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Abstract

The degradation in performance of silicon devices with scaling caused by fundamental 

silicon material limitations by the year of 2020 is forcing the semiconductor industry to 

consider extraordinary materials to replace silicon. Introducing new structures (like 

germanium on insulator), alteration of material properties in the channel region (such as 

SiGe alloys or strained Si), and replacement of Si (by graphene) are all being 

considered. Therefore a number of new materials are currently investigated by 

researches as a promising nano-material for “post-silicon electronics”. The wide range 

of information on structural properties of these materials can be provided using Raman 

spectroscopic technique.

In this work, the technique of micro-Raman spectroscopy (MRS) has been 

employed to investigate properties of wide range of Ge and Si based materials such as 

strained Si layers, SiGe, SiGeC and ion implanted Ge layers as well as carbon related 

materials: SiC, diamond like carbon, a-C:Pt and graphene to determine their suitability 

for use in the development of nanotechnology. MRS is a powerful vibrational 

spectroscopy tool for investigation of very thin layers, which gives a unique 

combination of non-destructive analysis and high spatial resolution. In this study, 

micro-Raman spectroscopy is used as the primary technique to study Ge content and 

stress in SiGe virtual substrates as well as strain in s-Si cap layers for application in 

n-MOSFETs technology. The Raman and Infrared spectroscopy is also applied to 

determine the substitutional carbon content in SiGeC thin layers. The detailed 

investigation of the structural damage and electrical properties of ion implanted, 

bevelled Ge samples for smart cut technology is presented in this work by means of 

Raman mapping and Spreading Resistance profiling techniques.

The enhancement of Raman signal is experimentally observed and theoretically 

discussed for the carbon related ultra-thin films such as SiC and graphene. MRS is used 

to investigate different polytypism, structural quality and stress in SiC layers. MRS also 

provides information on number of graphene mono-layers. Raman area mapping is 

performed in this work in order to analyse the structural uniformity of graphene flakes. 

And finally, the detailed investigations of carbon like films and amorphous carbon films 

with Pt are presented in this work.
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“ ...everything that living things do can be understood in terms of the

jigglings and wigglings of atoms... ”

R. P. Feymann

Feynman, R. P. (1963) Six Easy Pieces (Addison-Wesley, Reading MA), p 59.



1. Introduction to molecular spectroscopy

Molecular spectroscopy is a study of the absorption, emission, or scattering of 

electromagnetic radiation by atoms or molecules (or atomic or molecular ions) as a 

function of either wavelength or frequency. The most popular spectroscopic techniques 

are an infrared (IR) and Raman spectroscopy. The IR and Raman spectroscopy in 

general yield similar types of information. They both provide a means of studing pure 

rotational, pure vibrational, and rotation- vibration energy changes in the ground state of 

simple and even complex molecules.

The two methods are based on quite different physical principles. Infrared 

spectroscopy is mainly dealing with the absorption of energy by a molecule, ion, or 

radical from a continuum incident radiation or with the study of the emission of infrared 

radiation by species in exited states. In contrast, Raman scattering functions by an 

entirely different mechanism and depends on the collision of a quantum of 

monochromatic incident light with a molecule. This interaction photon-molecule leads 

to the frequency shift of the scattered light with respect to the incident light.

Not only do the mechanisms differ for the two techniques, but the criterion as to 

whether a particular transition will be observed in the infrared or Raman spectrum 

depends on widely different principles. For example, to be active in the infrared spectra, 

transitions must have a change in the molecular dipole moment associated with them. 

Raman activity criterion, however, depends on a change in the polarizability of the 

molecule. These two molecular characteristics are qualitatively inversely related.

The infrared and Raman techniques are unique in that they can be used to study 

gasses, liquids and solids. In contrast. X-ray diffraction is applicable only to the 

crystalline state, whereas nuclear magnetic resonance (NMR) spectroscopy is applicable 

largely to the sample in solution.

