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Preface

Since the seventeenth century, when the modern optical microscope was invented,
scientists have variously attempted to increase their ability to get “better pictures.”
Many techniques have been created and considerable efforts have been made
toward increasing the resolution. Many instruments have been designed and
improved during the past years, now allowing the sub-Angstrom resolution.

Independently of the techniques, microscopy is widely used in many areas in
both materials science and the life sciences. This finally has made microscopy a
multidisciplinary field attracting the interest of many researchers in science and
technology.

The first International Multidisciplinary Microscopy Congress (INTERM 2013)
provided all these scientists an opportunity to meet, present their work, discuss,
and mutually interact in order to enhance and promote their research work.

This volume, published by Springer, includes all the papers presented at this
Congress, held in Antalya, Turkey, in October 10-13, 2013.

On behalf of the organizing committee we would like to thank all the plenary
and invited speakers for their valuable contribution and especially Professor
Gustaaf Van Tendeloo (EMAT, University of Antwerp, Belgium) for his excellent
opening lecture.

We would also like to thank TURA Tourism for their support in the organi-
zation of the Congress, as well as our sponsors: Doga Nanobiotech, JEOL Ltd.,
and NanoMEGAS. Finally, we would like to thank the publishers for the quality of
this edition.

Thessaloniki, Greece Efstathios K. Polychroniadis
Gebze, Turkey Ahmet Yavuz Oral
Istanbul, Turkey Mehmet Ozer
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Chapter 1

Micro and Nano Structural Characterization
of SiC

Narendraraj Chandran, Ariadne Andreadou, Alkyoni Mantzari,
Maya Marinova and Efstathios K. Polychroniadis

Abstract For the last decades, substantial research has been focused on the
development of Silicon Carbide electronic devices thanks to its outperformance over
Silicon. A review of the author’s recent results on the microstructure of SiC layers
studied by Transmission Electron Microscopy is presented in the current work. Struc-
tural defects appearing in epilayers grown by different methods will be presented.
The studied samples were grown by different means-from vapour phase techniques
such as Physical Vapour Transport, Chemical Vapour Deposition and Sublimation
Epitaxy.

1.1 Introduction

Due to a wide bandgap energy, high-saturation electron velocity, high breakdown field
and high thermal conductivity, Silicon carbide (SiC)-based electronics are suitable
for high-power and high frequency applications, as well as for severe environments,
including high temperature and high radiation [1]. The large Si—C binding energy
(about 5.0eV) makes it intrinsically resistant to radiation fields, high temperature
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and corrosion. Moreover, because of its high thermal conductivity, it constitutes
an excellent heat sink. The combination of such excellent thermal, electrical and
mechanical properties makes it also an interesting material for sensor applications
in non-standard environmental conditions [2].

SiC crystallizes in many different forms, called polytypes, which differ only in the
successive stacking of n elemental Si—C bilayers. Since they have different bandgap
energies and near band edge electronic structures, they should allow the design of
new hetero-polytypic devices with unique optical and electrical properties. Unfortu-
nately, up to now, only two SiC polytypes have a well-defined application field. They
are hexagonal 4H-SiC for active electronic device layers and 6H-SiC as substrate
for Group IlI-nitride optoelectronics. In this paper, we have studied different SiC
polytypes, such as 15R-SiC, 4H-SiC and 3C-SiC, all grown by vapor based growth
techniques namely physical vapor transport (PVT), chemical vapor deposition (CVD)
and sublimation epitaxy (SE).

15R-SiC has been an attractive material for decades followed by 4H-SiC, and
6H-SiC as a potential candidate for MOS devices [3]. However, no bulk 15R-SiC
crystals of good quality have ever been reported. Polytype inclusions and extended
defects are the major concerns for crystal growth. In the current study, polytypic
transitions were observed during bulk growth. We mainly focused on the interface
and formation of associated defects.

Incorporation of group III and IV elements in SiC made astonishing progress in
modern power generation technology which requires better semiconductor devices
that are capable of operating at higher temperature and at high frequency radiations
[4]. Ge and B show relatively high solubility of 3.8 x 10 cm ™3 and 1.9 x 10*°cm 3
by replacing Si atoms at 2500 K in SiC [5]. However these results differ in experi-
mental studies depending on the growth technique and temperature. In our case Ge
was added as a dopant during CVD 4H-SiC growth.

3C-SiC is regarded advantageous over the other hexagonal polytypes because
it shows the highest electron mobility [6] and lower density of the near-interface-
traps in the SiO,/3C-SiC system due to the smaller band gap. A crucial problem
hindering the future development of a 3C-SiC technology is the unavailability of
3C-SiC substrates. Frequently, in order to overcome problems related to mismatch,
as in the case of Si, the growth is performed on substrates from a hexagonal polytype
(4H- or 6H-SiC). In our case, 3C-SiC nucleates spontaneously, during SE growth,
on (0001) 6H-SiC surfaces or grows homoepitaxially on 3C-SiC buffer layers priory
grown by Vapor-Liquid-Solid (VLS) mechanism.

