55].
Nevertheless, today Si1-xGex based devices are used in many areas providing excellent
properties, e.g. Si1-xGex HBTs and amplifiers for RF communication.
There is also scope for bandgap engineering in Si1-xGex quantum structures with
tailoring the energy bandgap by changing the Ge composition leading to useful optical
devices, e.g. infrared (IR) detectors. A much studied feature offered by the SiGe material
system is the formation of nanometer-size quantum structures. There has been a rapidly
growing research work on SiGe QDs for multiple applications. Advancements in growth
techniques, e.g. MBE, also made possible the growth of SiGe QDs with more controlled sizes
and compositions, which is critical for applications in device structures. The current work on
the SiGe material system also includes fabrication and characterization of one type of IR
detector device based on SiGe QDs, the results of which will be discussed in chapter 5 (see
paper 5 for more details).

2.3.2. Formation mechanism of SiGe QDs
The formation of SiGe QDs is a self-assembled mechanism, which is a well known
spontaneous method used for preparing different nanoscale structures with tailored electronic
and optical properties. The lattice constants of bulk Si and Ge differ by 4.2% which causes a
Si1-xGex layer deposited on a Si substrate to experience a compressive strain. Strong driving
forces develop as the growth proceeds, to relieve the elastic energy stored in the layer. After a
certain critical thickness of Si1-xGex layers with a large mismatch, the stored elastic energy is
minimized via introduction of misfit dislocations [56] or formation of coherently strained
islands [57] depending on the Ge fraction and the growth parameters. Experimental
techniques of STM, TEM and RHEED have determined that the critical thickness of Ge
deposited on Si(100) is a few monolayers [58-62] and it increases with decreasing Ge
composition [63, 64].
In the epitaxial growth terminology this type of self-assembled island growth falls into
one of the three modes (described in chapter 3), called the Stranski-Krastanow [65] growth
mode. Based on theoretical and experimental results a three stage model is defined for the
formation of SiGe QDs with increasing amount of material deposition [66]. This model
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consists of wetting layer formation before the critical thickness, 3D island formation after the
critical thickness and finally evolution of the islands into larger islands by ripening and/or
coalescence. Nevertheless, the dots go through a shape transition during growth, depending
on the growth temperature and nominal layer thickness. It is known that the size distribution
of SiGe islands, under certain growth conditions, exhibits two peaks corresponding to
smaller-size pyramids and larger-size domes [67]. Apart from that, dot shapes also drastically
change after depositing Si on top of the dot layer. Details of the shapes and sizes of SiGe QDs
will be discussed in chapter 5.

2.3.3. Band alignment of SiGe QDs
There are two possible types of energy band alignments in case of semiconductor
heterostructures, type-I and type-II, depending on the material and strain combination of the
heterostructure. Example of a type-I band alignment is InAs/GaAs where the lowest potential
for electrons in the CB and holes in the VB are situated in the same material (the shaded
region in Fig. 2.6(a)). The SiGe quantum structures have generally type-II energy band
alignment as shown in Fig. 2.6(b). In this case the lowest potential for electrons in the CB and
holes in the VB are situated in different materials. Although Ge is the narrow bandgap
semiconductor, the lowest potential for electrons is in the CB of Si instead of Ge, whereas the
lowest potential for holes is in the VB of Ge [68]. Therefore any optical transition in SiGe
QDs at low temperatures is expected to occur as a result of a spatially indirect recombination
of holes in the dots and electrons around the edges of the dots. This may influence the optical
transition probability and consequently the efficiency of any device fabricated based on SiGe
quantum dot structures. In principle SiGe QDs still have indirect bandgap (in k-space) but
quantum confinement effects relax the k-conservation condition and enhance the probability
of radiative transitions. Note that in reality the type-II band alignment is slightly modified at
the interface between Si matrix and Ge dot, due to tensile strained Si below and above the
dots [69, 70]. Furthermore, the number of carriers trapped (electrons in the Si-notch potential
holes in Ge dot) will also modify the band alignment [68].
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Figure 2.6. Energy band diagrams of semiconductor heterostructures with (a) type-I and (b)
type-II band alignment. The shaded region is the narrow bandgap semiconductor.

2.3.4. Applications of QDs
There are a number of advantages in applications of the zero dimensional quantum
structures (QDs) as compared to the QWrs and QWs, mainly owing to the discreteness of the
energy levels of QDs. One of the key applications is in QD based lasers where a large drop in
the threshold current density has been achieved due to the reduced dimensionality and
modified DOS in QDs. Another expected advantage with QD lasers is the temperature
insensitivity of the threshold current, because the discrete and well-separated energy levels of
QDs may reduce the line broadening due to temperature of corresponding optical transitions.
However growth issues of size/shape homogeneity and composition control are reasons for
slow progress in commercializing such lasers based on QDs. IR-detectors is another key
application where QDs offer improved properties compared to QWs or QWrs. One of the
advantages is the relatively longer life time of relaxation between the discrete energy states of
QDs, which can reduce the dark current [71]. SiGe quantum structure based devices can
benefit from the mature Si-processing technology to facilitate the integration of such optical
devices with the current Si based electronic devices in order to realize optoelectronic
integrated circuits for optical communication.

2.4.

SiSn quantum dots

2.4.1. An attempt to realize direct bandgap material
Apart from the optically active doping of Si with rare earth elements (mostly Er) and
the SiGe system, initially attempts were also made to engineer the bandgap of Si to achieve a
transition from indirect to direct bandgap by alloying Si with other elements. This was also
motivated by the theoretical analysis of bandgaps for different group-IV elements in Si where
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reports were made predicting direct bandgap Si1-xSnx alloys for 0.9 < x < 1 [72, 73], as α-Sn
is a direct bandgap semiconductor with a very small bandgap. However experimentally
different obstructions arose, like the large lattice mismatches and the incorporation limits for
Si in Sn. Nevertheless, researchers working on improving the optical features of group IV
materials continued their efforts. One significant step in this direction was the achievement of
direct bandgap Gex-1Snx material with energy gap of 0.35 < Eg < 0.8 eV for 0.15 > x > 0 by
Atwater et al. [74, 75]. This observation indicated that achieving a similar transition could be
possible for Si1-xSnx. In bulk form, α-Sn with diamond crystal structure is a direct bandgap
semiconductor with negligible energy gap, but quantum confinement is expected to increase
the bandgap at the Г point of the Brillouin zone.
However the substitutional incorporation of Sn in Si is more challenging since the
value of x (Sn composition), at which an indirect to direct energy gap transition is likely to
occur, is very high. Other then that there are several growth related issues which make the
growth of high quality SiSn layers very complicated. Nonetheless, using temperature
modulated MBE very thin Si1-xSnx layers can be grown on Si. These layers when annealed
result in formation of α-Sn quantum dots in Si matrix. With that, investigations of the
electrical and optical properties of these nanostructures began in order to realize any direct or
indirect optical transitions from this material system.
The Si/Sn system has been studied extensively by Larsen et al. at Arhus University,
Denmark, where Si/Sn nano structures were grown by MBE [76-82]. However they did not
report any strong QD related optical transition or indications of direct bandgap in their
structures. Besides that, studies on the SiSn system were also carried out at Caltech by
Atwater et al. [75, 83, 84] with some interesting results as described in chapter 6.

2.4.2

Growth related issues
The technique generally used for growth of SiSn quantum dots is MBE. Crystalline

thin films of Si1-xSnx have also been prepared by ion implantation [85] but this method suffers
from the residual ion damage and is unable to produce sharp interfaces. α-Sn has a lattice
constant of 6.48 Å whereas the lattice constant of Si is 5.43 Å. Hence the lattice mismatch
between Si and Sn is almost 20 %, which makes it quite difficult to produce high-quality
epitaxial Si1-xSnx strained layers. Also the phase transformation of Sn at 13.2 oC from α-Sn to
β-Sn creates difficulties to stabilize it in Si lattice. Another difficulty is the low solid
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solubility of Sn in Si (~5×1019 cm-3), which is less than 0.12 % at room temperature [86, 87].
There is also a strong tendency of surface segregation during growth of Si1-xSnx layers. The
growth temperature is another important factor in MBE, since the surface kinetics of the
added atoms is responsible for producing a good quality layer. But too high temperature may
also create defects, which means an optimum temperature is essential. All these issues make it
difficult to achieve the usual strain-driven Stranski–Krastanow growth mode, which is the
growth mode of Ge quantum dots in Si. Hence SiSn QDs demand low growth rate and low
temperature MBE growth. Temperatures below 250 oC are suitable to grow Si1-xSnx with
tetragonal-shaped Sn quantum dots, while at higher temperatures surface segregation of Sn
occurs, resulting in the formation of Sn droplets and surface roughening [76].

2.4.3. Strain relaxation in Si1-xSnx and QD formation
Due to the large lattice mismatch between Si and Sn, Si1-xSnx layers contain large
strain, which relaxes via different mechanisms. Using experimental techniques of RBS and
TEM, Larsen et al. [78, 80] have reported the relaxation of strain in epitaxial Si1-xSnx
structures for 2.5% ≤ x ≤ 5% grown on Si(001) by MBE. Along with the formation of Sn dots,
misfit dislocations, line dislocations, and dislocation loops were observed (depending on the
temperature) after annealing the samples at temperature range of 400-950 oC. Because of the
existence of a number of mechanisms, the full analysis of relaxation of this system is much
more complicated than the well-known Si/Ge system. Performing TEM studies Larsen at al.
[78] reported octahedral shaped Sn dots with a size distribution peaked around 50 nm and 160
nm. The smaller dots were found mainly at the interface whereas larger dots were found in the
bulk of Si1-xSnx [78]. Furthermore, high resolution TEM studies have revealed that these
precipitates actually consist of two different phases of Sn; a semiconductor phase (α-Sn) with
diamond structure and a metallic phase (β-Sn) with body centered tetragonal unit cell [80].
Investigation of SiSn QDs were also carried out by Atwater et al. [84] where thin alloy
layers of α-Si1-xSnx were grown using temperature-modulated MBE and post-growth
annealing was performed. Their studies revealed the existence of two mechanisms responsible
for the formation of quantum dots in the Si/Sn system; the creation of voids in Si and their
filling with Sn via diffusion, and the phase separation leading to solid solutions with a much
higher Sn content than the predecessor quantum well structure would possess. The shape of
the dots was reported to be tetrakaidecahedron in first case, similar as the equilibrium shape
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of Si voids [88, 89], and octahedron in the second case. Both the mechanisms are believed to
occur at the same time during the MBE growth as well as ex situ thermal annealing
treatments. This is a relatively less studied and more complicated material system as
compared to the SiGe system, therefore more studies are required to fully understand the
shape, chemical composition, distribution, and formation of these quantum dots, before
expecting any optical breakthrough.
The lack of investigations on the optical properties of this material system was a key
motivation for our current work on SiSn QDs. However there are two reports related to the
optical properties of SiSn material worth mentioning. The first study consist of low
temperature band edge PL measurements of strained Si0.96Sn0.04 samples grown by MBE
showing no Sn related peak, reported by Khan et al. [90]. The second measurements are the
multiple-internal-reflectance Fourier-transform infrared (MIR-FTIR) spectroscopy of the
absorption coefficient of SiSn QD layers reported by Atwater et al. [75]. These measurements
revealed an absorption onset at 0.27 eV representing a direct interband transition. This
observation was another important motivation for performing the present work on SiSn nano
structures in order to investigate the structure of these QDs and understand their optical
nature. The experimental results will be presented and discussed in chapter 6.
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3

EXPERIMENTAL TECHNIQUES

In this chapter a description of the main experimental techniques used in this work is
given. Characterization methods include state of the art techniques for layer growth, device
processing, structural, optical and electrical investigations.

3.1.

Growth technique
The growth method used for producing all the layered structures was the well

established technique of solid-source molecular beam epitaxy (MBE) [1]. It is an ultra high
vacuum (UHV) technique where thin films crystallize on substrates through reactions
between thermally generated molecular or atomic beams of source elements and the substrate
surface. A schematic view of sources evaporating molecular beams onto the substrate in the
growth chamber is shown in Fig. 3.1. The substrate is maintained at an elevated temperature
in UHV to provide energy to the deposited atoms. The evaporation of all constituent elements
is achieved by heating at different temperatures through different ways depending on the
source materials. The composition and structure of the grown layers are controlled by several
parameters including the substrate temperature, growth rate, background pressure etc.
However before going into details about the properties of MBE growth a brief historical
background regarding the development of MBE is presented.

Substrate heater
Substrate

Molecular beams

Shutters

Growth Sources in effusion cells

Figure 3.1 Schematic outline of MBE growth configuration.
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3.1.1 Development of MBE
The growth technique of MBE was developed as an evolvement from two
complimentary approaches of growing compound semiconductor layers, initiated by Günther
[2] and Arthur [3]. However as a practical thin film growth apparatus it was first successfully
used by Arthur and Cho in the late 1960s to crystallize and investigate GaAs epilayers [3, 4].
After that, there was rapid development in high-vacuum epitaxial growth techniques using
particle beams. Development in MBE got accelerated particularly with the invention of
different semiconductor devices with quantum well structures (e.g. quantum well lasers) in
the 1970s. Consequently it grew as a popular state of the art technique for growing
semiconductors as well as several other materials and a large number of advancements have
been made including good control of pressure, temperature and in situ characterization
techniques for improving the epitaxial layer quality and reducing crystal defects. Besides the
MBE technique there have been developments using gas sources, which lead to slightly
different but new techniques like CVD. The original method of MBE faced a huge challenge
with the development of such relatively higher pressure gas phase techniques, because the gas
phase techniques, in many cases, became the choice for industrial device production due to
the capabilities of faster material growth. Nevertheless there are several features of MBE
making it a versatile technique for growing thin epitaxial structures made of semiconductors,
metals or insulators with higher quality and abrupt interfaces. MBE enables the fabrication of
heterostructures with composition varying on a spatial scale of down to one crystal-lattice
constant. Today a big part of MBE users are scientists developing different type of nano and
quantum structures for research.

3.1.2. Basic description of MBE growth
MBE can not only produce high-quality layers with very abrupt interfaces and good
control of thickness, it also offers highly accurate composition and doping with donors and
acceptors, be it constant, graded or delta doping. The capability of MBE regarding
composition and doping lead to the field of bandgap engineering with new physics and novel
device concepts. The growth sources can be placed into two categories, the main sources (e.g.
Si and Ge in case of group IV MBE) and the acceptor or donor dopant sources (e.g. boron for
p-doping and antimony for n-doping). In the MBE growth process the source materials (main
or dopant sources) are primarily thermally evaporated forming a beam of molecules/atoms.
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The constituent elements of the semiconductor in the molecular beams are incident onto a
heated crystalline substrate as shown in Fig. 3.1. Because of the large mean free path in UHV
compared to the dimensions of the MBE chamber there are very few collisions between
evaporated atoms and the ambient atoms.
During the epitaxial growth at the substrate surface, several processes may occur as
shown in the schematic picture of Fig. 3.2 [1]. Described by the flux of species arriving on the
surface there is a rate with which the number of atoms impinge on a unit area of the surface.
Once the atoms arrive at a lattice site on the substrate they can also be desorbed depending on
the substrate temperature. However at the optimum growth temperature the adsorbed atoms
are mainly following the steps of surface diffusion, chemisorption or nucleation and finally
lattice incorporation. The epitaxial growth proceeds, depending on the surface kinetics, either
through binding of adatoms to atomic steps or kinks on the substrate surface (step flow
growth) or by nucleation of islands which may join with the steps (island growth).

Figure 3.2. Schematic diagram of surface processes during MBE growth

Three major growth modes known in MBE growth are the layer-by-layer (Frank-van
der Merwe mode), island (Volmer-Weber mode) and layer-plus-island growth (StranskiKrastanov mode), as shown in the schematic picture of Fig. 3.3 with different surface
coverages (Θ). Different growth parameters as well as the chemical properties of deposited
atoms and the substrate decide in which mode the growth will occur. In the 2-D growth of
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Frank-van der Merwe mode the adatoms are connected more strongly to the substrate than
with each other and each monolayer is completely populated before the next layer starts.
Quite contrary to layer-by-layer growth, in the Volmer-Weber mode the adatoms are more
strongly bonded with each other than with the substrate, which leads to the nucleation of
three-dimensional islands on the substrate. In the third type of growth mode, an intermediate
type of growth occurs where islands are formed after a few monolayers of 2-D layers mainly
due to increasing interfacial energy of the grown layer on the substrate with increasing layer
thickness. After a certain critical thickness of the grown layer is reached, this energy increase
is minimized in a self controlled way via the formation of islands which are called self
assembled islands or quantum dots. In this growth mode a main role is played by the lattice
mismatch between the grown layer and substrate, which is defined as:

δ=

aL
−1
a sub

2.1

where aL and asub are the lattice parameters of the grown material in bulk form and substrate
respectively.
Layer-by-layer

Island formation

Layer plus island
Θ < 1 ML
1<Θ<2

Θ>2
(a)

(b)

(c)

Figure 3.3. Cross-section schematic views of the three primary thin film growth modes of (a)
Frank-van der Merwe, (b) Volmer-Weber, and (c) Stranski-Krastanov. Each mode is shown
for different amounts of surface coverage .