2.3. Molecular vibrations

Each atom has three degrees of freedom: it can move independently along each of the 

axes of the Cartesian coordinate system. If n atoms constitute a molecule, there are 3n



degrees of motional freedom. Three of these degrees are translational and they involve 

moving of all atoms simultaneously in the same direction parallel to the axes of a 

Cartesian coordinate system. Another three degrees of freedom also do not change the 

distance between atoms and they describe rotation. The remaining 3n-6 degrees are 

motions, which change the distance between atoms: the length of the chemical bonds 

and the angels between them. Since these bonds are elastic, periodic motions occur. All 

vibrations of an idealized molecule result from superposition of 3n-6 non-interacting 

normal vibrations for nonlinear molecules. Linear molecules possess 3n-5 fundamental 

vibrational modes because only 2 degrees of freedom are sufficient to describe rotation.

Consider the vibration of a diatomic molecule in which two atoms with masses m i 

and m2 are connected by a chemical bond represented as an elastic spring (Fig. 1.1).

Fig. 1.1. A diatomic molecule with a spring for a covalent bond: wi/, are the masses of 

atoms, rgq, r - are the distances between two atoms.

The force F necessary to move the atom by a certain distance jc from an equilibrium 

position, in accordance to Hooke’s law, is expressed as:

(1.1)

where k is the force constant, and the minus sign indicates the directions of the force 

and the displacement are opposite to each other. According to Newton’s law, the force 

is proportional to the mass m and its acceleration, the second derivative of the 

elongation with respect to the time t\

d^x
F = m-

dF
(1.2)



If we consider a diatomic molecule the mass m is called reduced mass {pi) of a diatomic 

molecule with the masses w/ and m2:

J_-J_-_L + _L
m pi mj

(1.3)

Above equations can be combined:

d^x --k- X. (1.4)

This second order differential equation possesses the following solution:

a: = jcq • cos(2;r vt + (p), (1.5)

describing the motion of the atoms as a harmonic oscillation. Here v is the vibrational 

frequency and ip is the phase angle. The second derivative of jc by the time is found as:

dt^
= -Ak'^ jCq co?.{27tvt + (p) = -Atc^ v'- X .2 .,2 (1.6)

Insertion into Eqn. (2.4) yields:

^ 1k\ pi' (1.7)

Thus, we obtained an equation describing the frequency of the vibrations of a diatomic 

molecule.

The potential energy of a molecule, which obeys Hooke’s law, is obtained by 

integrating Eqn. (2.1):

V=-kr\
2

(1.8)

in which r=x-Xe, Xe is the Cartesian coordinate of the potential minimum. This is a 

parabolic potential which refers to harmonic oscillator. The atoms move with a definite 

frequency, according to the cosine function in Eqn. (2.6). The bonds in actual



molecules, however, are not obeying Hooke’s law exactly. The force needed to 

compress a bond by a definite distance is larger than the force required stretching the 

bond. Graphs describing harmonic as well as real, anharmonic potentials are shown in 

Fig. 1.2. Anharmonic molecular potential is approximated by the Morse function:

V = DX\-e^^)\ (1.9)

where De is the dissociation energy and ^ is a measure of the curvature at the bottom of 

the potential well.

Fig. 1.2. Anharmonic (green line) and harmonic (blue line) potential with energy states 

according to quantum mechanics, r distance between the masses, Xe equilibrium distance, Dg and 

D are the theoretical and spectroscopic dissociation energies, respectively. The lowest energy 

level has the quantum numbery=0, followed byy=l, 2,... .

According to classical mechanics, a harmonic oscillator may vibrate with any 

amplitude, which means that it can posses any amount of energy. Quantum mechanics, 

however, shows that molecules can only exist in definite energy states:

E,=h v{j + ^), y = 0,l,2,... (1.10)



while as for anharmonic potentials, the distance between energy levels decreases with 

increasing energy. If the Schrodinger equation:

2.., 0-2 j Ad y/ %n ji 
dr^

E — kr' l/ = 0, (1.11)

is solved with anharmonic potential from Eqn. (1.9), the eigenenergies of these states 

are as follow:

(1.12)

where is anharmonicity constant.