In all above cases cross-sectional Transmission Electron Microscopy (XTEM) as
well as High Resolution Transmission Electron Microscopy (HRTEM) study was
performed to gain information on the nano-structural quality of the materials and
their defects.
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1.2 15R-SiC Grown by Physical Vapor Transport

15R-SiC seeds were used to grow single crystals by PVT method. C face 3° off-axis
and Si face on-axis seeds were employed. Common growth conditions were applied,
i.e. 2200 °C for the growth temperature and a pressure comprised within a range of
15-20 mbar. The thickness of the grown crystals was around 3 mm and the polytype
was determined by Raman Spectroscopy. A mixture of 15R/4H-SiC and 15R/6H-SiC
crystals were obtained on C-face and Si-face seeds respectively. The main defects
observed were stacking faults (SFs) quite abundant in 15R-SiC and normal to [0001]
direction. Apart from SFs, a high density of dislocations (D) was observed such
as Screw Dislocations (SD), Threading Screw Dislocations (TSD), Threading Edge
Dislocations (TED) and Basal Plane Dislocations (BPD). Their density was found to
be higher in 15R-SiC area compared to 4H-SiC and 6H-SiC inclusions. Few TEDs
and BPDs are identified in TEM images due its well-known conversion mechanism
and nature of propagation. Threading dislocations are often introduced at the initial
stage of growth and propagate along c-axis and normally terminate or convert into
either SFs or BPDs [7].

Polytype transitions depend on various factors such as seed polytype and polarity,
supersaturation [3, 8] etc. SiC polytype transitions have been extensively inves-
tigated for decades and few authors proposed models for polytypic transition on
H-SiC to C-SiC based on asymmetry in the mobility of partial dislocations [9] and
15R-SiC to 6H-SiC based on inhomogeneous density of screw dislocations [10]. On
the other hand models are also developed for twins in 15R-SiC such as “Friedelian”
reticular merohedric twinning [11]. These studies give better insight for the current
study since in case of the C face seeded growth, along with the stacking fault, a
(23)/(32) twin sequence was formed in 15R-SiC just below the interface sequence
(32)/(22) which is structurally and energetically favored (Fig. 1.1a). This was con-
firmed by having Fast Fourier Transform (FFT’s) images at these regions. Whereas in
Si face seeded growth the polytype transition is more complex due to high SF density
(Fig. 1.2b). This implies that twin associated polytype transition is coherent than the
other form. Further detailed study is required to extract conclusions on the impact of
twins in polytypic transition.

1.3 Formation of Ge Droplets on 4H-SiC by Chemical
Vapor Transport

Epitaxial 4H-SiC growth was performed at 1500 °C on Si face 8° off-axis 4H-SiC
seeds. 0.02 sccm GeHy was added to the SiH4 + C3Hg precursors’ mixture during the
deposition run. Ge droplets formed on surface by accumulation of non-incorporated
Ge atoms during cooling process.
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I Distiirsed regio

Fig. 1.1 a filtered HRTEM micrograph showing a coherent transition region between 15R-SiC and
4H-SiC interface with alternating (32)/(23) transforming to (32)/(22) atomic sequence. The Zhdanov
notation of the stacking sequence, listed at right, was measured as indicated by the arrow. b HRTEM
micrograph of 15R-SiC/6H-SiC interface appearing more complex with an extent transition region
due the presence of numerous stacking faults

HRTEM was employed to investigate the Ge droplets (Fig. 1.2a) due to recent
research on the growth of low-dimensional Ge islands on SiC with an increasing
interest to develop optoelectronic SiC devices [12, 13]. The droplets were polycrys-
talline and their size varied between 20 and 300nm. Nano-crystallites within the
droplets ranged from 5 to 15nm or in some cases even smaller.

Nano-crystallites were oriented in different directions forming droplets on
4H-SiC. The samples are imaged in two different zone axes i.e. SiC [11-20]
(Fig.1.2a, b) and SiC [1-100] (Fig. 1.2¢c, d) in order to establish the epitaxial rela-
tion. HRTEM micrograph of Fig.1.2b shows a Ge nano-crystal oriented along
Ge{001}//4H-SiC{0001 }. At the SiC/Ge interface few atomic layers exhibited higher
contrast due to atom exchange. The epitaxial orientation of atomic layers was not
very clear in SiC [11-20] zone direction. In SiC[1-100] zone direction, it was evi-
dent that most of Ge crystals were oriented along Ge{111}// SiC {0001} direction
with few misfit dislocations due to large lattice mismatch of about 30 % (Fig. 1.2d).
However the step structure of off-axis substrate favored the epitaxial growth consid-
erably reducing the lattice mismatch. TEM characterization at the interface region
showed that Ge islands can be grown at low temperature on off axis SiC substrates.
Moreover, no Ge inclusions have been detected within the layer.
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Ge [110]
4H Sic [11-20]