3.1.3 Important features of MBE
The UHV environment of MBE ensures an extremely clean arena for high purity layer
growth. In the present MBE systems base pressures of ∼ 1×10-10 mbar can be achieved after
baking. The main residual gases inside the system are H2 and N2 which are mostly less
reactive. Other contaminants include H2O, O2, CO and CO2 however they have extremely low

30

partial pressures. Also extremely pure source materials are used to keep the purity of the
growth system and the grown layers. All these conditions lead to a very low background
impurity concentration of MBE grown intrinsic layers. Background dopant impurity
concentrations as low as 1015 cm-3 have been reported for Si-MBE by Ni et al. [5]. The
impurities can be very crucial regarding the optical, electrical and crystallographic properties
of the grown layers. The background level of O and C in our intrinsic layers was observed
from SIMS results to be in the range of 1017-1018 cm-3. However they are not electrically
active and also the values are not large enough to generate defects in the layers. One of the
advantages of MBE is the possibility of direct integration of surface analytical
characterization tools. Some of the techniques can even give real-time, in situ surface
characteristics of the growth layers as typical growth rates in MBE are no more than one
monolayer per second.
The Si-MBE system used for the growth of all device layers was the V80 system
manufactured by Vacuum Generators (VG) shown in Fig. 3.4. An Edwards EO6 diffusion
pump is keeping the system at UHV. The V80 MBE system is equipped with evaporation
sources for Si, Ge, B (boron for p-doping), Sb (antimony for n-doping), Er, and SiO (for O
incorporation with Er) [6]. As Sb doping is difficult due to the large Sb surface segregation,
there is also a locally developed Sb ion source in the MBE system, which provides low
energy (∼ 200 eV) Sb ions. Both the Si and Ge sources are fitted with electron guns for
heating the source material. The MBE system also has a proper set-up for O gas flow onto the
sample during growth, for O incorporation. For the growth of structures investigated in this
work, O gas was mainly used together with the Er source to get Er/O incorporation. There is
also a thickness monitor installed to calibrate the evaporation rate of sources before growth.
The V80 system can only take 3 inch wafers, however 10 wafers at a time can be loaded in
the magazine fixed in the load lock separated from the main chamber with a vacuum seal
valve.
All the sources are water cooled and there are water pipes around the main chamber as
well to get rid of the unwanted heat. Both the e-guns are automatically connected with water
flow, hence they cannot be turned-on if there is no water flow. By using a specially designed
graphite heater the substrate temperature (can be raised up to 830 oC) is maintained at a
controlled temperature, sufficiently high that the molecules reaching it diffuse across the
substrate surface to grow films that are oriented with the lattice of the substrate.
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Figure 3.4. V80 Si MBE system.

A RHEED (Reflection High Energy Electron Diffraction) set-up is another feature of
the V80 system for obtaining information about surface morphology prior to or during growth
by monitoring surface reconstruction patterns to investigate the layer quality. This technique
exploits the principle of electron diffraction by crystalline structures, using an electron beam
of 25 keV incident on the wafer surface with a grazing angle of ≤ 2o. The de Broglie
wavelength of these electrons is in the sub-angstrom range and their penetration into the
sample surface is low, and essentially restricted to the outermost few atomic layers [7]. Most
semiconductor surfaces exhibit surface reconstruction, which is a rearrangement of the
topmost atomic layers into symmetries different from the respective bulk. The diffracted
beams in RHEED contain information about these surface reconstructions, and they are
monitored using a fluorescent screen situated on the opposite side of the electron gun as
shown in Fig. 3.5. Typically the information on the screen consists of sharp, elongated or
diffused surface diffraction spots, which give information about the growth mode [8]. In case
of very rough surfaces, a bulk diffraction pattern is observed.
To minimize the energy a clean Si(100) surface relaxes by forming dimer rows along
<110> directions and in this way reducing the number of dangling bonds. Thus the RHEED
pattern of a clean Si(100) surface shows (2×1) surface reconstructions due to the doubling of
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the periodicity perpendicular to the dimer rows. However when a bare Si wafer is in
atmosphere it is disordered and contains several organic and inorganic microscopic
contaminants/particles, out of which carbon related particles are most common. Therefore a
thorough cleaning of Si wafers is essential before loading them into the MBE system, in order
to ensure a contamination free Si surface for a continuous single crystal epitaxy with
minimum defects. The most common procedure used in this work includes a combination of
hydrofluoric acid (HF) and UV cleaning of wafers. In this procedure the Si wafers are first
rinsed with de-ionised water and then dipped in 2-5 % HF solution for removal of the native
oxide (SiO2) layer. After that a UV ozone exposure for at least 5 minutes removes carbon
contaminants from the wafer surface and leaves a thin layer of carbon free SiO2. This layer is
then removed in a second HF dip followed by another ozone cleaning step for precisely 1
minute to obtain a thin protective layer of SiO. Right after this step the wafers are ready to be
loaded into the MBE system for growth. In the growth chamber before starting the growth this
SiO layer is removed by annealing at 825 oC, which is ensured by obtaining the (2×1)
RHEED pattern.
Diffraction Pattern
Substrate

Azimuth
Electron
gun

High-energy
electron beam

Reflected
electron
beam

Fluorescent
Screen

Figure 3.5. Schematic of the experimental set-up for RHEED measurements.

3.2.

Structural characterization techniques

3.2.1. Transmission electron microscopy
For structural characterization of grown layers the main technique used was the
analytical transmission electron microscopy (TEM) [9, 10]. TEM microscopes have been
developed over a long period of time since the first construction by Ruska and Knoll in Berlin
in 1930s. It is now a well-established technique to do structural, compositional and chemical
characterization of materials on the scale of a few angstroms. The huge developments in
electron optics, imaging techniques and other electron beam characterization techniques,
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made it possible to realize an analytical electron microscope offering several characterization
tools within one TEM system.
The basic principle of a TEM is similar to that of an optical microscope with a
replacement of light with high energy electrons (∼200 KeV) and glass lenses with magnetic
lenses. The need of high energy electrons is understood well by the famous Rayleigh
criterion, according to which the smallest distance resolved is directly proportional to the
wavelength of the radiation used. Thus, high energy electrons with de Broglie wavelengths in
the sub-angstrom range provide atomic resolution. A TEM can be divided into two main
parts, which are illumination and imaging, with the sample to be analyzed in between, as
shown in the schematic cross section diagram of the TEM column in Fig. 3.6(a). The
illumination section contains the electron gun, two condensor lenses and apertures. In all
electron microscopes the electron gun, producing a fine beam of electrons of precisely
controlled energy, all coming from a small source region and accelerated using a high voltage,
is an important component. Together with other optics the high voltage used to accelerate the
electrons define the resolution of the microscope. Normally microscopes are operated at 200
KeV to 300 KeV. The TEM electron guns are of two main types, the thermionic electron gun
which e.g. uses a LaB6 tip for thermal emission of electrons, and the field emission gun (FEG)
which uses a very sharp tungsten tip (∼ 100 nm) with a large electric field for electron
emission (tunnelling). Field emission guns are better regarding beam intensity, coherency and
size. That is the reason why analytical microscopes always use a FEG. The purpose of
condenser lenses is to control the beam brightness according to the application. In the imaging
section right below the sample, the first component is the objective lens, which controls image
focusing and then the objective aperture, which controls the image contrast. The objective
lens is the most critical optical component since all aberrations will be magnified by other
lenses. After that there is the intermediate lens, which controls the magnification and finally
the projector lens and the screen/camera to display the image. In the back focal plane of the
objective lens is the diffraction plane where all the parallel Bragg diffracted beams from
different crystal planes of the sample, are focused around the transmitted beam. Using an
objective aperture concentric with the transmitted beam spot, contrast in the bright field image
can be improved, whereas dark field images can be obtained by displacing the objective
aperture to receive any diffracted beam.
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During transmission of the electron beam through a thin specimen most of the beam
electrons are un-deflected and some elastically scattered by the specimen atoms. Making use
of these electrons the TEM images are generated giving different types of contrasts (e.g.
thickness, material, phase and diffraction contrast), depending on the type of scattering centre
and different conditions. However 2D TEM images of the 3D specimen features are not very
straightforward to interpret. There are also several other types of inelastically scattered
electrons and emitted x-rays, which are used in obtaining chemical and compositional
information.

Illumination

Condensor
lens 1
Condensor
lens 2

Objective
lens
Imaging

Intermediate
lens
Projector
lens

(a)

(b)

Figure 3.6. (a) Schematic diagram of cross section of a conventional TEM and (b) a
photograph of the Tecnai G2 UT 200 kV FEG microscope.
The analytical TEM used for this work was a Tecnai G2 UT 200 kV FEG microscope
as shown in Fig 3.6 (b). It is equipped with an energy-dispersive x-ray (EDX) spectrometer,
and an Enfina detector for electron energy loss spectrometery (EELS), to do chemical and
compositional analysis on nanometer scale using a highly focused electron beam. In the EDX
technique the high energy (200 KeV) electrons excite core electrons of the specimen and, in a
de-excitation process, radiations in the x-ray range are emitted, which can be used to identify
the atoms involved. EDX not only provide qualitative information of chemical composition of
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a specimen it is also a very useful tool to perform quantitative analysis of chemical
composition. For example the quantitative analysis of a SiGe QW is performed by comparing
the above-background integrated intensities of the X-ray peaks present in the EDX spectra.
The material quantification is then performed using the Cliff-Lorimer relations [11] (Eq. 2.2
and 2.3).

C Si
I
= K SiGe Si − K
C Ge
I Ge − K

2.2

C Si + C Ge = 1

2.3

The left side of Eq. 2.2 is the ratio of the atomic percentage of Si and Ge, and the ratio on the
right side is between the intensities of Si-Kα and Ge-Kα X-ray peaks multiplied with KSiGe,
which is the so-called Cliff-Lorimer factor. KSiGe is a relative sensitivity factor that depends
on the microscope parameters and geometry as well as the materials under consideration. The
Cliff-Lorimer relation of Eq. 2.2 is an approximation that works accurately for thin
specimens, where X-ray absorption can be neglected. Eq. 2.3 means that the specimen under
investigation contains only Si and Ge and no other species are present.
In EELS the inelastically forward scattered electrons are detected and a large fraction
of the electrons loses energy through plasmon excitation events. However in EELS spectra the
strongest peak is always that of zero energy loss electrons followed by a smaller peak
corresponding to the plasmon peak and it depends on the specimen thickness. The number of
inelastically scattered electrons increases with increasing specimen thickness. Therefore it is
also possible to use EELS to have an idea about the specimen thickness from the ratio of the
total intensity and the zero loss peak intensity in the energy-loss spectrum and using the
following relation

I
t = λ ln t
 Io





2.4

where t is the thickness of the specimen, It and I0 are the total and zero-loss areas under the
electron-energy loss spectrum (integrated intensities), and λ is the average inelastic mean-free
path [10, 12]. The Tecnai system is also equipped with a High-Angle Annular Dark-Field
(HAADF) detector for Z-contrast STEM imaging, which detects electrons elastically scattered
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from the specimen with large angles, thus providing strong atomic number contrast in the
image.

3.2.2. Atomic force microscopy
Atomic force microscopy (AFM) is a popular commercial technique for performing
surface topography studies, which was first demonstrated in 1986 by Binnig et al. [13]. In this
technique a small cantilever made of Si containing a nanometer-size tip, is scanned across the
sample surface. The x- and y- scanning and small z- motions are made possible using a
piezoelectric scanner with nanometer scale resolutions. The distance between the tip and the
sample is in the regime where the atomic forces are influential and due to the interaction
between the tip and sample surface in these regimes it becomes possible to obtain the
topographical information of any surface with an appropriate set-up. There is no special
sample preparation required in this technique and measurements can be carried out in
atmospheric ambient. AFM can be used in 3 main modes, contact mode, non contact mode
and tapping mode. Evident from the name, in contact mode the tip is in full contact with the
sample surface during scanning while the force applied on the tip is kept constant. To avoid
damage while scanning sensitive samples the non contact mode was invented where the
distance between the tip and sample surface is kept constant. In the third type of operation
mode the tip oscillates very close to its resonance frequency over the sample surface
providing a very short time contact in each oscillation.
The AFM system used in this work was a commercial NanoScope IIIa (Digital
instruments), which gives a resolution of about 1 nm in z direction and a few nanometers in x
and y directions. Measurements were performed in the tapping mode where oscillation of the
cantilever near its resonance frequency is made with an appropriate amplitude. The oscillation
amplitude is monitored with a laser beam reflecting from the backside of cantilever and a
detector as shown in the schematic picture of the AFM setup in Fig. 3.7. With small changes
in the sample surface the oscillation amplitude varies as larger distances would result in more
space for oscillation and visa versa. With a feedback control loop the distance between the
sample surface and the cantilever is adjusted in such a manner that the oscillation amplitude
remains constant. In this way information about surface topography is obtained and a surface
image is mapped out. Using software, analysis of the obtained topographical image data is
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performed to get information about vertical and lateral dimensions, angles, shape of
nanostructures, average surface roughness etc.

Figure 3.7. A schematic picture of AFM measurement set-up.

3.2.3. X-ray diffraction
X-rays are electromagnetic radiation with wavelength in the range of atomic
dimensions. X-ray diffraction is a physical phenomenon happening when x-rays, scattered off
a crystal, under certain conditions interfere with one another. Based on this phenomenon the
technique of x-ray diffraction (XRD) was developed to do structural characterization of
different materials. It is a powerful and nondestructive method for studying crystal structure,
quality, composition, lattice parameters and measurement of strain. The x-rays scattered from
the atomic planes of a crystal interfere strongly if their wavelength is approximately the
magnitude of the interatomic distance. The principle responsible for diffraction is summarized
in Bragg’s law, which states that for constructive interference the path difference between two
scattered waves must be equal to an integer times their wavelength and mathematically given
as,
2d sin θ = nλ

2.5

where d is the distance between the lattice planes, λ is the x-ray wavelength, θ is the angle
between the incident x-ray beam and the lattice plane under consideration, and n is an integer.
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Basically x-rays are incident on the sample and the diffracted x-rays with different angles are
detected which contain useful information about the sample.
XRD is a versatile technique involving different type of optics depending on the
nature of measurements performed [14]. The XRD measurements performed in the current
work were for characterizing Si1-xGex alloy layers in order to determine Ge composition (x)
and strain in the layers, which is important information. This was also a part of the Si and Ge
source calibrations. Both Si and Ge crystallize in the diamond lattice and they are miscible
forming Si1-xGex solid solutions with x ranging from 0 to 1 [15]. The X-ray diffractometer
used in this work was MRD 1880 made by Philips. The open receiving slit configuration,
consisting of the Cu Kα1 x-ray source (λ = 1.5406 Å), a hybrid four-crystal Ge(220)
monochromator, an Eulerian cradle carrying the sample, and a movable detector, was used to
perform the high resolution (004) rocking curve measurements. A schematic view of the XRD
setup is shown in Fig. 3.8. The four-crystal monochromator provides small relative spread of
the x-ray wavelength and small angular beam divergence [16]. The Eulerian cradle has
independent computer-controlled variation of the angle of incidence ω, the diffraction angle
2θ, the angle of rotation around the surface normal φ, and the angle of rotation around the inplane surface axis ψ. In the typical receiving slit mode a slit with an angular acceptance of 4o
to 0.1o in front of the detector gives a suitable compromise between the diffraction and
background intensities. Measurements were done as ω-2θ rocking curves around the (004)
reflection and then fitting the experimental curve using computer software to get values of the
layer thicknesses and Ge compositions.
Detector

Goniometer

Monochromator
X-ray beam

Sample

X-ray tube

Figure 3.8. Schematic arrangement of the X-ray diffractometer in open receiving slit set-up.
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3.3.

Device processing
In this section some important details about the device processing are described.