2.4. Energy units and molecular spectra

Figure 1.3 illustrates a wave of polarized electromagnetic radiation travelling in the z- 

direction. It consist of the electric component (x-direction) and magnetic component (y- 

direction), which are perpendicular to each other. The electric field strength (£) at a 

given time (/) is expressed by;

£■ = cos(2;rv't), (1-13)

where Eg is the amplitude and v is the frequency of radiation.

Fig. 1.3. Plane-polarized electromagnetic radiation.



In vibrational spectroscopy wavelength is measured in "wavenumbers", which is 

defined as:

v=—{cm ) = -, 
A c

(1.14)

where c and v is the velocity and frequency of light, respectively. The wavenumber is 

expressed in the units of cm'.

If a molecule interacts with an electromagnetic field, a transfer of energy from the 

field to the molecule can occur only when Bohr’s frequency condition is satisfied. 

Namely,

=hv = — . 
' ' A

(1.15)

Here AE is the difference in energy between two quantized states, h is Planck’s constant 

(6.62x10'^“^ J/s), E2 and E/ are the energies of the excited and ground level, respectively. 

The wavenumber {1/k) is proportional to the energy of transition. The molecule absorbs 

energy AE when it is excited from E/ to E2, and emits energy AE when it reverts trom E2 

to E/. As indicates in Fig. 1.4 the magnitude of AE is different depending upon the 

origin of the transition. In infrared and Raman spectra transitions appear in the range of 

lO'* to 10^ cm ' and originate from vibrations of nuclei constituting the molecule.
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Fig. 1.4. Energy units for various portions of electromagnetic spectrum.



2. Raman Spectroscopy

2.1. Historical background of Raman spectroscopy

The genesis of Raman spectroscopy started in the first quarter of the 20th century when 

the scattering of monochromatic radiation with change of frequency was predicted 

theoretically by the Austrian quantum physicist, A. Smekal [1], The scattering of light 

by various media had also been studied by Rayleigh in 1871 and Einstein in 1910 but no 

change of wavelength had been observed, with the sole exception of certain types of 

scattering in the X-ray spectral region observed by Compton [2]. With this background, 

many scientists were surrounding the idea of inelastic scattering, which was first 

reported by Indian scientist. Sir Chandrasekhra Venkata Raman and his co-worker 

Krishnan [3], and almost simultaneously by Landsberg and Mandelstam [4] in Moscow 

in 1928. Sir Raman used sunlight as the source and a telescope as the collector, the 

detector was his eyes. Two years later, C. V. Raman received the Nobel Prize in Physics 

for the discovery, which since then bears its name.

Gradually, improvements in the various components of Raman instrumentation 

took place. Early experimental work was directed toward improving the radiation 

sources. Various lamps of elements were developed (e.g., helium, bismuth, lead, zinc) 

[5-7] but they were unsatisfactory due to low light intensities. The mercury lamp, 

filtered to give essentially monochromatic radiation from one of the prominent mercury 

lines, became the standard source during the 1930s. Later in 1952, the mercury Toronto 

arc lamp became the ultimate source [8]. However, the decisive transformation in the 

quality of Raman spectra came with invention of the laser in 1960 [9], which was 

shortly applied as a monochromatic source. In fact, in 1962 Porto and Wood [10] 

reported the use of a pulsed ruby laser for exciting Raman spectra. The advantages of 

the laser included its capabilities for focusing onto a very small sample, thus enabling 

excellent spectra to be obtained routinely from materials in short supply. Although for 

many years the laser was the weaker component in terms of durability and reliability of 

the Raman instrument, during the 1970s most Raman instrumentation used Ar^ lasers of 

appropriate stability for excitation with the lines of 488 nm and 514.5 nm, Kr^, He-Ne,



cadmium and mby lasers were also widely employed. More recently the Nd-YAG laser 

(1064 nm) has been also used for Raman spectroscopy.