+(0004)SiC
(1-11)Geé

(1-100]

Fig.1.2 aLlow Magnification TEM micrograph along [11-20] zone direction and b HRTEM micro-
graph and corresponding FFT (insert) revealing the epitaxial growth of Ge {002}// 4H-SiC{0004 }.
Low magnification and HRTEM micrograph ¢, d along [1-100] zone direction showing that the
SiC off-axis step structure favored the epitaxial growth of Ge {1-11} // SiC {0001}

1.4 3C-SiC Grown by Sublimation Epitaxy

In this case one set of samples was grown on the Si-face of 6H-SiC on-axis sub-
strates in vacuum conditions for 30 min at a temperature of 2000 °C and the tem-
perature gradient ranged from 5 to 8 °C/mm [14, 15] and another set was grown at
a source temperature of 1775 °C on differently treated prior growth substrates (e.g.
as-received by supplier on-axis, Si-face 6H-SiC substrates, additionally polished
6H-SiC substrates or subjected to a deposition of ~1.5 um (111) 3C-SiC buffer layer,
grown by the VLS mechanism) [16]. A general observation concerning the growth on
6H-SiC substrates by SE is that the 3C-SiC epilayer/substrate interface was not
always abrupt. During the initial ramp up the growth can continue by competition
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Fig. 1.3 a the formation of fourfold twin structures with nucleation cores on the interface with the
6H-SiC and b the corresponding SADP, revealing the relation between the multiple twins

between 3C-SiC heteroepitaxial and 6H-SiC homoepitaxial growth. In some cases
a transition zone between the 3C-SiC layer and the 6H-SiC substrate was formed
where polytypic transformations occurred through admixture of 15R-SiC, 6H-SiC,
3C-SiC and other irregular stacking sequences [16]. However, in the layers grown
when a (111) 3C-SiC buffer layer was deposited before SE, such transformations on
the 3C-/6H-SiC interface did not occur.

Typical defects appearing in the layers grown on 6H-SiC substrates, apart from SFs
and dislocations, were twins and mainly characteristic triangular defects which are
fourfold twin complexes (TC) as shown in Fig. 1.3a. These twin structures have their
nucleation cores at the substrate/overgrown interface and once formed they propagate
through the whole layer terminating on the surface. When the growth temperature
is ~2000 °C [15] and close to the interface with the 6H-SiC they appeared in their
simplest form. The analysis of the selected area diffraction pattern (SADP) given in
Fig. 1.3b shows that the defect TC2 consists of four grains—two of them twinned
along the (111) planes without having a common plane (T1 and T4) and another two
(T2 and T3) twinned along the (111) planes of T1 and T4, forming two coherent
23 interfaces (T1/T2 and T3/T4). Consequently the T2/T3 couple is bounded by
one X 27 interface. It is reasonable to assume that the twin complex denoted as TC1
in Fig. 1.3a consists of twins along the (111) and (111) planes. Regarding growth
performed at lower temperature and/or on 3C-SiC VLS seeds the complexity of the
twinning increases. It is accompanied by formation of other high angle boundaries
associated with mis-orientation along the [011][16].

The alteration of temperature gradients affects the crystalline quality of over-
grown layers in two ways. First, by lowering the temperature gradient the amount of
6H-SiC in the layer increases. Detailed analysis of the structure of the observed
different 3C-/6H-SiC transformation interfaces can be found in [17]. Second, the
lowering of the temperature gradient favours strongly the reduction of SFs in the
grown 3C-SiC domains [15].
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1.5 Conclusions

Due to its structural qualities, SiC appears particularly interesting from a crystal-
lographic as well as structural defects point of view. At the same time, the above
characteristics affect its growth by making it considerably difficult at certain cases.
To make an improvement on the wafer technology, in this work, we investigated
SiC crystals grown by three different vapor phase methods. Thus, Physical Vapor
Transport (PVT), Chemical Vapor Deposition (CVD) and Sublimation Epitaxy (SE)
were used for growing 15R-SiC, Ge doped 4H-SiC and 3C-SiC crystals respectively.

PVT grown 15R-SiC suffers with high order defect density. The planar defects
affect the main SiC polytype, which are purely depended on stacking fault formation
energies. This fact suggest that may be higher energy is required to form micro-twins
which are observed near 15R-SiC/4H-SiC interface. TEM investigation on Ge doped
4H-SiC revealed that CVD technique can be considered suitable growth method for
Ge Islands. Growth direction SiC{0001}//Ge {111} found to be the preferred one
while the off-axis SiC substrate seems to have favored the epitaxial growth. In case of
3C-SiC layers grown by SE, apart from the typical stacking faults and dislocations
some characteristic fourfold twin complexes appeared. Additionally, the thermal
gradient decrease led to significant lower stacking fault density but higher amount
of 6H-SiC overgrown.
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