Device processing is an important step for fabricating LEDs with several considerations about
the design. The samples grown in the MBE system consist of 3 inch Si wafers or square
pieces (4 × 4 cm2) of SOI wafer, which were cut into 2 × 2 cm2 pieces before performing
device processing. As two types of layered structures were grown, the ordinary LED and the
waveguide LED structures, two kinds of device designs are required involving different
processing steps. Due to the fact that the waveguide LED structures are grown on SOI
substrates, the device processing was relatively more demanding as compared to the
structures on Si. In the SOI case both the n and p contacts need to be made from the top,
hence fabrication of mesas with sides etched precisely down to the p+ SiGe layer is essential.
However one advantage in this regard was that the p+-SiGe also serves as an etch stop during
wet etching of Si. Nevertheless processing of both types of devices involve mesa fabrication
of different sizes using state of the art techniques of mask generation, photolithography, metal
deposition, wet etching, and reactive ion etching (RIE).

3.3.1. Mask generation
During different levels of photolithography, in order to define the device patterns on
the samples, different masks were used. These masks usually consist of glass plates with
metal patterns on them. In the current work 4-inch glass plates with Cr patterns were used as
masks. However before generating the masks the device layouts need to be designed and
drawn using some software (e.g. autocad). For the ordinary LEDs, masks were designed in
order to fabricate square size mesas (0.6 × 0.6 mm2 and 0.4 × 0.4 mm2) for surface emission.
For the waveguide LEDs, the masks were designed with the aim of fabricating long
rectangular shaped mesas and square mesas for edge and surface emission respectively. The
un-patterned mask consists of the glass plate coated with Cr and photo resist on one side.
These were then exposed to a HeCd laser of 442 nm wavelength in the pattern generation
machine to write the designed layout patterns on the photo resist which was followed by the
developing step. Line widths of 5 μm, which is the smallest feature size in the current devise
design, could be generated accurately. After etching away the unwanted Cr the desired pattern
was obtained and the mask was ready following the removal of photo resist. In each type of
device, several masks were required, therefore, alignment marks on each mask are crucial.
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3.3.2. Photolithography
The process of photolithography is used to transform the device pattern from the mask
to the sample. First of all, the sample surface is coated with positive or negative photo resist
by spinning at a speed of 4000 rotations/minute for 30 seconds. In the current work, only
positive photo resist was used. After that, using the mask aligner, sample and the mask were
aligned and placed in contact with each other, followed by an exposure to UV light of a Hg
lamp. The exposure time is calibrated to be around 10 sec. In the case of positive photo resist
the exposed part is dissolvable in the developer solution. At the end of a photolithography
step the device pattern is transformed onto the sample in form of a photo resist mask. Now the
photo resist would act as a mask for translating the pattern onto the sample surface. For
example if the sample surface had a metal layer underneath the patterned photo resist, the
pattern could be translated to the metal by dipping in a corresponding metal removal solution.

3.3.3. Oxidation
In semiconductor devices different oxide layers are used for a variety of purposes. The
most common oxide used for Si based devices is SiO2. During the current processing, SiO2
was deposited to be used as a mask for wet Si etching in case of Si:Er/O LED fabrication and
as gate oxide in case of SiGe MOSFET photodetector fabrication. There are three different
ways of SiO2 deposition, plasma-enhanced chemical vapour deposition (PECVD), sputtering,
or through high temperature treatment in an oxygen-rich ambient. For this work, SiO2 was
deposited using low temperature PECVD. It is the best technique to use if the treated samples
are sensitive to high temperature e.g. through dopant diffusion or intermixing. The deposition
is performed in an evacuated chamber with a background of SiH4 and N2O gases at a pressure
of 900 mTorr and the sample is heated to 350 oC. A plasma is formed using an RF generator
and deposition of SiO2 occurs as a result of the following reaction.
3SiH4 + 6 N2O  3 SiO2 + 4NH3 + 4 N2

3.3.4. Etching
Etching is a process of removal of unprotected parts of a metal, oxide or
semiconductor surface to create a pattern, which is a crucial part of the device process flow.
Two types of etchings can be applied under specific conditions, wet etching and dry etching.
Wet etching is performed using liquid solutions consisting of strong acids or bases. Wet
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etching of Si is normally achieved using potassium hydroxide (KOH) solution, SiO2 is etched
using hydrofluoric acid (HF) and Al is etched by phosphorous acid. On the other hand, dry
etching, also called reactive ion etching (RIE) or plasma etching, requires certain gases in an
evacuated chamber. For dry etching of Si a plasma is produced by passing a radio frequency
(RF) electrical discharge through CF4 and O2 gases with a ratio of 20:1 at a pressure of about
50 mTorr. Normally CF4 gas does not react with Si, however the breakage of bonds by the
electrons in the plasma produce free F atoms, which react with Si forming SiF4 molecules.
These molecules are more volatile and can be released from the surface. At the same time O
gas reacts with C to produce CO2 and removes C from the surface. One advantage with RIE is
that it is highly anisotropic, whereas wet etching is more isotropic, which means there would
be some under etching of the pattern. However, in many cases where under etching is not an
issue, the selection of the etching type is based on other requirements. In the present work
both wet etching and RIE have been used. For the ordinary Si:Er/O LEDs and SiGe MOSFET
photodetectors on Si substrates, RIE was used to fabricate the mesas. Whereas for the Si:Er/O
waveguide LEDs on SOI substrates wet etching was used to fabricate the mesas and RIE was
used to etch down small channels on top of the mesas.

3.3.5. Metallization
Metallization is the process step where a metal layer is deposited e.g. to achieve ohmic
contacts. The metal used for the current devices was aluminum (Al). Al deposition can either
be made by thermal evaporation or using the magnetron sputtering technique. In this work the
deposition of about 200 nm thick Al was carried out using magnetron sputtering technique, as
this method of metallization gives better step coverage and good adhesion. Sputtering was
done in a vacuum chamber in a background of Ar gas with a negative bias of about 320 V
applied on the Al target. The Ar+ ions generated in the plasma impinge onto the Al source
with high enough energy to sputter away Al material, which was then deposited mainly in the
forward direction.
Figure 3.9 shows schematic overviews of processed devices at the end of all process
steps. Figure 3.9(a) shows one unit of processed LEDs for surface emission containing square
mesas of 3 different sizes, 600 μm × 600 μm, 400 μm × 400 μm and 200 μm × 200 μm with a
pattern of Al on top. Uniformity of current flow through the whole device requires larger
surface coverage with metal but light emission from the surface requires open areas without
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metal. Therefore the Al grid patterns on the mesas are for uniform current distribution through
the device as well as to let the emitted light out through the surface.

(a)

(b)

Figure 3.9. Schematic drawing of a set of Si:Er/O (a) LEDs on Si and (b) waveguide LEDs on
SOI after all the processing steps.

Figure 3.9(b) shows a unit of processed waveguide LEDs for edge and surface
emission. The 1.5 mm and 1 mm long rectangular mesas of 100 and 70 μm widths are for
edge emission and the 600 μm × 600 μm mesas for surface emission. The black rectangles in
between each device are Al bonding pads for making the p-contacts. The contact metal on top
of the long mesas was designed to be 5 μm wide Al stripes with 5 μm wide etched down
trenches in between along the length of the device giving a 50% metal coverage. This is
favored by the optical mode confinement results, which will be described in chapter 4.
Another advantage of this design is the possibility of collecting light from the surface as well.
All the stripes on a device are connected at the middle by a metal pad where the n-contact was
bonded. Thus both edge emission and surface emission electroluminescence measurements
are possible from the waveguide LEDs. The set of 600 μm × 600 μm mesas for surface
emission in the left side of Fig. 3.9(b) are to make a comparison with other surface emitting
LEDs of the same size. One processed piece of wafer contains several units like the ones in
Fig. 3.9. However for electroluminescence characterization one such unit was cut and glued
on a special sample holder, then bonding was made using 20 μm thick gold wire to make
contacts.
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3.4

Simulations
Two types of computer simulations were performed in the present work. In the first

case, energy band diagrams of the devices were simulated using the program called
Simwin32. In this program the information of layer thickness and doping level of all the
layers present in the devices including the SiGe layers was inserted and the corresponding
band diagram was obtained for various reverse biases applied between the p- and n- sides of
the diode. The band diagram is important because it controls the type and amount of the
reverse current. The LEDs investigated in this work require tunneling current under reverse
breakdown condition, which depends on the band structure at the pn-junction. Further details
with typical band structure plots will be presented in chapter 4.
The second type of simulation was performed for optical mode confinement in the
Si:Er/O waveguides on SOI. Numerical simulations play an important role in the design of
waveguides and fibers. This analysis is directly linked with the design of a cavity based on
these waveguide LEDs for fabricating an electrically pumped Si laser. The modeling of mode
confinement was performed using the program called Femlab [17]. It uses the finite element
method to approximate the exact solution of the model with a simple function e.g. a first order
polynomial. In principle the environment for the simulations was defined as materials layout,
consisting of domains with different refractive indices for which Maxwell equations were
solved. Using simulation results the layer parameters were optimized. The parameters include
SiGe layer thicknesses, the thickness of buffer layer on SOI, the thickness of i-Si spacer layer,
and the geometry of the metal contact layer. The detailed results of mode confinement
simulations are presented and discussed in chapter 4.

3.5.

FIB processing
The Focused Ion Beam (FIB) is a very useful technique for performing a number of

operations including selective etching, metal/insulator deposition, patterning, micromachining, and TEM specimen preparation, on a variety of materials at micro and nano scale
range. FIB systems use a finely focused beam of gallium ions (Ga+) to scan over a sample
surface in a similar way as the electron beam in a scanning electron microscope (SEM). The
energy of the ion beam is typically around 10 keV. By operating the Ga ion gun with low
beam currents it is also possible to do surface imaging because the generated secondary
electrons (or ions) are collected, whereas higher beam currents are used for etching or
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patterning. Most of the FIB systems are coupled with SEM where one can perform FIB
processing while monitoring with SEM at the same time.
There is a dominating usage of FIB in the semiconductor industry e.g. for defect
analysis, circuit modification, mask repair and TEM sample preparation of site specific
locations on integrated circuits. However in the current work the focused ion beam was used
in order to fabricate Bragg mirrors on Si:Er/O waveguide LED cavities, using a Zeiss 1540
EsB cross-beam instrument, which was equipped with a 10 keV Ga ion beam for etching and
a 30 keV electron beam for SEM. The details of Bragg mirror fabrication and issues related to
that will be discussed in chapter 4.

3.6.

Optical characterization techniques

3.6.1

Electroluminescence
Electroluminescence (EL) is the technique where a certain amount of current is driven

through a light emitting device and the output light intensity is measured. There are two main
directions for observing the light, from the surface or from the edge of the device. A
schematic diagram of the EL set-up is shown in Fig. 3.10. It consists of a pulse generator, a
sample holder, a lens, a monochromator, a liquid nitrogen cooled Ge detector, multimeters,
and a lock-in amplifier.
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Figure 3.10 Schematic diagram of EL step-up
We used a Hewlett-Packard Semiconductor Parameter Analyzer (4156A) with Pulse
Generator Expander (4150) to generate a few milliseconds wide (200 Hz) voltage pulses with
variable height in order to reverse bias the device under investigation. Once the device was
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given the reverse biased square voltage pulses it could emit infrared light, which was then
focused onto the monochromator (made by Oriel Corporation Straford Connection 77276)
using a lens placed on a movable assembly. A liquid nitrogen cooled North-Coast Ge detector
EO-817S was placed at the output slit of the monochromator to detect the emitted light. The
output signal from the detector was then recorded by a R510 lock-in amplifier made by
Stanford Research System and it was then locked with the reference frequency of 200 Hz
from the pulse generator.
EL measurements were carried out both for surface emission and edge emission
geometries. Different kinds of EL measurements were performed as there are several
parameters including wavelength (λ), drive current (I), temperature (T) etc. Thus
measurement data include integrated EL intensity, EL spectra (EL(λ)), EL(I) and EL(T)
curves. The integrated EL intensity measurements were performed without using the
spectrometer and placing the sample close to the detector. For each EL spectrum the applied
bias and temperature were kept constant and λ was scanned using the spectrometer and
several spectra were obtained at different applied bias and temperature. In EL(I)
measurements, the spectrometer was fixed at 1.54 μm wavelength and the applied reverse bias
was varied to change the drive current. EL(T) measurements were performed at different
temperatures as well as under different conditions of irradiating the devices with a laser
source. A summary of measurement results will be presented and discussed in chapter 4.

3.6.2. Photoluminescence
A part of the optical characterization in the present work also includes
photoluminescence (PL) studies. PL is an optical characterization method where the sample
under investigation is excited using a laser of suitable wavelength. An ordinary PL set-up
involves a lot of optics including laser source, monochromator, detector, lenses, filters, beam
splitters etc. There are several types of PL measurements. PL measurements in the current
work were carried out using Fourier Transform Infrared Spectroscopy. The interferometer
used was a Bomem DA8 FT-IR spectrometer and the light source used was the 514 nm
radiation line of an Argon ion laser. The samples were mounted in a liquid helium cryostat to
perform the measurements at low temperatures (2 K). To cover the whole range of energies in
the spectra from low energies, ~ 0.2 eV, up to energies around the Si bandgap, we used two
different kinds of detectors. A Ge detector combined with a quartz beam splitter covered the
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range of 0.7 eV - 1.2 eV while an InSb detector combined with a CaF2 beam splitter was used
to enable observation of luminescence at energies lower than 0.7 eV.

References
[1]
M.A. Herman, H. Sitter, “Molecular Beam Epitaxy: Fundamentals and Current Status”,
Springer series in Material Science 7, 2nd ed., (1996)
[2]

K.G. Günther, Z. Naturforsch. 13A, 1081 (1958)

[3]

J.R. Arthur, J. Appl. Phys. 39, 4032 (1968)

[4]

A. Cho, "Film Deposition by Molecular Beam Techniques," J. Vac. Sci. Tech 8, S31S38, (1971)

[5]

W.-X. Ni, J.O. Ekberg, K.B. Joelsson, H.H. Radamson, A. Henry, G.-D. Shen, G.V.
Hansson, J. Cryst. Growth 157, 285 (1995)

[6]

Wei-Xin Ni, Ph.D. Thesis No.243 “Studies of Si-based Heterostructures and Doping
Kinetics During the Process of Molecular Beam Epitaxy” Department of Physics and
Measurement Technology, Linköping University Sweden

[7]

P.J. Dobson, B.A Joyce, J.H Neave, J. Zhang: J. Cryst. Growth 81, 1 (1987)

[8]

J.E. Mahan, K.M Geib, G.Y. Robinson, and R.G. Long, J. Vac. Sci. Tecnol. A 8, 3692
(1990)

[9]

L. Reimer, “Transmission electron microscopy, physics of image formation and
microanalysis”, Springer-Verlag, Berlin (1984)

[10]

D. B. Williams and C. B Carter “Transmission electron microscopy” Plenum
Press New York (1996)

[11]

D.B. Williams and C.B. Carter “Transmission Electron Microscopy”, p600, Plenum
Press, New York (1996)

[12]

T. Malis, S. C. Cheng, and R. F. Egerton, J. Electron Microsc. Tech. 8, 193 (1988)

[13]

G. Binnig, C. F. Quate and Ch. Gerber, Phys. Rev. Lett. 56, 930 (1986)

[14]

M. Birkholz, “Thin Film Analysis by X-Ray Scattering”, Wiley-VCH, Weinheim,
(2006)

[15]

E. Kasper and K. Lyutovich, emis Datareviews Series No.24 “Properties of Silicon
Germanium and SiGe:Carbon”

[16]

P. van der Sluis, J. Phys. D 26, A186 (1993)

[17]

http://www.femlab.com

47

48

CHAPTER 4. Si:Er/O FOR LIGHT EMISSION

This chapter deals with many aspects of the experimental work performed on the
Si:Er/O material including presentation of results and discussions related to layer growth,
material characterization, device processing and electroluminescence measurements. As
explained in chapter 2, Er/O doped Si layers are promising for optical applications leading to
fabrication of Si based LEDs emitting at a very useful wavelength of 1.54 µm. The epitaxial
quality of MBE grown single crystal Si:Er/O structures is also considered to be promising for
realizing a waveguide cavity for achieving an electrically pumped Si laser.

4.1.