Development in the optical train of Raman instrumentation took place in the early 

1960s. It was discovered that a double monochromator removed stray light more 

efficiently than a single monochromator. Later, a triple monochromator was introduced. 

Holographic gratings appeared in 1968 [11], which added to the efficiency of the 

collection of Raman scattering in commercial Raman instruments.

Two major advances for Raman spectroscopy during 1980s and early 1990s were 

Fourier Transform Raman (FT-Raman) spectroscopy [12] and the use of Charge 

Coupled Devices (CCD) detection with dispersive Raman spectrographs [13-16]. FT- 

Raman instrumentation eliminated fluorescence interference for most samples, and 

placed easy-to-use Raman capability in the hands of much larger group of scientists. 

CCD detectors made dispersive Raman spectroscopy a fast technique collecting a 

complete spectrum in a few seconds or less.

Continuing advances in optical technology have made better filters, lasers, 

gratings, and spectrographs available to instrument manufactures. During the 1990s 

high-performance Raman instruments have became available that can be effectively 

used in non-laboratory environments by scientists and engineers.

2.2. Quantum theory of the Raman scattering effect

The quantum theory treats monochromatic radiation of frequency vo as a stream of 

photons having energy hvo where h is a Planck’s constant. When light is scattered from 

a molecule or crystal, most photons are elastically scattered with the same frequency 

(vo) as the incident photons. However, a small fraction of light (approximately 1x10'^ 

photons) is scattered at optical frequencies different from the frequency of the incident 

photons. The scattered radiation occurs in all directions and may also have observable 

changes in its polarization along with its wavelength.

The Raman effect can be described using an energy diagram shown in Fig. 2.1. 

The incident photon raises energy of the molecule from the ground state to a ‘virtual 

state’. The virtual state is not a stationary energy state of the molecule in the quantum- 

mechanical sense, but rather a distortion of the electron distribution of a covalent bond.



The molecule immediately relaxes back to the original electronic state by emitting a 

photon. If the molecule returns to the vibrational energy level from which it started, as 

shown in Fig. 2.1 (a), the emitted photon has the same energy, and therefore, the same 

wavelength as the initial photon. No energy is transferred to the molecule. This is 

mentioned before Rayleigh scattering. The Stokes Raman scattering occurs if the 

molecule returns to a higher vibrational level. The emitted photon has less energy, and 

therefore a longer wavelength than the initial photon. The vibrational energy of the 

molecule is increased. If the molecule returns to a lower vibrational level, the emitted 

photon has more energy, and therefore a shorter wavelength than the initial photon. The 

vibrational energy of the molecule is decreased. This event corresponds to anti-Stokes 

Raman scattering. In general discussion, Raman scattering is usually assumed to be 

Stokes Raman scattering unless it is labelled as anti-Stokes. The kinetic energy of the 

photon and the molecule remains the same before and after the collision. If E represents 

the rotational, vibrational, and electronic energy of the molecule before a collision and 

E' represents the same values after the collision, then using the law of conservation of 

energy gives:

hv.+E = hv,. + E' (2.1)

Rearranging Eqn. (2.1) gives:

E'-E
= Vo - V, (2.2)

The scattered radiation is classified as follows:

E = £"^0 “ ) Rayleigh scattering

E > E\vq < Vj ) anti-Stokes Raman Scattering 

E < E'{vq > Vj.) Stokes Raman Scattering

(2.3)

The intensities of Rayleigh scattered light and Raman scattered light are proportional to 

the number of molecules being illuminated. The Stokes and anti-Stokes Raman intensity 

shown by Fig. 2.1 (b) are therefore proportional to the number of molecules in the

10



lowest and in the next higher vibrational energy level, respectively. At thermal 

equilibrium the fraction of the molecules in one vibrational energy level relative to 

another is given by the Boltzmann distribution;

exp —
1^0 j

(2.4)

where Ni - number of molecules in a higher vibrational energy level;

No - number of molecules in a lower vibrational energy level; 

gi - degeneracy of the higher vibrational level; 

go - degeneracy of the lower vibrational level;

AE - energy difference between the higher and the lower vibrational energy 

levels;

k - Boltzmann’s constant;

T - temperature in K.