Growth of Si:Er/O layers
Out of several possible methods for growth of Si:Er/O layers, ion implantation and

MBE are most commonly used. However ion implantation leads to uncontrollable structural
defects and poor crystalline quality. Although the quality can be improved by thermal
annealing, in case of devices high temperature annealing might lead to detrimental effects on
other layers e.g. SiGe or highly n- or p-doped layers. MBE growth provides a way to get high
crystalline quality of Si:Er/O layers without the need for high temperature treatment of grown
layers. Particularly the surface processes during epitaxial growth of layers lead to situations
where O atoms can more easily attach to Er to form E/O centres, as compared to ion
implantation [1-3]. All the Si:Er/O layer structures were grown on p-type Si(100) substrates
with doping concentration of 5 ×1015 cm-3, using a VG V80 MBE system.
Initially pre-cleaned Si(100) wafers were annealed in the growth chamber at high
temperature (∼ 820 oC) for about 15 minutes, in order to remove a thin protective layer of
SiOx. This SiOx layer was produced during the UV ozone cleaning before loading the wafers
into the system. The surface was continuously monitored in situ using RHEED to observe the
removal of the SiOx layer and generation of a clean well-ordered Si(100) surface before
starting the growth. Due to energy minimization, a clean Si(100) surface in UHV forms
dimers by reducing the number of dangling bonds, thus RHEED pattern of a clean Si(100)
surface shows 2×1 surface reconstructions. For all layer structures the growth was always
started with a high temperature (700 oC) buffer layer of ∼60 nm thick i-Si followed by a low
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temperature (500 oC) buffer layer of ∼30 nm thick i-Si. The Er/O doped Si layer, which was
intrinsically n-doped, was sandwiched between the n- and p-doped Si layers in a special
manner forming a diode structure. Er was evaporated from a thermal effusion cell, whereas O
was incorporated using an O gas ambient controlled by a mass spectrometer. Variable Er and
O concentrations in the range of 1018-1021 cm-3 were used in different samples for
investigating their influence on the structural and optical properties of devices fabricated from
these layers (see paper 2). The p-side of diodes was formed by a B doped p+-Si buffer
followed by a p+-SiGe layer with doping level of about ∼ 1×1019 cm-3 and the n-side contact
layer of the diodes was formed by a highly Sb doped low-temperature (350 oC) Si layer with
concentrations  1×1019 cm-3.

4.2.

Device layer structures and band diagram
There were two kinds of Si:Er/O layer structures grown based on the device type to be

fabricated. One type of Si:Er/O layered structures were grown to make surface emitting LEDs
and the other type of Si:Er/O structures were grown to fabricate edge emitting waveguide
LEDs. The difference between them was only that the waveguide LED structures contained
two more layers together with all the common layers; an additional SiGe quantum well layer
and an i-Si layer. Both types of Er/O-doped Si LEDs have tunneling diode design, which
ensures that the room temperature current is predominantly tunneling current under low
reverse bias conditions, instead of the carrier multiplication current in case of strong impact
ionization generating avalanche breakdown.
The Si:Er/O LED device structure, shown schematically in Fig. 4.1, contains a 100 nm
thick strained p+-Si0.82Ge0.18 layer for providing a well-defined region for electrons to tunnel
across the junction, due to the narrow bandgap of Si0.82Ge0.18. This is evident from the
simulated energy band diagram of a Si:Er/O diode under reverse bias of 5 V, shown in Fig.
4.2. The energy band diagram of these devices is engineered in such a way that on the p-side
the edge of the narrower bandgap of the p+-Si0.82Ge0.18 lies at the top of the potential barrier.
The band bending introduced by the p-doping level of Si0.82Ge0.18 also reduces the tunneling
barrier. In the band diagram of Fig. 4.2 a p-doping of 1 × 10
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cm-3 and 18% Ge was used.

When the junction is reverse biased, the band narrowing introduced by the Si0.82Ge0.18 layer
initiates the electron tunneling from the p-side valence band of the junction to the conduction
band. Another advantage when using a Si1-xGex layer is for waveguiding due to the relatively
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higher refractive index of Si1-xGex (which increases with Ge fraction) compared to the
refractive index of Si, which is ∼ 3.48 for 1.54 µm wavelength. The Ge percentage in Si1-xGex
layers is important also due to the possible relaxation of the layer for very high Ge fractions,
which would lead to defects in the layer. It is also well-known that the bandgap of Si1-xGex
alloy layers varies with Ge composition [4]. This would imply that too small percentage of Ge
would result in too little decrease of the Si1-xGex bandgap, which would not be favourable for
electron tunneling. A value of 18% Ge is found to be reasonable for producing fully strained
Si1-xGex layers of thickness used for current device structures (100 – 150 nm), with narrow
enough bandgap and large enough refractive index (∼ 3.6 for 1.54 µm radiation).

250 nm n+-Si

(∼5×1019 cm-3)

350 oC

150 nm Si:Er/O
30 nm i-Si
100 nm p+-Si0.82Ge0.18
100 nm p+-Si
30 nm i-Si(100)

(eff. n ∼ 8×1017 cm-3)
undoped
(1×1019 cm-3)
(1×1019 cm-3)
Buffer layer

550 oC
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Figure 4.1. Growth sequence of a Si:Er/O p-i-n diode showing the layer thicknesses, doping
concentrations and growth temperatures.

2
Reverse voltage = -5 V

Si0.82Ge0.18
0

Energy (eV)

p-side
-2

n-side

SiGe edge
(Tunneling region)

Si:Er/O

-4

-6
1.5

1.6

1.7

1.8

1.9

Junction depth (µm)
Figure 4.2. Energy band diagram of a Si:Er/O LED under reverse bias of 5 V.
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The next layer after the p+-Si0.82Ge0.18 is the 30 nm thick undoped Si layer as shown in
Fig. 4.1. This layer provides an impurity free region for tunnelled electrons to gain kinetic
energy in the reverse field at the junction, hence become hot electrons [5]. At the same time
one can avoid the so called dead-zone effect [6]. Right after the i-Si the 150 nm thick active
layer of Er and O doped Si is situated. Basically the active layer is located at the lower
potential side (for free electrons) within the depletion region (Fig. 4.2) so that the hot
electrons passing through the Er/O-doped Si layer may excite the Er3+ ions, if their kinetic
energy is higher than the energy difference (0.8 eV) between the ground state and the first
excited state of Er3+. At the end, a 250 nm thick n-type layer doped with Sb (∼ 5 × 1019 cm-3)
was grown for fabricating the top electrical contact.
The waveguide LEDs have almost the same layered structure, since they are also
based on hot electron impact excitation of Er3+ using tunnelling current. However there is a
second Si1-xGex layer with the same Ge composition but with a different thickness and
separated by a 30 nm i-Si layer from the Er/O doped active layer. The purpose of the second
SiGe layer is to improve waveguiding and confinement of the optical mode in the active layer,
because these layer structures are aimed for fabricating long planar cavities to achieve light
amplification. As shown in Fig. 4.3 the first SiGe layer is 130 nm thick whereas the second
SiGe layer is 70 nm thick. The reason for the difference in thicknesses is discussed in relation
to the mode confinement simulations presented in the next section. Another difference in this
layered structure is the thick (1.5 μm) i-Si layer grown after the second SiGe layer and before
the highly n-doped contact layer. The importance of this layer is also explained in the next
section.
Er doped Si layers are typically known to present donor type conditions [7]. The
effective donor doping concentration of Er during band diagram calculations was considered
to be 8 × 1017 cm-3. The band diagrams for both types of devices were essentially very similar
giving the same band bending situation on the p-side of the junction due to similar doping
levels. However in case of the waveguide LED structure at higher applied reverse bias (> 20
V) there is a voltage drop at the i-Si spacer layer, but these devices are not aimed for such
high voltages where the risk of generating avalanche current is very high and normally they
are biased at < 10 V.
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Figure 4.3. Growth sequence of a Si:Er/O waveguide LED showing the layer thicknesses,
doping concentrations and growth temperatures.

4.3.

Optical mode confinement analysis

4.3.1 Waveguiding in Si1-xGex
The Si:Er/O layers with Si1-xGex grown on SOI (Semiconductor-on-insulator) can be
used as waveguide structures to fabricate planar cavities for light amplification. This is a
consequence of the appealing feature of refractive index difference between Si1-xGex and Si,
which is approximately given by the empirical formula established by Soref et al. [8-10]:
n[Si1− x Ge x ] = n[Si ] + Δnx

4.1

with a linear approximation Δn( x) = ax for x < 0.25. For a wavelength of 1.3 μm the values

of a were found to be 0.8 and 1.45 for relaxed and fully strained SiGe respectively [9].
However an exact estimation of index of refraction for SiGe is rather difficult and there are
discrepancies in values obtained using different models [8, 10]. Furthermore SiGe/Si optical
waveguides with a very asymmetric refractive index distribution show confinement
limitations [11, 12]. However this obstacle can be overcome by a thicker Si cap layer giving
more symmetric distribution of refractive indices [9, 13].
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Another limitation on the Si1-xGex layer thickness is due to the critical thickness of a
strained layer as a result of the 4.2% lattice mismatch between Si and Ge, which may generate
dislocations in the layer. Relaxed Si1-xGex is not favoured due to the large reduction in
refractive index leading to poor confinement as well as dislocations increasing the light
scattering losses. However these are more important issues for structures with a few hundreds
of nanometers thick Si1-xGex layers while the thicknesses of Si1-xGex used in this work are less
than 150 nm.

4.3.2

Advantages of SOI
The scheme of fabricating semiconductor devices on a thin silicon film, which is

mechanically supported by an insulating base, has been implicated for several decades. Such a
platform for manufacturing electronic or optical devices is called semiconductor-on-insulator
(SOI). SOI substrates normally contain a thicker Si single crystal base, on which there is an
insulating layer (normally SiO2 is used for that purpose). The oxide or insulating layer is then
followed by a thin layer of single crystal silicon, which is also called the device layer. The
device layer is the platform used for fabricating different types of devices. The required layer
thicknesses of insulator and device layer are depending on the type of devices to be made.
Several different methods are used to produce SOI wafers including wafer bonding,
Separation by Implantation of Oxygen (SIMOX), smart cut, seed methods etc. The
commercial SOI wafers used in this work were produced using smart cut technique [14].
SOI substrates are mainly used in the fabrication of many electronic and optical
components providing several advantages leading to e.g. high speed performance, low power
consumption, and high temperature application. SOI wafers not only provide a platform for
fabricating a large number of devices with good electrical isolation between each other,
increasing device density and decreasing circuit size, but also improve or avoid several effects
introduced by the bulky semiconducting substrates, which are detrimental for the device
performance. On the optical side, the main advantage with SOI substrates is a consequence of
the low refractive index (1.44) of SiO2. This leads to a significant improvement in
waveguiding and optical mode confinement in micrometer size cavities for near-infrared light
( > 1.1 m). Figure 4.4 shows the simulation results of 1.54 μm wavelength mode
confinement in a simple 10 μm wide Si/SiGe/Si cavity with a 100 nm thick SiGe layer
containing 18% Ge and a capping layer of 1 μm thick Si. The simulations were made with the
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finite element method applied to Maxwell equations using the Femlab software. The image on
the left in Fig. 4.4 shows the structure without a SiO2 layer and the image on the right is with
a SiO2 layer. The confinement effect has evidently been enhanced for the case of Si/SiGe/Si
on SOI substrate due to the refractive index distribution in the vertical direction being more
symmetric compared to the asymmetric case of the structure on Si substrate. It was also
observed that in case of no SiO2 layer with thicker Si substrates the modes were completely
situated in the substrate.

Figure 4.4. Simulation results showing the effect of SiO2 on the mode confinement in
Si/Si0.82Ge0.18/Si cavities on a 10 µm thick Si substrate (left image) and on an SOI substrate
(right image).

4.3.3. Optimizing Si/Si1-xGex waveguide cavity parameters
There are several issues to be taken care of in order to design a Si based waveguide
cavity. However before realizing such a device it is necessary to optimize the cavity
parameters for achieving confinement of the optical modes inside the cavity. In the current
studies we performed simulations in 2D, of optical mode confinement for 1.54 µm
wavelength in 10-100 µm wide cavities made of Si/Si0.82Ge0.18/Si on SOI (results reported in
paper 3). An example of a 100 µm wide waveguide is shown in Fig. 4.5. The refractive index
profile for this waveguide is shown in Fig. 4.6 together with the normalized mode intensity
profile over the various layers showing the confinement of the full mode in the Si/SiGe/Si
layer. The layer structures and device dimensions were optimized based on the Femlab
simulations. Several factors affect the mode confinement including the thickness of the buffer
layer on SOI, SiGe layer thickness, the thickness of i-Si spacer layer, and the geometry of the
metal contact layer. The refractive indices used in the simulations are shown in table 4.1
which were taken as scalar constants. We used a relatively lower value of 3.6 as Si0.82Ge0.18
refractive index compared to the values determined by Soref et al. [8-10] as our wavelength of
interest is 1.54 µm, and the refractive index decreases with increasing wavelength.

55

Figure 4.5 shows result of a well confined mode at the active layer in a 100 μm wide
waveguide after optimizing several parameters, as discussed below. By choosing two
Si0.82Ge0.18 layers with different thicknesses we could optimize the mode intensity profile in
such a way that a large part of higher mode intensity was located in the active layer of Er/O
doped Si. This is shown in the normalized mode intensity profile of Fig. 4.6 where the active
layer is represented by the gray shaded region. This is an improvement compared to similar
devices with only one Si1-xGex layer [15]. With this condition the thickness of the lower
Si0.82Ge0.18 layer was 130 nm and the thickness of upper Si0.82Ge0.18 layer was 70 nm. The
thicknesses of Si1-xGex layers with 18% Ge in our structures are below the limit of plastic
relaxation, therefore layer relaxation is not an issue for the current design. In addition the
quality of Si1-xGex layers with the above mentioned parameters was also confirmed by TEM
and XRD. The modified geometry of the top part of the waveguide cavity in Fig. 4.5
consisting of the n+-Si layer and Al layer, for making electrical contacts, is due to the fact that
metal is always detrimental for optical mode confinement. Although there is a spacer layer of
thickness between 1 to 1.5 µm separating the active layer from metal and n+-layer, the
geometry of the n+-Si layer and the Al was modified to be 5 μm wide stripes with ~0.3 μm
deep and 5 μm wide trenches in-between, which further improved the conditions by forcing
the modes away from the metal contact. This design also makes it possible to measure any
light emission from the surface and to investigate the influence of any radiation incident on
the devices.

Al (metal)
n+-Si
i-Si Spacer
Si0.82Ge0.18

Si:Er/O
Si Buffer
SiO2
Si Substrate

Figure 4.5.

Result of mode confinement simulation showing a 100 μm wide Si/SiGe/Si

waveguide cavity on SOI. The x- and y-lengths do not have the same scales.
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Material
Si
n+-Si
Si0.82Ge0.18
SiO2
Air

Refractive Index
3.48
3.38
3.60
1.44
1.00

Table 4.1. Refractive indices used for mode confinement simulations.
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Figure 4.6. Profile of (a) refractive index and (b) normalized mode intensity across the
Si/SiGe/Si waveguide cavity of Fig. 4.5.

4.4.

Microstructure investigations of Si:Er/O layers
It has already been discussed in chapter 2 that the co-doping of O increases the solid

solubility of Er doping in Si above 1018 cm-3 with the formation of Er/O complexes [1, 16-18].
There has also been an enhancement of the luminescence intensity of Si:Er/O light emitting
structures due to the Er/O centers being optically active. The exact formation mechanisms and
structure of these Er/O centers is not completely known, however they play an important role
in the luminescence properties of Si:Er/O. Microstructure analysis of Si:Er/O layers focused
on the Er/O centers responsible for luminescence can support the optimization of the
efficiency of Si LEDs fabricated using such layers. Using a combination of the state of the art
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structural characterization techniques of analytical TEM and SIMS, microstructure
investigations of several layer structures containing different Er and O concentrations were
performed (see paper 2 and 3). The detailed studies included in this work revealed two
specific types of microstructure that strongly depended on the absolute Er and O
concentrations and Er/O ratios. The two types of microstructure exhibit either nanometer size
planar precipitates along [311] planes or round precipitates 2-3 nanometer in size, as shown in
the z-contrast STEM images of Fig. 4.7(a) and (b) respectively. Both types of precipitates
show bright contrast as they contain Er which is a heavier element than Si. In both images the
white arrow is pointed in the growth direction. The bright contrast layer at the bottom in both
images is a SiGe layer.

Si:Er/O

i-Si
Si0.82Ge0.18
(a)

(b)

Figure 4.7. Z-contrast 130 × 130 nm2 STEM micrographs of Si:Er/O LEDs exhibiting (a)
planar precipitates and (b) round precipitates. The white arrows in both images represent the
growth direction.

4.4.1 Precipitate formation mechanism
The formation of planar precipitates is connected to the onset of growth of the Er/O
doped layer, which is somehow disturbed due to the doping and a two-stage growth
mechanism can be considered. In the first stage dopant related clusters nucleate soon after the
Er/O doping is initiated and they are not directly overgrown by Si, however the growth at
other regions evolves layer by layer. This is also evident in Fig. 4.7 as a line of contrast at the
interface between the i-Si and the Er/O doped Si layer. Gradually the growth disturbance at
these centers leads to the formation of (311) facets, as there is continuous supply of Er and O
for which it is energetically favourable to grow along these (311) planes and form the planar
Er/O precipitates. Similar (311) facets were also observed by Ni et al. [19] in SiOx epitaxial
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films. In a later stage the growth along the [100] direction is also affected and these trenches
with (311) facets are overgrown, but still leaving an undulated surface morphology which is
also confirmed by surface topography using AFM. Figure 4.8(a) shows an AFM micrograph
obtained from a sample with the Si:Er/O layer capped with only 40 nm thick Si, where
rectangular trenches aligned along <011> directions can easily be observed. The [011] crosssectional TEM micrograph of Fig. 4.8(b), obtained from the same sample also reveals one
such trench.
Trench with (311) facets

(a)

(b)

Figure 4.8. (a) AFM topography (image size = 1 µm × 1 µm) of a Si:Er/O sample showing
rectangular trenches and (b) the corresponding cross-section TEM micrograph, 400 nm × 400
nm in size.

4.4.2 Precipitate compositions
It is very difficult to make a quantitative study of the composition of these
precipitates. However one can make a qualitative estimate of their composition. EDX spectra
obtained from single precipitates, using a highly focused electron beam of a few nanometers,
revealed that the round precipitates had a higher Er/O ratio as compared to the planar
precipitates. Figures 4.9 and 4.10 show the EDX spectra obtained from planar and round Er/O
precipitates respectively. In the corresponding z-contrast STEM images of Fig. 4.9 and Fig.
4.10 the areas probed for EDX are marked as white rectangles. The white arrows in the
micrographs are showing the direction of growth. The strongest peak in the spectra is related
to Si and other peaks are accordingly marked. It is evident from the spectrum of the planar
precipitate in Fig. 4.9 that the O related peak is fairly strong as compared to the Er peak (see
paper 1). The Ti peak in the spectrum comes from the titanium grid holding the TEM sample.
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In the EDX spectrum of Fig. 4.10 the Er peak is relatively stronger than the O peak.
Hence from these two spectra we can conclude that the round precipitates have a relatively
higher Er/O ratio compared to the planar precipitates. The electroluminescence characteristics
of these precipitates are essential in connection with the practical application of these Si:Er/O
layers for light emission. The detailed results in this respect are presented in later sections of
this chapter. However it is worthwhile to mention here that our experimental findings
revealed that the planar precipitates were optically active whereas the round precipitates with
higher Er content were optically inactive.

Er/O doped Si
i-Si

20 nm

Figure 4.9. EDX spectrum obtained from a planar precipitate and a STEM image indicating
the corresponding probed area with the white rectangle.

20 nm

Figure 4.10. EDX spectrum obtained from a round precipitate and a STEM image indicating
the corresponding probed area with the white rectangle.

4.5

Influence of Er and O concentrations on microstructure
It has been demonstrated in section 4.4 that two types of precipitates are formed in

MBE grown Si:Er/O structures. One of the major points in these structures is to discover a
suitable O concentration for a particular Er content in order to achieve as many optically
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active Er3+ ions as possible. It was found that the absolute values of O and Er concentrations
and the O/Er concentration ratios play a significant role in defining the microstructure of the
Si:Er/O layers (see paper 2). To study the influence of O and Er, several samples with
different O and Er concentrations were grown and their microstructures were investigated.
One of the characterization samples containing 4 layers of 120 nm thick Si:Er/O separated by
∼200 nm thick undoped Si, is shown in the cross-section TEM micrograph of Fig. 4.11. The
purpose of the Si spacer layers was to overcome any structural influences on each layer by the
previously grown layers and also to make it easier for performing SIMS analysis of each layer
to obtain the information about Er and O concentrations. In this particular sample planar as
well as round precipitates are observed. The TEM image reveals existence of planar
precipitates in all layers except the second layer from top which shows small and round
precipitates as more clearly visible in the inset (z-contrast STEM) of Fig. 4.11.

Figure 4.11. Cross-section TEM image of a calibration sample with 4 Er/O doped, 120 nm
thick Si layers separated by 200 nm thick undoped Si layers.
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Figure 4.12 shows the concentrations of Er and O in each layer, obtained from SIMS,
of the sample in Fig. 4.11. The Er concentrations range from 1×1019 to 1×1020 cm-3 and the O
concentrations are between 6 × 1019 and 2 × 1020 cm-3. The layer with round precipitates has
an O/Er ratio of ∼ 1.9 and the sample shown in Fig. 4.7(b) with round precipitates contained
an O/Er ratio of 1 (both are 2 × 1019 cm-3). On the other hand several Si:Er/O layers with
planar precipitates had O/Er >> 1, e.g. the SIMS results of the sample with planar precipitates
in Fig. 4.7(a) revealed an O/Er ratio of 5 (O = 1 × 1020 cm-3 and Er = 2 × 1019 cm-3). Based on
all these observations we can conclude that in Si:Er/O layers at a particular Er doping
concentration there is a higher tendency of formation of round precipitates when O
concentration is closer to or lower than that of Er, whereas Si:Er/O layers with higher O to Er
ratios would contain planar type of precipitates (see paper 2).
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Figure 4.12. SIMS data showing Er and O profiles obtained from the sample of Fig. 4.11.

Another observation is the effect of Er on the incorporation of O. During growth of the
sample in Fig. 4.11 the O gas background pressure was kept constant using a mass
spectrometer, for the first two layers on one level and for the other two layers on another
relatively higher level, whereas the Er flux was increased stepwise for all four layers.
However it is evident in the SIMS profile of Fig. 4.12 that there is an enhanced incorporation
of O into the Si lattice with the increased Er doping. On the contrary, when the Er flux is kept
constant and the O gas pressure during the growth is changed there was no effect on the Er
incorporation. This is evident from the SIMS profile of Fig. 4.13 of a sample containing three
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Si:Er/O layers grown with a constant Er flux for all layers but with an increase of the O gas
background pressure in each layer.
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Figure 4.13. SIMS data showing Er and O profiles obtained from a sample containing three
Si:Er/O layers with the same Er flux but different O pressure grown on CZ Si(100).

4.6

Si:Er/O surface emitting LEDs on Si(100)
The motivation for this work is to realise efficient light emitting devices based on Si.

Therefore, after the material characterization, the Si:Er/O layers grown on Si(100) were used
to fabricate surface emitting LEDs. These LEDs emit light at 1.54 μm, which is a very useful
wavelength for optical transmission in fibre optics. At present, the efficiency of any existing
Si based LEDs is not in the range for commercial applications, however a lot of research is
being performed on improving the material quality and understand several phenomenon in
order to improve luminescence properties of Si based LEDs. A Si:Er/O LED is a Si based
diode with a pn junction in such a manner that an Er/O doped Si layer is sandwiched between
the p-type and n-type layer according to the device design explained in section 4.2. A
schematic picture of one surface emitting Si:Er/O LED, of 600 μm × 600 μm in size,
fabricated and characterized in this work is shown in Fig. 4.14. Surface emission is realised
by having open windows in the top Al metal layer in the form of a mesh providing uniform
current distribution through the whole mesa. The device biasing is obtained by grounding the
p-type substrate and applying positive square pulses of a few milliseconds width on the n-type
top contact bonded with Au wire for electrical connections.
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P
Surface emitting Si:Er/O LED

Figure 4.14. Schematic picture of a surface emitting Si:Er/O light emitting device (600 μm ×
600 μm).

4.6.1 IV Curves
The Si:Er/O LEDs are basically Si pn-junction diodes with the IV curves like the one
shown in Fig. 4.15. The electrical characteristics of these devices, which are governed by the
energy band diagram (Fig. 4.2), are very important for obtaining efficient light emission. It is
explained in chapter 2 that the Er3+excitation is obtained by the hot electron impact excitation,
which occurs in reverse bias condition. Therefore it is important to investigate the reverse bias
part of IV curves to understand different reverse breakdown mechanisms in these devices and
improve the electrical properties. There are two reverse breakdown mechanisms exist namely
tunnelling breakdown and avalanche breakdown. In an ordinary diode initially at low reverse
voltages there is a negligible leakage current as there are few charges flowing across the
junction. Any leakage current can be due to e.g. thermally generated carriers and defect
mediated tunnelling. However with increasing reverse voltage, breakdown occurs due to
impact ionization generating an avalanche of electron hole pairs and this process is called
avalanche breakdown. There is also a narrowing of the tunnelling distance for the electrons
with increasing voltage at the junction, which would lead to some tunnelling contribution in
the reverse current as well. When breakdown is dominated by tunnelling then it is called
tunnelling breakdown. The two types of breakdown mechanisms have opposite temperature
response. When temperature is decreased there is less thermal agitation of crystal atoms
making it easier for carriers to accelerate, consequently the avalanche breakdown voltage
decreases with decreasing temperature. On the other hand tunnelling is promoted by thermal
energy and furthermore the bandgap widens slightly with decreasing temperatures, as a result
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the tunnelling breakdown voltage increases with decreasing temperature. As discussed earlier,
in our Si:Er/O LEDs tunnelling of electrons is enforced by the narrow bandgap of SiGe,
therefore the reverse breakdown is tunnelling type at room temperature. This was evident
from temperature dependence of IV curves. However there are also devices showing a cross
over in the IV curves from tunnelling dominated region to avalanche breakdown region at low
temperatures (see paper 1).
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Figure 4.15. A typical IV curve of a Si:Er/O LED.

Several factors influence the diode electrical properties eg. material, contacts, n and pdoping levels, temperature etc. The use of a highly p-doped substrate and an n-doped contact
layer is favourable in order to obtain good ohmic contacts. However in reverse bias this is not
a serious issue and regarding structural quality it is better to use low doped substrates.
Therefore we used p-type Si(100) substrates with 1015 cm-3 doping levels. On the other hand,
the microstructure of the Si:Er/O layer, situated between the p-type and n-type regions of the
LED, also plays a role for the electrical properties of the devices. This is evident from the IV
curves in Fig. 4.16 of devices fabricated out of the two layered structures of Fig. 4.7(a) and
(b) containing planar and round precipitates in the Er/O doped layer respectively, keeping all
the other parameters identical. The IV curves of the devices with round precipitates give
larger currents for the same applied voltages. This is attributed to tunnelling channels created
due to a metallic nature of the round precipitates. This observation and previous
microstructure analysis leads to the hypothesis that they are ErSi2 particles. The optical
characterization results of this particular device, which will be presented later, also lead to the
same interpretation.
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Figure 4.16. IV curves in reverse bias of Si:Er/O LEDs fabricated from the two layered
structures of Fig. 4.7(a) and (b) containing planar and round precipitates respectively.

4.6.2

EL spectra
The EL spectra consist of the light intensity as a function of wavelength. And they

were obtained using the setup explained in section 3.6. The wavelength was varied using the
monochromator and the EL intensity was recorded keeping the bias conditions and all the
other parameters fixed. Figure 4.17 shows typical EL spectra at room temperature and low
temperature (-100 oC), obtained from the Si:Er/O LED of Fig. 4.7(a) with Er and O
concentrations of 2 × 1019 cm-3 and 1 × 1020 cm-3 respectively and containing planar
precipitates in the Er/O doped layer. The spectra show the EL peak of 1.54 μm related to the
4f shell transition of Er3+ from the excited state 4I13/2 to the ground state 4I15/2. The peak shape
is characteristic of Er3+ ions with a small shoulder at the higher wavelength side and a tail-like
feature on the low wavelength side. Similar shaped Er peaks at 1.54 μm were observed in
optical measurements done by other groups on different type of structures, e.g. PL and EL
spectra of MBE grown Si:Er/O structures [3, 20, 21], EL of Er-doped Si nanocluster-based
devices [22], EL of crystalline Si implanted with Er and O [23, 24] and even Si-based Erdoped organic LEDs [25]
The temperature insensitivity is evident from the constant peak position at -100 oC and
27 oC, and it is a consequence of the incompletely filled 4f shell being shielded by the two
filled 5s and 5p orbitals, as described in section 2.1.1. All the other Si:Er/O LEDs exhibit
spectra with similar features but different intensities. Although the position and shape of the
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1.54 μm peak is unchanged with temperature (except for some narrowing at low temperature),
there is a big difference in peak intensity as a function of temperature, which will be described
later.

o
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Figure 4.17. EL spectra of Si:Er/O LED operated with 20 mA reverse current at -100 oC and
27 oC showing Er peak of 1540 nm.

4.6.3 EL versus reverse current and influence of Er/O
In the measurements of EL peak intensity versus drive current (EL(I)) the
spectrometer was fixed at a wavelength of 1.54 μm and the luminescence of Si:Er/O LEDs
was recorded. Several EL(I) measurements were performed on different devices to investigate
the behaviour of 1.54 μm luminescence. Normally the EL(I) curves of Si:Er/O LEDs show a
gradual increase with increasing reverse current, depending on the energy band diagram,
followed by a saturation at a certain current. The EL intensity saturation is a consequence of
two mechanisms. Mainly it is associated with the active Er doping concentration limiting the
total number of excited Er3+ ions. On the other hand the increasing number of free carries at
higher currents leading to a rise of competing non-radiative processes (as described in section
2.1.4) will also limit the EL intensity. Although these devices are designed for obtaining
impact excitation of Er3+ using tunnelling current, at too high applied bias there is also an
increased contribution of the avalanche current in the total reverse current. Hence, considering
all these effects and requiring higher total intensity, an intermediate region of reverse
breakdown condition is optimum. Considering the enhancement of luminescence signal and
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the necessity for obtaining gain in Si:Er/O material it is reasonable to increase the Er doping
concentration in these Si:Er/O structures. However the microstructure type also sets a limit as
more Er would require higher O concentration in order to form the optically active planar
precipitates (see paper 2). On the other hand, the O doping level can not be enhanced above a
certain level to keep the crystalline quality of the grown layers free of detrimental structural
defects.
Figure 4.18 shows EL(I) curves of four similar Si:Er/O LEDs with different Er and O
concentrations, and hence different microstructures. The concentrations of Er and O in the
Si:Er/O layer of the corresponding LEDs are given in table 4.2. The LED with equal Er and
O levels containing round precipitates (sample 569) does not give 1.54 μm luminescence at
any current (the empty circles), whereas the LED with Er:O = 1:5 containing planar
precipitates in the Si:Er/O layer (sample 614) gives a strong 1.54 μm luminescence at room
temperature (filled squares). With an increase of Er up to 4 × 1019 cm-3 (sample 613) the EL
intensity is enhanced as the microstructure still contains planar precipitates. However for the
Si:Er/O LED with 2 × 1020 cm-3 Er (sample 604) the microstructure changes and there is a
significant drop in the room-temperature 1.54 μm EL intensity. Therefore based on the EL
studies and microstructure analysis a value of Er concentration about 4 × 1019 cm-3 with Er:O
∼ 1:10 is considered to be most favourable for obtaining efficient light emission from these
Si:Er/O LEDs. The conclusions of structural and optical investigations of Si:Er/O LEDs to
optimize the Er and O concentrations for obtaining the best EL are presented in paper 2 like a
phase diagram of Er and O concentrations with different precipitate types.
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Figure 4.18. EL at 1.54 μm versus reverse current for Si:Er/O LEDs with different Er and O
concentrations.
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Er
(cm-3)

O
(cm-3)

569

2 × 1019

2 × 1019

614

1 × 1019

5 × 1020

613

4 × 1019

5 × 1020

604

2 × 1020

5 × 1020

Sample

Microstructure
Round
precipitates
Planar
precipitates
Planar
precipitates
Mixed (round
dominant)

Table 4.2. Er and O concentrations in the LEDs of Fig. 4.18 together with microstructure
information.