At thermal equilibrium the number of molecules in a lower vibrational energy level is 

always larger than the number of molecules in the next higher vibrational energy level. 

The anti-Stokes Raman intensity becomes vanishingly small relative to the Stokes 

Raman intensity for high energy vibrations, or low temperatures. Temperature of the 

sample can be determined from relative intensities of the Stokes and anti-Stokes Raman 

bands using Boltzmann equation [19-20].

11
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Fig. 2.1. (a) Energy level diagram and (b) Raman intensities of the Rayleigh, Stokes and anti-

Stokes Raman scattering.

2.3. Classical theory and selection rules of the Raman scattering

The classical explanation of the Raman process is that the electric field of light interacts 

with the charges in a molecule, which in turn changes the frequency of light. When a 

molecule is introduced into electric field of strength E, an electric dipole moment P is 

induced in the molecule:

P = aE, (2.5)

where a is the polarizability tensor of the molecule. The polarizability tensor, in general, 

is a function of the nuclear coordinates and hence of the molecular vibrational 

frequencies. When electromagnetic radiation of frequency vq falls onto the molecule, it 

introduces a varying electric field, whose dependence on the time is given by:

12



E = Eq cos(2;rv'Q0; (2.6)

where Eq is amplitude of the electric field. Substituting Eqt. (2.2) into (2.1) yields 

the time-dependent induced dipole moment:

P = a - Eq cos(2;tr(,/). (2.7)

Thus, the electromagnetic radiation induces a varying electric dipole moment which 

then permits emission of light identical in frequency with that of the incident radiation. 

This is Rayleigh scattering.

However, if the polarizability varies slightly as the molecule vibration occurs, we can 

express this as:

a = aQ+1Ue. dQ + ..., (2.8)

where a is the polarizability of the molecular mode at equilibrium position and dQ is the 

normal coordinate describing the molecular vibrations. The dependence of the 

vibrational frequency Vvib on the normal coordinate dQ is given by:

dQ = Qq cos(2;zv„„/) , (2.9)

where Qo is the normal coordinate of the initial position of the molecule. Combining 

(2.8) and (2.9) we get:

a = a,0 Qq cos(2.w„„/) . (2.10)

Finally, Eqt. (2.10) may be substituted into Eqt. (2.5), which yields:

P = CXqEq cosilTtv^t) -I-
\^Qj

cCqEq cos(2m^Qt)cos{2m^^fj) (2.11)

Using a trigonometric identity, the above relation may be recast as:

13



P = oc^Eq cos(2;rv'o/) + da a^E,^{cos[2;r(v'o -V'„,)/] + cos[2<7-(Ko +^,J/]} (2.12)

Examination of the above equation reveals that induced dipole moments are created at 

three distinct frequencies, namely vq, (vq - Vvib), and (vq + Vvib), which results in 

scattered radiation at these same three frequencies. The first scattered frequency 

corresponds to the incident frequency, hence is elastic scattering (Rayleigh), while the 

latter two frequencies are shifted to lower or higher frequencies and are therefore 

corresponds to inelastic processes. The scattered light in these latter two cases is 

referred to as Raman scattering, with the down-shifted frequency (longer wavelength) 

referred to as Stokes scattering, and the up-shifted frequency (shorter wavelength) 

referred to as anti-Stokes scattering. Thus, in Raman spectroscopy, the vibrational 

frequency (Vvib) as a shift from the incident beam frequency (vq) is measured. Equation 

(2.12) also gives a gross selection rule for what are called Raman-active motions. The 

term daldQ must be non-zero. That derivative is the change in the polarizability with 

nuclear position. If that derivative equals zero, the entire second term is zero and there 

will be no Raman scattering. Thus, a molecular motion will be Raman-active only if the 

motion occurs with a changing polarizability.