4.6.4. Temperature dependence of EL and influence of annealing
The temperature response of the EL intensity of Si:Er/O LEDs is crucial regarding any
practical applications. The 1.54 μm luminescence intensity (both PL and EL) of Er exhibits
very strong temperature dependence. In the early research about light emission from Si, the
luminescence was only achieved at low temperatures with a very large intensity quenching at
room temperature. As a result this temperature behaviour was considered as normal
temperature quenching and attributed to nonradiative energy back transfer from the excited Er
ions to electrons in the neighbourhood of the Er ions [26, 27]. However, room temperature
luminescence was later achieved where the EL intensity of Si:Er/O LEDs was observed to
increase with temperature [24, 28, 29]. There were even reports of EL maxima at
temperatures well above room temperature [29]. This temperature behaviour of EL in Si:Er/O
light emitters was then considered as the abnormal or anomalous temperature quenching.
Although some structures in the present work showed normal temperature quenching
most of them showed an abnormal temperature quenching of EL intensity. This was attributed
to the type of reverse breakdown current at a specific applied voltage with a transition from
tunnelling dominated breakdown at room temperature to avalanche dominated breakdown at
low temperatures [29]. Figure 4.19 shows a typical abnormal temperature quenching
behaviour of 1.54 m EL from Si:Er/O LEDs demonstrating maximum EL intensity between
∼ -50 oC for 0.1 mA drive current and ∼ 50 oC for 7 mA reverse current (see paper 1).

69

150

Increasing current

Intensity (arb. units)

200

100

50

0

2

3

4

5

6

7

1 0 0 0/T (K )

Figure 4.19. EL intensity versus temperature curves of Si:Er/O LEDs for different reverse
currents between 0.1 and 7 mA.
On the other hand it was observed that the temperature response of EL in these
devices changed from abnormal to normal quenching after annealing the layers at 630 oC for
30 minutes. Structural analysis of these devices using TEM revealed that the mechanism of
temperature quenching is associated with the detailed structure and quality of the Er/O doped
Si layers. Dislocations and extended defects along (111) planes were found in the annealed
sample particularly at both interfaces of the SiGe, and also in the Er/O doped and the intrinsic
layers, which was believed to be a consequence of dopant diffusion at high concentrations
during thermal processing [30, 31]. Such defects may create deep levels in the energy
bandgap and mediate electron tunneling in a wide range of temperatures. This was revealed in
the I-V curves from the same devices showing mainly tunnelling breakdown at all
temperatures of observation (see paper 1). Here it is worthwhile to mention that the electrical
activity of Er, which is effectively donor-type, can also play a role in defining the IV curves.
Scalese et al. [3] performed investigations of the electrical activity of Si:Er/O structures with
O/Er ≥ 6, and concluded that the number of electrically active Er ions increases to ∼ 10% of
the total Er concentration in samples annealed at 900 oC. This would lead to a larger band
bending as a result of the higher effective n-doping at the junction, which consequently would
enhance the tunnelling current. However the annealing temperatures we used for our
structures were 630 oC (much below 900 oC). Therefore the contribution of increased
electrical activity of Er might not be large.
Another interesting effect of annealing was observed in a Si:Er/O sample with
somewhat different band structure. In this LED layered structure, growth of the p+-Si0.82Ge0.18
layer was slightly altered such that following the doped Si0.82Ge0.18 there was a 15 nm thick
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undoped Si0.82Ge0.18 before the i-Si layer. The calculated energy band diagram of a Si:Er/O
diode with similar layer sequence, under reverse bias of 5 V, is shown in Fig. 4.20 (the dotted
curve), with the edge of the Si0.82Ge0.18 layer situated at a lower energy in the junction. In
such a situation, applying a reverse voltage would result in electron tunnelling with lower
energies. When the reverse voltage is gradually increased there are more tunnelled electrons
and with higher energies. Eventually when their energy is sufficient to excite Er3+ from the
ground state to excited state the EL(I) curves would exhibit a threshold behaviour as evident
from Fig. 4.21(a). However after annealing the EL(I) curve looks very different with no
threshold feature. This can be explained by modification of the energy band diagram after
annealing due to dopant diffusion. The calculated band diagram of Fig. 4.20 (solid curves)
obtained without using the undoped Si0.82Ge0.18 layer, leads to lifting the narrow band edge of
Si0.82Ge0.18 to higher energies. This results in having the first tunnelled electrons to be
sufficiently high in energy to excite Er3+.
2
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Figure 4.20. Effect of a 15 nm thick undoped Si0.82Ge0.18 on top of p+- Si0.82Ge0.18.
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Figure 4.21. Effect of 630 oC annealing on the EL intensity versus reverse current of a Si:Er/O
LED with a 15 nm thick undoped Si0.82Ge0.18.
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4.7.

Si:Er/O waveguide LEDs on SOI
Most of the efforts made in the field of Si photonics are focused on achieving optical

gain in the used material and fabricate an electrically pumped Si based laser for realising a
marriage between Si electronics and photonics. A big part of the current work was also
focused on designing, fabricating and characterizing Si:Er/O waveguide LEDs on SOI. With
the knowledge gained by performing structural, optical and electrical characterizations of
Si:Er/O LEDs, the Si:Er/O waveguide LED layered structures were grown on SOI. Especially
the Er and O concentrations were selected based on the studies performed on surface emitting
Si:Er/O LEDs to investigate the best combination regarding EL characteristics. For that
purpose the plot of Er and O concentrations with the microstructure information is shown in
Fig. 4.22 together with data for three studied Si:Er/O waveguide structures on SOI, samples
615, 618 and 620.
The Er/O doping concentrations were chosen slightly lower than the maximum values
for the purpose of structural quality. In the case of Si:Er/O LED layered structures a highly ndoped layer was grown after the Er/O doped layer. However, in case of the Si:Er/O
waveguide LED structures there was another Si0.82Ge0.18 layer grown on top of the active
layer of Si:Er/O. Therefore slightly smaller concentrations of Er and O are preferred to ensure
a fully strained and defect free Si0.82Ge0.18 layer on top of the Er/O doped Si layer.
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Figure 4.22. Diagram of Er and O concentrations and the microstructure. Filled points
indicate LED samples that have been analyzed with SIMS and open points indicate
concentrations estimated from source calibration.
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Overviews of the grown structures in samples 618 and 615, using the optimized layer
structure of Fig. 4.3, are shown in the z-contrast STEM micrographs of Fig. 4.23. All the
layers are accordingly labeled, including the active layer of Si:Er/O sandwiched between two
brighter contrast Si0.82Ge0.18 layers. The micrographs exhibit the successful growth of the
layers on SOI concerning the structural quality. However the roughness in the upper
Si0.82Ge0.18 layer in sample 618 is a consequence of the higher O concentration compared to
sample 615, which leads to larger undulations at the end of the Er/O doped Si layer. Sample
615 with relatively lower doping levels of O and Er does not show any sign of roughness in
the second Si0.82Ge0.18 layer. This is a matter of concern for waveguiding cavities where
roughness/defects may increase the light scattering losses. On the other hand, the roughness at
the top of both layered structures is a consequence of the n+-Si layer due to generation of
stacking faults by Sb thermal doping. This effect is not detrimental for the electrical and
optical properties of LEDs fabricated on these structures. Lattice resolution images were also
obtained (not shown here) at the SOI-wafer/buffer-layer interface, SiGe/Si interfaces, and
other areas which showed continuous crystal epitaxy across all grown interfaces.

n+-Si
n+-Si
i-Si
i-Si
SiGe
Si:Er/O
SiGe

Si Buffer

Si Buffer

SiO2

SiO2
400 nm

400 nm

Si substrate

Sample 618

Si substrate

Sample 615

Figure 4.23. Z-contrast STEM micrographs showing overviews of Si:Er/O waveguide LED
structures of samples 618 and 615 grown on SOI wafers.
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The layered structures of Fig. 4.23 were processed using photolithography and
etching, as explained in chapter 3, to fabricate several Si:Er/O waveguide cavities. A
schematic picture of one 100 μm wide and 1.5 mm long Si:Er/O waveguide LED in edge
emission geometry is shown in Fig. 4.24. The p-contact is bonded beside the mesa on the p+doped Si0.82Ge0.18 layer, whereas the n-contact is bonded at the top of mesa. For EL
measurements the devices are operated in reverse bias with the p-side grounded and applying
a few milliseconds wide positive square pulses on the n-side.
+V

Waveguiding Si:Er/O LED on SOI

Figure 4.24. Schematic picture of an edge emitting Si:Er/O waveguide LED (100 μm × 1.5
mm) in reverse bias with a square pulse.

4.7.1. Device processing issues
In fabricating the mesas of layered structures grown on SOI the processing has been
more demanding than structures on Si. To etch away the Si layers wet etching was used where
a pattern of oxide (SiO2) serves as a mask. In the case of SOI the etching must be done in a
controlled manner. The p-contact is formed on the p+-SiGe layer, therefore the mesas must be
etched down precisely to this layer. We used a selective etching solution of KOH for wet
etching of Si. The etching speed of p+-SiGe with this solution is much slower compared to Si,
which is an advantage for the present processing of structures on SOI. Nevertheless a careful
monitoring of etching speed and total etched depth is needed because the SiGe layer
thicknesses we have to deal with are in the range of ∼130 nm and over-etching can be
detrimental. In this respect the etching was investigated by performing TEM on etched mesas.
It is evident from the z-contrast STEM micrograph of Fig. 4.25, showing a processed Si:Er/O
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waveguide structure, that etching can be successfully stopped at the layer of p+-Si1-xGex,
however with some removal of Si1-xGex as well. This observation in combination with the
physical changes of the surface appearance during etching was useful in determining the
correct time and depth of etching.

Figure 4.25. Z-contrast STEM in cross-section of a processed Si:Er/O waveguide LED on
SOI. The image size is 5 μm × 5 μm.
Another important issue in the processing of these devices was the quality and
adhesion to the wafer surface, of the PECVD deposited SiO2 layer which was used as a mask
for wet Si etching. Poor adhesion and quality of the SiO2 mask leads to the generation of etch
pits on top of mesas. Since the total material needed to be etched away is a couple of microns
thick the corresponding etching times are several minutes (∼30 min). These etch pits could be
detrimental for device performance both electrically and optically. However in our case it was
observed that the quality of SiO2 was fine but the adhesion was the main topic of concern as
the top layer is highly Sb doped containing defects and surface roughness. This was
confirmed by oxide deposition performed at the same time on the Si:Er/O samples and
reference Si samples, which lead to different results after etching regarding the generation of
etch pits. The reference sample of Si did not have any etch pits on the mesas whereas the
Si:Er/O device structures contained some etch pits on top of the mesas after wet etching of Si
as shown in the SEM micrograph of Fig. 4.26. However this problem was overcome by
dividing the total etching process into two steps with two SiO2 depositions. Mesas etched this
way were essentially free of etch pits.
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Figure 4.26. SEM image of an etch pit on top of a Si:Er/O mesa.

4.7.2. Mechanical edge polishing
As these devices are aimed for edge emission, it is important, after cutting a fabricated
device out of the processed wafer, to prepare the edge in such a way that the output light is
not hindered by the substrate. For that purpose mechanical polishing of the edge was
performed using diamond papers. In this process the devices were cut with a diamond scriber
keeping some space away from the device edge. Initially a diamond paper with 30 μm grains
was used to remove material quickly to get close to the edge, which was then followed by 15
μm, 6 μm and eventually 1 μm diamond papers. One Si:Er/O waveguide LED with edge
polished using the above mentioned processed is shown in the SEM micrograph of Fig. 4.27.

Figure 4.27. SEM micrograph of a 100 μm wide Si:Er/O waveguide LED with edge polished
mechanically using diamond papers.
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In some case the device edges were further polished using FIB giving a smother and
sharper edge profile.

4.7.3. IV curves
The IV curves of the Si:Er/O waveguide LEDs on SOI were similar to the case of
Si:Er/O LEDs. As these devices are also based on the tunnelling breakdown condition in
reverse bias, the same explanations in section 4.6.1 for the case of Si:Er/O LEDs grown on Si
are also applicable for these waveguide LEDs on SOI. Figure 4.28 shows an IV curve of one
Si:Er/O waveguide LED (sample 620). As discussed earlier, several factors influence the
electrical properties of these devices. However it is evident from the IV curves that having a
second SiGe on the n-side of the pn-junction has very small effects on the electrical
characteristics of these devices. Furthermore, the use of SOI substrates, where the p-contact is
directly made on the p+-Si1-xGex layer means that there are less contributions of the bulky
substrate.
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Figure 4.28. IV curve of a Si:Er/O waveguide LED on SOI

4.7.4. Optical characterization
The Si:Er/O waveguide structures on SOI, as expected, emit strong 1.54 μm light at
room temperature both from edge and surface with the typical spectral shape of Er3+ 4I13/2 –
4

I15/2 transitions. Figure 4.29(a) shows a spectrum taken at room temperature with reverse

current of 4 mA in a Si:Er/O waveguide device (75 μm × 1.5 mm) fabricated on sample 620.
The EL intensities in edge emission geometry were observed to be comparable (in some cases
even stronger) to surface emission on the same devices. However the temperature response of
the 1.54 μm EL intensity shows an abnormal quenching with decreasing temperature showing
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a maximum level near -30 oC depending on the drive current, and at -160 oC it has decreased
by a factor of 5. The plot of EL versus 1/T in Fig. 4.29(b) shows intensity quenching with
temperature in the same device (sample 620) measured in edge emission for different
currents.
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Figure 4.29. (a) EL spectrum of a Si:Er/O waveguide LED fabricated on sample 620 and (b)
plot of 1.54 μm EL versus the temperature for different reverse currents of the same device.
The IV curves (not shown here) revealed that the reverse breakdown was dominantly
tunnelling type at higher temperatures and avalanche type at low temperatures. This is similar
as in ref. [29] where the temperature quenching was attributed to the type of breakdown
mechanism that is generating the reverse current.

4.7.5

Fabrication of Bragg mirrors
Bragg mirrors, which are also called distributed Bragg reflectors (DBRs), are one of

the key components of solid state laser resonators. A Bragg reflector basically consists of
stack of layers with alternating sequence of two materials with different refractive indices.
There are several designs and ways of making such mirrors. However the most commonly
used design is the so called quarter-wave mirror, which provides the best reflectivity for
normal incidence. In quarter-wave mirrors the layer thickness of each optical material
corresponds to one quarter of the wavelength for which the mirror is designed. The
geometrical thicknesses of the two layers with different optical properties are scaled by their
refractive indices as t l = λ 4nl and t h = λ 4n h . nl and n h are refractive indices of the low-
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index and high-index layers respectively and λ is the wavelength for which the Bragg mirror
is designed.
The working principle of these mirrors is based on Fresnel reflections at each
interface. At the wavelength of interest there is a one-half wavelength optical path difference
between reflections coming from successive interfaces of the mirror as well as there are
alternating signs of the reflection coefficients for the material interfaces. Hence there is
always a constructive interference of the reflected waves from these interfaces leading to a
strong reflection. The total reflectivity of the mirror increases with the number of pairs of
low- and high-index layers, whereas the bandwidth of wavelengths reflected depends on the
index contrast of the layers within the pair.
In order to obtain stimulated emission and amplification the Si:Er/O waveguide LEDs
were processed to fabricate Bragg mirrors at both ends of the 1.5 mm long cavity. In this case
the low index material was air with a refractive index of 1 and the high-index material was Si
itself with a refractive index of 3.48. Therefore the Bragg mirror consists of alternating
regions of Si with etched trenches in-between and the corresponding values of thickness for
the low- and high-index regions are t l ≈ 0.385 µm and t h ≈ 0.11 µm respectively. To
fabricate these patterns in submicron region the technique of FIB, as described in section 3.5,
was used. A schematic drawing of a device during FIB processing is shown in Fig. 4.30.
While etching, the Ga+-beam scans along the length of the trench, sputtering away material, at
the same time the e-beam provides SEM live imaging.

+

Ga -beam for
etching
e-beam for
imaging
Back mirror

Front mirror

Figure 4.30. Schematic picture of a planar Si cavity during fabrication of quarter-wave Bragg
mirrors with FIB.
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The calculations of reflectivity for Si quarter-wave Bragg reflectors with two periods
give almost 90% reflectivity of the incoming intensity [32]. Therefore we decided to fabricate
mainly 2 periods for the front mirror and 3 periods for the back mirror in our devices as
shown in Fig. 4.30. Processed and mechanically edge-polished devices bonded on the EL
measurement device-pads with good electrical and optical properties were selected for Bragg
mirror fabrication, which was a time consuming procedure. There were several issues to deal
with in the FIB processing of our planar Si waveguides for fabricating Bragg mirrors. First of
all it is important to realize that the geometrical dimensions of the patterns to be made were in
nanometer scale ( t h = 110 nm), which was almost at the limit of the FIB patterning
resolution. Deviations from the required dimensions could lead to a much reduced reflectivity
of the 1.54 μm light. Possible reason for such deviations could be sample drift due to charging
and redeposition in the very narrow trenches during FIB processing. It was also decided to
modify the mirrors in such a way that t h was 1.25 wavelengths in the high refractive index
material. This results in t h ≈ 550 nm and essentially would give the same effect as a t h = 110
nm. The SEM images in Fig. 4.31 show Bragg mirrors at the back of 75 μm and 100 μm wide
Si:Er/O waveguide LEDs.

75 μm waveguide

100 μm waveguide

Side view

Figure 4.31 SEM micrograph of FIB fabricated Bragg mirrors in 75 μm and 100 μm wide
Si:Er/O waveguide LEDs.

As indicated above there are issues related to the FIB processing which raise questions
regarding the quality of Bragg mirrors. For example re-deposition of the etched Si from the
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trenches makes it difficult to obtain vertical side walls especially at the bottom of the trench
as is evident from the side view SEM image in Fig. 4.31. Consequently, so far there has not
been any observation of light amplification in our waveguide LEDs with Bragg mirrors on
both ends.

4.7.6

Influence of 980 nm radiation on EL
In order to observe the possibility of optical pumping in these devices an experimental

setup similar to EL was arranged with a possibility of PL as well. The set up included all the
components of the EL measurements with the possibility of focusing a laser beam directly
onto the surface of the devices. Thus we could measure EL and PL separately as well as
combine them with this setup. In Er doped fiber amplifiers it is known that optical pumping
with 980 nm light gives the a very high population inversion factor for exciting Er3+ from the
ground state 4I15/2 to the second excited state 4I11/2 [33]. For that reason we used a strong 980
nm laser to investigate the optical characteristics of the Si:Er/O waveguide LEDs grown on
SOI. The schematic illustration of an Si:Er/O light emitting device during such kind of
measurement is shown in Fig.4.32, with the 980 nm laser incident on the surface of the device
and the 1.54 µm radiation of Er3+ emitting from the device edge.

980 nm laser

1.54 m EL

Figure 4.32 Schematic illustration of an Si:Er/O light emitting device during EL measurement
in edge emitting geometry with 980 nm laser light incident on the device surface.
When the 980 nm laser light was incident on these devices without applying any bias
there was no 1.54 μm photoluminescence observed using the lock in measurements. Different
DC biases were also applied during PL measurements but there was still negligible emission
intensity. However when these devices were irradiated with continuous 980 nm laser light, at
the same time as they were electrically reverse biased in pulsed mode, there were interesting
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changes in the EL intensity of 1.54 μm (see paper 3). Figure 4.33 summarizes the influence of
the 980 nm laser radiation on the EL intensity of a Si:Er/O waveguide LED at different
temperatures. There is generally an enhancement of the EL(I) as a result of the laser. This
enhancement was most dramatic at low temperatures (-200 oC) as represented by the filled
triangles (980 nm laser off) and empty triangles (980 nm laser on) in Fig. 4.33(a). When the
devices were exposed to the 980 nm light a significant enhancement (more than 150%) of the
quenched 1.54 μm EL intensity at low temperatures was observed, which is evident from the
percentage of peak EL intensity enhancement versus current plot in Fig. 33(b).
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Figure 4.33. (a) The influence of 980 nm laser irradiation on the 1.54 μm EL peak intensity
versus current curves of a Si:Er/O waveguide LED in edge emission geometry at 25 oC, -80
o

C, and -200 oC. (b) Percentage enhancement of EL by the 980 nm laser at -200 oC.
In this study the 1.54 μm EL intensity enhancement of Si:Er/O waveguide LEDs due

to the 980 nm radiation was attributed to the photo generated carriers contributing to the total
reverse current. Due to this extra current the contribution of the reverse current generated by
avalanche mechanism, which is detrimental for EL, is suppressed. In addition to the tunnelled
electrons the optically generated electrons also gain energy in the reverse field at the junction,
and become a source of Er3+ excitation. As there is a constant intensity of 980 nm light
incident on the devices during the whole measurement, the number of photoexcited carriers is
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also constant. Therefore the percentage of this extra contribution to the total reverse current
decreases with increasing reverse voltage close to the avalanche breakdown

4.8

Conclusive remarks
Si:Er/O light emitters were grown, processed and characterized. Strong room

temperature EL intensities of 1.54 μm were observed. A more clear understanding of the
microstructure of Si:Er/O layers was developed through extensive material characterization.
Simulation results of optical mode confinement are another step towards the goal of
realisation of light amplification in these Si based devices. These studies also contribute in
further understanding of the electrical properties of the Si:Er/O light emitting devices in
connection with the energy band diagrams in order to improve the emission characteristics.
Although, at the current stage, there has been no sign of stimulated emission or lasing in the
Si:Er/O waveguide LEDs with Bragg mirrors fabricated, it has laid a foundation for future
work. The improvement of material structure is required as well as fabrication of good Bragg
mirrors are essential for realisation of stimulated emission and light amplification in these
Si:Er/O waveguide LEDs in order to develop an electrically pumped Si laser.
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CHAPTER 5. SiGe FOR LIGHT DETECTION

This chapter describes the experimental work performed on the SiGe material system
[1]. The experimental investigations are presented in some detail and discussed in connection
with two of the scientific publications. Results mainly include the compositional
investigations of SiGe QDs as well as device fabrication and characterizations based on these
QDs. The devices fabricated are three-terminal photodetectors for near-infrared light
detection.

5.1

Growth of SiGe QD structures
Similar to the growth of other material systems investigated in this thesis, the growth

technique of MBE was used to produce SiGe QD/QW structures. However the MBE system
used was dedicated only for Si and Ge together with n and p doping sources, which was a
Balzers UMS 630 solid-source MBE system, with e-gun evaporators for deposition of Si and
Ge. In this system the molecular fluxes could be accurately controlled by mass-spectrometer
and a feedback loop could imply stable evaporation conditions. As explained in chapter 3, the
epitaxial growth of thin layers can progress in three modes. SiGe quantum dots are formed in
a self-assembled fashion via the Stranski-Krastanov growth mode.
After the high-temperature (825 °C) in situ cleaning of a lowly doped p-Si(100) wafer
for the removal of ∼1 nm thick oxide, the substrate temperature was ramped down to 700 °C
for growing a 75 nm Si buffer layer at a growth rate of 0.1 nm/s, just like in a typical MBE
growth. This was followed by a 300 s growth interruption to adjust the temperature to Tdot
(the growth temperature of the dot layer). At Tdot first an additional 25 nm Si was deposited
which was then followed by 8 mono-layers (MLs) of Ge with a growth rate of 0.01 nm/s to
form the quantum dots. Subsequently a 20 nm Si layer was evaporated at the same
temperature in order to cap the QD layer. Following a second interruption of 390 s to ramp up
the temperature to 600 °C, an additional 120 nm of Si was grown which mainly serves as a Si
spacer layer in case of multiple QD layer samples. The purpose of this spacer layer was to
reduce residual strain, avoid any influence on a QD layer due to the QD layers underneath and
circumvent vertical alignment of QDs. The growth temperature of the spacer layer was high
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enough to reduce point defects in this volume, which are detrimental for optical applications
of these QD layers. The SiGe QD samples grown for these studies contained one buried and
one un-capped QD layer to investigate the structural and compositional changes. Therefore,
after growing the first QD layer the temperature was again adjusted at Tdot and 8 MLs of Ge
were deposited to form the top islands. Although the size and shape of dots were affected by
capping [2, 3], the un-capped top layer made it possible to perform AFM studies of these
SiGe QD assemblies in order to compare them with the buried dots (studied by TEM).

5.2

About SiGe dot size/shape
The main parameters affecting the dot size/shape are the growth temperature Tdot,

growth rate and the amount of Ge deposited. In particular, the Tdot influence on the dot
dimensions and densities is strong. Therefore, following the above mentioned growth recipe,
seven samples were produced with Tdot varying from 430 to 730 °C (named as sample A to
G), as shown in table 5.1.

Sample
Tdot (°C)

A
430

B
480

C
530

D
580

E
630

F
680

G
730

Table 5.1. Samples with QD layers grown at different growth temperatures Tdot.
It is well known that Ge QDs grown at lower Tdot are small and have high densities,
because there is less thermal energy and correspondingly a small diffusion length of the Ge
ad-atoms. Ge QDs grown at higher Tdot are larger in size and have smaller densities if the
amount of Ge deposited is constant [4]. Figure 5.1 shows three AFM micrographs, with
different scales, of Ge QDs grown on Si(100) at a Tdot of 480 oC, 580 oC and 730 oC
respectively. It is evident from Fig. 5.1 that the dot shapes also change with increasing Tdot.
The smaller dots at lower Tdot are called hut clusters with {501} facets and oriented along
<001> directions, Fig. 5.1(a) [5, 6]. On the other hand Ge dots grown at higher Tdot have more
round shaped bases and are called domes, Fig. 5.1(c). In fact these dome shaped clusters have
multiple facets along {113}, {210}, {221}, and {320} planes [7]. Additionally, pyramid
shaped Ge islands with different sizes have also been observed in all samples [8]. However
these pyramids are significantly smaller than the dome clusters as clearly seen in Fig. 5.1(c).
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Figure 5.1. AFM images of uncapped Ge islands in (a) sample B, (b) sample D and (c) sample
G.

The results of AFM analysis are presented in Fig. 5.2, showing the dot dimensions and
densities as a function of Tdot. Clearly the dot sizes increase and densities decrease with
increasing Tdot, for the reasons explained above. The dot diameters range between ∼20 nm and
∼200 nm for sample A to sample G respectively. The island densities are in the range of 1011
cm-2 - 3×108 cm-2 for sample A to sample G respectively.

Figure 5.2. SiGe QD densities (circles) and diameters (square) for different Tdot.
This information is particularly important for the quantification of Si and Ge
composition inside these dots, as will be presented in the following section. Although the dot
dimensions change significantly after the dot layer is capped with Si, this change is mainly in
the dot height and any changes in the lateral dot dimensions are not noticeable. This is
indicated in the z-contrast STEM micrographs of Fig. 5.3(b) and (c) showing a capped and an
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uncapped dot respectively in sample E. The dashed arrows of 80 nm roughly define the lateral
dimensions of the dots (notice the change in dot height). The large change in dot height due to
capping can be the consequence of Si-Ge intermixing, in particular laterally. This can be seen
in Fig. 5.3(b) as a diffused contrast on both sides of the dot. A buried dot from sample C is
also presented in Fig. 5.3(a) marked with a dashed arrow of about 50 nm (the dot size from
AFM), where the dot height is considerably smaller. There is also a difference in the wetting
layer thickness between sample C and sample E based on the contrast in image (a) and (b) in
Fig. 5.3 respectively. This is associated with the conservation of the amount of total material
as in both samples there were 8 MLs of Ge deposited.

80 nm

80 nm

50nm

(a)

(b)

(c)

Figure 5.3. [110] cross-section z-contrast STEM micrographs showing (a) a buried dot in
sample C, (b) a buried dot in sample E, and (c) an uncapped dot in sample E. The size of all
images is 150 nm ×150 nm.

5.3

Composition of SiGe QDs
Material composition investigations of SiGe dots have a large significance regarding

the optical applications of these QDs. Qualitative or quantitative studies of composition in
SiGe QDs have previously been performed using different experimental techniques as Raman
spectroscopy, AFM, XRD, and X-ray photoemission spectroscopy [9-19]. However, most of
these studies involve investigations of uncapped dots [10-18]. Capping of the SiGe QDs with
Si is unavoidable concerning practical applications, and the overgrowth leads to significant
Si-Ge alloying or intermixing during capping.
A quantitative composition analysis of SiGe islands with different sizes and shapes
grown at different temperatures was performed using the analytical electron microscope
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described in chapter 3 (see paper 4). The samples for TEM were prepared in the normal way
using mechanical polishing and ion milling. However, the ion milling was done more
carefully using a low-energy ion beam, in order to achieve smoother and thinner specimen
regions to probe with less edge bending. Hence a specimen thickness of less than 100 nm was
probed in the compositional studies. Normally quantitative studies of intermixing in quantum
wells are straightforward as the same material is probed in the whole specimen thickness.
However quantitative compositional analysis of QDs using cross-section TEM is more
complicated because the dots are surrounded by the matrix element. It is difficult to be sure
about the position of the QD within the thin specimen slab, and sometimes it even may
contain two QDs on top of each other. Consequently this could result in huge errors in the
composition estimation if a direct quantification is performed only from an EDX spectrum
obtained from a single dot in cross section. Therefore the best way is to find out the specimen
thickness at the exact area where the SiGe QD, to be analysed, is situated and then combine it
with the QD size information in order to subtract the contribution in the EDX spectrum
coming from the Si matrix above and/or below the dot. The specimen thickness measurement
was performed using EELS as explained in section 3.2.1.
First of all, the microscope and sample were set for cross-section STEM. The electron
beam used in STEM was focused down to a couple of nanometers to probe single QDs.
Slightly different approaches were used for smaller and larger dots. The quantification is
relatively straightforward if the dot diameters are much larger than the thickness of the
specimen. If the lateral size of the dot viewed in the STEM micrograph is more than or equal
to twice the specimen thickness then as a rule of thumb we can assume that the dot fills the
entire probed thickness. Therefore, in case of larger dots it is better to select thinner specimen
regions. For example, in case of the dot in Fig. 5.3(b) (sample E) the specimen thickness was
measured from an EELS spectrum right below the dot and using Eq. 3.4 it was found to be
about 30 nm. The dot’s lateral dimension in the STEM image of Fig. 5.3(b) is ∼80 nm, which
is equal to the average diameter obtained from AFM (Fig. 5.2). Thus in this case one can
assume that the dot fills the entire specimen thickness and the direct EDX quantification
would give relatively accurate results for the average dot composition. The corresponding
EDX and EELS spectra obtained on and below the SiGe QD of Fig. 5.3(b) are shown in Fig.
5.4.
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On the other hand, for small dots with sizes smaller or comparable to the sample
thickness the material quantification is more complex and less accurate. In this case direct
quantification from EDX spectra would be inaccurate due to the uncertainty about the
distribution between probed volume within and outside the dot. The analysis is simplified if
the sample thickness is large enough that the entire dot is within the specimen volume.
However a too thick specimen would also involve a risk of dot overlapping. Thus EDX
spectra on small dots were taken at regions where the specimen thickness was at least twice
the dot size and the integrated EDX peak intensities of Si and Ge were calculated. In each
case integrated peak intensities of Si in EDX spectra taken below the dots were determined
followed by EELS spectra. Based on the total specimen thickness and the dot size in STEM
micrographs, the contribution in the EDX spectra from the Si matrix surrounding the dot was
removed. Nevertheless, in all cases measurements were performed on capped and uncapped
dots as well as several measurements on each sample to make the data statistically viable.
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Figure 5.4. (a) EDX spectrum obtained on and (b) EELS spectrum measured below the buried
SiGe dot in sample-E shown in Fig. 5.3(b).

The growth temperature dependence of Ge atomic percentage inside single QDs is
plotted in Fig. 5.5. There is a decrease of Ge concentration of the SiGe QDs with increasing
growth temperature, which is attributed to the thermally and strain assisted Si-Ge intermixing
of the dots. This decrease of Ge content of the dots is dramatic for increase of the growth
temperatures from 430 °C up to 630 °C. Our studies are in accordance (except for growth
temperatures above 600 °C) with the optical measurements by Larsson et al. [4] performed on
the same samples. Larsson et al. [4] reported that the dot-related photoluminescence energy
peak position was blue shifted with increasing growth temperature. This blue shift was
attributed to a higher degree of Si diffusion into the Ge dots as a result of higher growth
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temperature, since the bandgap is determined by the composition of the dots. However, our
studies revealed a slow decrease of Ge fraction even for growth temperatures above 600 oC,
unlike in ref. [4], where the dot related PL peak was essentially at the same energy position
for samples grown at temperatures above 600 °C. A possible explanation for this can be a
local Ge-rich region at the center of the larger dots, because in EDX analysis one can not
probe only the center of the islands. Apart from that, the observation of a reduced wetting
layer thickness for larger dots grown at higher temperatures compared to the smaller dots
grown at lower temperatures, from the z-contrast STEM analysis, is also in accordance with

Ge concentration (atomic %)

the PL measurements of Larsson et al [4].
100
80
60
40
20
0
400 450 500 550 600 650 700 750
o

Growth Temperature ( C)

Figure 5.5. The result of quantitative studies of SiGe QDs showing Ge composition of the
dots grown at different temperatures.