In most Raman set-ups, a back-scattering geometry is employed, which means that the 

same lens is used for focusing the laser onto the sample and collecting the scattered 

light. As in Fig. 2.2, the laser beam is directed along the Z axis and the light scattered in 

the -Z direction is collected. In this example, the incident light is taken to be polarized 

in the X direction while the scattered light is said to be polarized in the Y direction. This 

set up can be represented using Portos notation as Z(XY)-Z. The Raman scattering 

efficiency, I, depends on the polarization vector of the incident {eg), scattered (e^) light, 

and is given by:

/ = (2.13)
j

where C is a constant and Rj is the Raman tensor of a phonon j. The values of Rj are 

obtained from theoretical consideration [17,18]. They are second-rank tensors, which 

are used to calculate the polarization selection rules.
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Incident
Light

Scattered
Light

X
Sample

Fig. 2.2. Backscattering geometry with incident light polarized in the X direction and scattering

light polarized in the Y direction Z(XY-Z).

In silicon, there are three Raman tensors [18]. In the crystal co-ordinate system x 

=[100], y =[010] and z= [001], they are given by:

'0 0 o' '0 0 d' "0 d O'
0 0 d R,= 0 0 0 d 0 0

.0 d 0. 0 0. .0 0 0.

(2.14)

For back-scattering from a (001) surface, Rx and Ry represent scattering by transverse 

optical (TO) phonons polarized along x and y respectively, while Rz corresponds to 

scattering by longitudinal optical phonons (LO) polarized along z. The combination of 

equations (2.13) and (2.14) determines which Raman phonons can be detected for a 

given crystal orientation of the sample and incident and scattered light polarization. 

Table 2.1 shows which of the three modes can be observed for different polarization 

directions. It follows from this table that for back-scattering from a (001) surface only 

the z polarized phonon (LO) would be observed in Raman spectrum. In the absence of 

stress in silicon, the three optical modes of silicon have the same frequency of 520cm''.
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Table. 2.1. Polarisation selection rules for back-scattering from a (001) and (110) surface

orientation.

Polarization Visible

es
Rx Rz

Back-scattering from (001)

(100) (100) - - -

(100) (010) - - X

(1-10) (1-10) - - X

(110) (1-10) - - -

Back-scattering from (110) - - X

(1-10) (001) X X -

(1-10) (1-10) - - X

(001) (001) - - -

2.4. Raman instrumentation and Raman spectra

Raman spectra were registered in back-scattering geometry using a micro-Raman 

Renishaw 1000 system equipped with a Leica microscope. Different excitation sources 

were used; the 457, 488 and 514 nm lines of an Ar+ laser and the 633 nm line of a 

HeNe laser. Some additional measurements were obtained with a Jobin-Yvon LabRam 

HR800 micro-Raman system with excitation source of 325nm (HeCd laser).

A typical Raman system consists of the following basic components; (1) an excitation 

source (laser), (2) optics for sample illumination, (3) a double or triple monochromator, 

and (4) a signal processing system consisting of a detector, an amplifier, and an output 

device (computer). The schematic of the Raman setup is shown in Figure 2.3. A number 

of stages are involved in the acquisition of Raman spectrum. A sample is placed on the 

motorized X-Y stage in the sample chamber and the laser light after passing through 

various polarizers and filters is focused onto the sample through the lens. The scattered 

light is collected using the same lens (backscattering geometry) and is returned to the 

spectrometer, where it is passed through the notch filter to its way to monochromator. 

The holographic notch filter supressed an intense Rayleigh scattered signal. 