Drift corrected EDX spectrum profiles were also obtained across the buried SiGe
QDs, which revealed enhanced Ge segregation or Si-Ge intermixing for larger dots as a result
of capping of the dots (see paper 4). Dislocation lines and stacking faults were also observed
in some of the large dots (sample G), which supports the decrease of PL intensity in sample G
observed by Larsson et al. [4].

5.4

Photodetector devices based on Ge-dot/Si1-xGex-QW
Using the SiGe QDs investigated above, a photodetector for light detection at the

wavelength range of 1.3–1.55 μm was fabricated. This photodetector is basically a threeterminal MOSFET type device containing a stack of Ge-QD/Si1-xGex-QW layered structures
(see paper 5). The working principle of typical FET type Ge-dot phototransistors is based on
the near-infrared light absorption in a number of Ge islands embedded in intrinsic Si and
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generation of carriers. These carriers are then intentionally separated in order to generate a
photocurrent through application of a lateral electric field between the source and drain.
However the key point in the current photodetector transistor design is the presence of a
strained Si1-xGex QW layer near each Ge-QD layer in order to make the carrier transport more
efficient. In addition, the valence band offset also allows hole confinement in the QW.
The device layer structure consists of 10 QD/QW periods grown on a low doped pSi(100) substrate. The layer thickness of the QWs was 6 nm with 20 % Ge. To avoid the risk
of Si1-xGex layer undulation, which would increase the interface scattering probability and
reduce carrier mobility, it was grown below the dot layer. The Ge-dot layers were grown at
low temperatures in the same manner as described in section 5.1, in order to achieve lower SiGe intermixing, larger QD densities and smaller sizes. The spacer layer of i-Si between the
Si1-xGex QWs and the dot layers was ranging from 4 to 10 nm for different structures. A 60
nm thick Si cap separating each QW/QD stack ensured non-correlated Ge islands in the whole
structure.
Structural analysis was performed using the technique of TEM to observe the quality
of grown layers. Figure 5.6 is a bright-field TEM micrograph in cross-section of 4 periods of
Ge-QD/Si1-xGex-QW layers. The inset is a high-resolution image of a single period, showing
two Ge-QDs. The TEM studies revealed good quality continuous epitaxy of the grown layers
with well defined Ge-QDs and no dislocations, stacking faults or other defects in the whole
structure were observed.
Ge-QDs

SiGe

Figure 5.6. Bright-field TEM micrograph in cross-section of the device layer structure of a
Ge-QD/SiGe-QW photodetector showing 4 periods. The inset is a high-resolution TEM image
of a single period.
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The phototransistors were processed as multiple long mesas of 40 μm width with
comb-finger-like metal contacts, which is a typical design for better device performance. The
source and drain contacts were made on the side walls of mesas. A schematic design of the
processed devices in cross-section is shown in Fig. 5.7. The gate contact was also patterned as
a long stripe on the patterned oxide (SiO2) layer, on top of each mesa, as shown in Fig.5.7.
The device design was made for measurements performed with the light incident on the edge.
The devices were tested by performing photoconductivity measurements at room temperature
in edge incidence. The results revealed a strong gate-voltage dependence of the photoresponse
(see paper 5).
Metal

Oxide

Figure 5.7. Schematic cross-section view of the photodetector transistor. Note that the x- and
y-dimensions are not scaled.
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CHAPTER 6.

SiSn FOR REALIZING DIRECT BANDGAP

This chapter deals with experimental investigations of SiSn nanostructures grown by
conventional MBE. Semiconductor alloys of Si1-xSnx present possibilities of bandgap
engineering with narrow but direct bandgap materials. Moreover, upon annealing of Si1-xSnx
Sn QDs are formed via phase separation followed by their development via coarsening
mechanism. Different types of Sn QDs are grown using different growth and annealing
conditions. Structural characterizations using TEM and optical measurements using the
technique of PL are presented and discussed. Results of some optical measurements
performed at Caltech, which were a key motivation for our PL investigations of Sn QDs in Si,
are also briefly presented for the sake of completeness.

6.1

Growth of SiSn QD structures
The growth of SiSn QD structures was performed using the technique of MBE.

Together with an e-gun source for Si, Sn evaporation was realized using highly pure Sn
material in a thermal effusion cell. The growth was performed on lowly doped Si(100) wafers
with resistivity in the range of 5-10 Ωcm. The reason for using lowly doped Si wafers was to
perform PL measurements as well as to avoid any influence of doping on the grown layers in
terms of defects. There were two sets of samples grown using the same technique of MBE.
The first set of samples were produced at Caltech, USA, by Atwater et al. [1, 2, 3] and the
second set of samples characterized in this work were grown at Linköping University,
Sweden [4]. Very similar growth procedures and parameters, considering the growth issues
explained in section 2.3.2, were used in both cases.

6.1.1 Sn source calibration
Before the growth of the Si1-xSnx layers it is important to calibrate the sources as
accurately as possible. Normally the Si source is calibrated and confirmed through different
ways. These mainly include XRD and TEM, however a surface profiler can also be used to
determine the thickness of total deposited material. Apart from that, the Si deposition rate can
also be calibrated in situ using a thickness monitor as explained in chapter 3. On the other
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hand, the calibration of the Sn source is more sophisticated as the Sn flux required for these
layers is much lower than that of Si. In the current work the calibration of the Sn source was
performed using the technique of RHEED by monitoring the surface reconstruction patterns
for different surface coverages. For example experimental investigations performed by
Astropekakis et al. [5] using LEED and by Baski et al. [6] using STM revealed that lowtemperature deposition of Sn on Si(100) surface followed by annealing around 500 oC showed
surface reconstructions of (2×6) for 0.5 ML, c(4×8) for 0.5-1 ML, and (1×5) for 1-1.5 ML Sn
depositions.

6.1.2

Growth procedure
There are several issues regarding the growth of Si1-xSnx layers which require low-

temperature and low-rate MBE growth of SiSn layers, as discussed in chapter 2. The
procedure used for the growth of SiSn structures in this work as well as the procedure
reported by Atwater et al. [2, 3] include growth temperatures of 150-170 oC and growth rate
0.2 Å/sec. Initially the in situ heat treatment of a clean Si(100) wafer was performed to obtain
(2×1) RHEED patterns, which was then followed by growth of a Si buffer layer at 550 oC.
After that the temperature was ramped down to ~170 oC in order to deposit the Si1-xSnx layer
with a thickness of about 1-2 nm and 5-10% Sn in composition using a low growth rate of 0.2
Å/sec. This was then followed by a 4-6 nm Si cap layer with the same growth temperature as
Si1-xSnx, to prevent surface segregation of Sn. Finally, a 100 nm thick Si cap layer was grown
at temperature 550 oC with growth rate of 0.5 Å/sec. As discussed in chapter 2, the formation
of Sn QDs is a post growth process as a result of annealing, therefore during the growth of the
100 nm thick Si cap layer, the Si1-xSnx layer undergoes an in situ thermal treatment at 550 oC,
which helps the formation of Sn dots in the Si matrix. The samples were also annealed ex situ
at higher temperatures (~800 oC). Several samples were produced containing Si1-xSnx layers
with different Sn compositions.

6.2

Structural investigations
Structural investigations were performed using cross-section TEM as well as STEM.

Figures 6.1(a) and (b) show a cross-section TEM micrograph and a z-contrast STEM
micrograph, respectively, of a sample containing four Si1-xSnx layers grown on Si(100) using
the above mentioned procedure. The sample was also ex situ annealed at 800 oC for 30
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minutes. The Si1-xSnx layers are clearly observed in both images, with a different contrast than
the surrounding. The Sn flux was fixed, based on the RHEED calibration procedure
performed earlier, for a composition of ~5 % Sn. All the Si1-xSnx layers were grown with the
same Sn flux and were aimed for similar thicknesses (~2 nm), except the topmost layer (4th
layer), which was planned to be twice as thick compared to the other three layers. Therefore
the total amount of Sn in the 4th layer is higher as compared to the other three layers.
Although the TEM micrographs reveal that the Si0.95Sn0.05 layers are much thicker than
planned, which is a consequence of Sn diffusion by in situ and ex situ annealing, Sn
precipitates are clearly observed only in the 4th layer. The formation mechanism of these Sn
dots is mainly a post growth process, unlike SiGe dots, as explained in section 2.3. The two
mechanisms of Si0.95Sn0.05 alloy decomposition via phase separation and tetrakaidecahedron
shaped void formation lead to generation of Sn dots as a result of annealing [3, 7]. It is well
known that relaxation of strained Si1-xSnx layers takes place via formation of Sn precipitates
as well as generation of defects (dislocations and stacking faults) [8]. A number of defects
(stacking faults and dislocations) were also observed in our samples as seen in Fig. 6.1.

50 nm

50 nm

Figure 6.1. Cross-section (a) bright field TEM micrograph and (b) z-contrast STEM
micrograph of a sample with 4 Si1-xSnx layers with ~5% Sn after annealing at 800 oC. The top
layer is twice as thick as the other 3 layers.

In order to make a qualitative investigation of the presence of Sn in these precipitates
EDX spectrometry was performed on individual Sn dots using a highly focused electron beam
in STEM mode. Figure 6.2 shows a z-contrast STEM micrograph of the two top layers of the
sample in Fig. 6.1, and EDX spectra obtained from a single Sn dot in the fourth layer and
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from Si on top of the dot layer. The areas probed by the electron beam to obtain EDX spectra
from the Si cap layer and from a Sn-dot are marked as square 1 and square 2, respectively. In
both spectra the largest peak is related to Si. The spectrum taken from the dot clearly shows
Sn related peaks, whereas the spectrum obtained above the dot only shows the Si peak. The O
peak is common in both spectra and it can come from surface oxides. The STEM micrograph
reveals presence of dots within the 4th Si0.95Sn0.05 layer as well as slightly above, in the Si cap
layer. Similar dots were also reported by Atwater et al. [7] in a study of void mediated
formation of Sn QDs in Si. The existence of Sn QDs in the Si cap layer is a consequence of
thermal diffusion of Sn during annealing. The STEM micrograph of Fig. 6.2 also shows a
void, which is pointed by the white arrow. The brighter contrast around the edges of the void
reveals that Sn is only present at the edges. It is known that filling of such tetrakaidecahedron
shaped Si voids due to the annealing process also leads to the formation of one kind of Sn
QDs.

void
1

2

20 nm

Figure 6.2. Z-contrast STEM micrograph of a Sn dot layer in Si and EDX spectra obtained
from Si matrix (area 1) and a single Sn dot (area 2).
Sn dots exist with semiconducting α-Sn phase and metallic β-Sn phase with different
crystal structures [9]. The α-Sn dots in diamond-cubic phase are stable in buried epitaxial
layers, whereas the tetragonal phase β-Sn islands are mainly formed on the Si(100) surface.
Therefore, when an uncapped layer of Si1-xSnx on Si(100) is annealed, the Sn dots formed are
expected to be mainly β-Sn phase islands with body-centered tetragonal crystal structure. On
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the other hand buried layers of Si1-xSnx lead to formation of α-Sn dots as a result of thermal
annealing. Considering this issue, samples were grown with Si0.95Sn0.05 layers in situ annealed
at 800 oC before capping. High-resolution (HR) TEM studies were performed on both types
of samples with the Si0.95Sn0.05 layers annealed after and before capping. The micrographs
show well-defined lattice fringes, as seen in Fig. 6.3(a) and (b) respectively. The micrograph
of Fig. 6.3(a), with continuous lattice fringes between the dot and Si matrix, most probably
depicts an α-Sn dot with diamond-structure. The presence of Sn in the dot was also confirmed
by z-contrast STEM (not shown here). The HR-TEM micrograph of Fig. 6.3(b) shows two
dots in the sample with a layer of Si0.95Sn0.05 annealed at 800 oC before it was capped with Si.
Lattice fringes different from the surrounding are clearly observed around the edges of the
precipitates. The lattice fringes at the center of dots are similar to the surrounding matrix and
may be an empty region if the dots were formed via void mediated process and partially filled
by β phase Sn as a result of annealing. Note that the lattice constants of Si and α-Sn/Si1-xSnx
precipitates are different, but in Fig. 6.3(a) no difference in the lattice fringe dimensions
between the dot and surrounding or any Moiré pattern is observed, which is not understood at
this stage. One possible reason can be that the dots are very small compared to the thicker
specimen. On the other hand, the micrograph in Fig. 6.3(b) was taken from a very thin region
of a cleaved specimen.
25 nm × 25 nm

(a)

15 nm × 25 nm

(b)

Figure 6.3. Cross-section HR-TEM micrograph of (a) an α-Sn dot in sample shown in Fig. 6.1
and (b) β-Sn dots in a sample where the Si0.95Sn0.05 layer was in situ annealed at 800 oC before
capping with Si.
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The bulk α-Sn to β-Sn transition temperature is 13.2 oC, whereas the growth and
annealing temperatures for formation of α-Sn dots are much higher. However, the existence
of α-Sn precipitates is attributed to interface and pressure effects [9].

6.3

Optical characterization
The diamond structure α-Sn in bulk form is a direct and zero bandgap material.

However in nano-size α-Sn dots the bandgap is expected to be increased due to quantum
confinement effects. The optical properties of Sn QDs have not been investigated to a large
extent yet. One important optical characterization of α-Sn QDs is the infrared absorption
spectroscopy in attenuated total reflectance geometry performed by Atwater et al. [2]. Figure
6.4 presents the schematic geometry of the total internal reflection mode and a plot of the
absorption coefficient as a function of energy taken from ref. [2]. The edges of ~500 µm thick
samples with Sn QDs were polished in 45o with an edge to edge distance of about 25 mm. For
background correction a similar Si wafer piece was edge-polished and used as a reference.
The spectra show an absorption onset at ~0.27 eV with a factor of two increase for the
annealed sample. Atwater et al. [2] reported that the high value of absorption coefficient in the
Sn QDs was consistent with direct interband absorption. However a stronger evidence of a
transition from indirect to direct bandgap in Sn nano-particles should be achieved from PL
measurements.

Figure 6.4. Schematics of multiple internal reflectance Fourier transform infrared (MIRFTIR) spectroscopy measurements of absorption coefficient of Si0.9Sn0.1 on left, and plot of
absorption coefficient versus energy before and after annealing at 800 oC on right.
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A part of the optical characterization of Sn dots in the current work included low
temperature PL measurements on Atwater’s samples grown at Caltech USA as well as on
samples grown at Linköping University (see paper 6). Nevertheless the PL spectra did not
show any emission peaks related to QDs in either set of samples. Samples grown at Caltech
might have had a high density of non-radiative traps which could have been the reason for
suppressing the Si-substrate emission. Although Sn QD structures grown at Linköping
University were grown on high purity substrates showing the Si-related emission, no emission
peaks related to α-Sn dots were observed. Our PL investigations lead to the conclusion that
Sn QDs may only have applications in IR detectors, whereas achievement of direct bandgap
Si1-xSnx or realisation of Sn dot based IR emitters requires more detailed studies.
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7.

CONTRIBUTIONS TO INCLUDED PAPERS

The papers included in the present work mainly describe research work about the
growth of Si based layered structures using MBE for light emission and their characterization
by SIMS, XRD, PL, TEM, EDX, AFM, etc. In this respect three different Si based material
systems were investigated; Si:Er/O layers, SiGe QDs, and SiSn QDs. After the material
characterization of Si:Er/O structures, light emitting devices were designed, fabricated and
tested by EL measurements (paper I-III). The investigations of SiGe QDs include material
characterization and fabrication of near-infrared photo-detectors (paper IV and V). SiSn QDs
were produced and characterized but the results showed it to be unsuitable for light emission
(paper VI).
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Performed the material growth, structural characterizations, device processing,

electrical and optical characterization, data analysis and discussions with the co-authors to
draw conclusions, and wrote the manuscript.
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My contributions to paper II
Performed the material growth, structural characterizations, device processing, optical

measurements, drew conclusions after data analysis together with the second author, and
wrote the manuscript.

7.3

My contributions to paper III
Performed the material growth, structural characterizations, device design and

processing together with the second author, optical characterization, data analysis and
discussions together with the co-authors, and wrote the manuscript.
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7.4

My contributions to paper IV
Carried out the structural and compositional characterizations of material, data

analysis together with the co-authors, and wrote the manuscript.
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Performed the structural characterizations of material and analyzed the data together

with the other co-authors.
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My contributions to paper VI
Performed the material growth, structural characterizations, discussed the optical data

and drew conclusions together with co-authors, and wrote the manuscript.
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