Monochromator slit widths are set for desired spectral resolution. The monochromator.
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which consists of diffraction grating, effectively rejects stray light and serves as a 

dispersing element for incoming radiation. In the Renishaw system, the 1800 lines/mm 

grating is used providing a spectral resolution of ~ 1 cm '. Finally, the Raman shifted 

radiation is detected with a charge-coupled device (CCD), which is linked to a desktop 

computer, and software algorithms are then used to analyze and plot the spectra.

Computer

Fig. 2.3. Schematic of an experimental setup of a Raman spectrometer.

The obtained Raman spectra were analyzed with GRAMS software. A mixture of 

Lorentzian and Gaussian functions was used to characterize the Raman peaks. The 

parameter of the Raman peaks are:

• Peak position

• Peak intensity

• Full width at half maximum (FWHM)

• and its symmetry.

Figure 2.4 shows a representative Raman spectrum of crystalline bulk silicon, which is 

used to calibrate the Raman system. Examining the vibration of Si lattice, the vibration 

can be either perpendicular to the bond of the Si lattice (TO phonon mode), or in the 

line with the bond, which is known as LO phonon mode. The first order Raman 

spectrum of stress free Si has a single line at about 520 cm ', which corresponds to 

triply degenerated phonon in the sense that this frequency is the same for all three
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phonon modes, one longitudinal (LO) and two transversal (TOi and TO2). The position, 

linewidth and shape of the Raman peak are sensitive to the presence of strain, structural 

defects, temperature, chemical composition and concentration of carriers.

Fig. 2.4. Raman spectra of the crystalline bulk Si.

2.5. Stress evaluation from Raman spectra

Mechanical strain or stress may affect the frequency of the Raman mode. One of the 

first papers addressing theoretically the effect of stress on the Raman mode was that by 

Ganesan et all [21]. It was shown that frequencies of the three optical modes in the 

presence of the strain, to terms linear in the strain, can be obtained by solving the 

following secular equation [21,22]:

P^\ I ^(^22 ^33) ^ lr£.12

2rf|

Ire,
12

P^ii ■*‘^(^11 ■*■^33) ^

2rf,
Ire

13

23

Ire23 P^n +^(£‘11 +£’22) ^

= 0 (2.15)

Here p, q and r are material constant, so called phonon deformation potentials. They 

describe the changes in the ‘spring constant’ of the ^ = 0 optical phonon with strain and 

can be determined experimentally by applying external stress to the material under
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study [28-30], The secular equation is referred to the system of crystallographic axes, x 

= [100], y = [010] and z = [001], Diagonalization of the secular matrix yields the set of 

three eigen-vectors of the optical phonons in the presence of strain. The difference 

between the Raman frequency of each mode in the presence of stress, cOj (j=^l,2,3), and

in the absence of stress, , can be calculated from the eigenvalues Aj:

/I/ =COj -COj, or Ary. = o). - ~
2co /o

(2.16).

Using Hooke’s law to define the uniaxial stress along the [100] direction of silicon, the 

strain tensor components can be calculated. This gives: f,, =5,,<7, £*22 

£33 = 5',2cr, where elastic compliance tensor elements of Si. Solving Eqns. (2.15) and 

(2.16) leads to:

Ary, =
2cOq 2ry„

(p5,, +2qS,^)(j

A 1
^0)2 — ~ = "7 (^*^12 ^(“^11 *^12 ))^

2ryo 2ryo

A^ 1Ary, = ^ = {p^\3 ^(*^11 *^12 ))^
2ryo 2ryo

(2.17)

(2.18)

(2.19)

The Raman tensors and mode polarization vectors are not changed. So, for back 

scattering from a (001) surface, only the third Raman mode is observed (Table 2.1, Eqn 

(2.15)), and the relation between the shift of this mode and the stress is given by 

equation (2.13). Using for crystalline silicon: Sii=7.68x10”^ Pa~', Si2= -2.14x10 Pa ' 

and p = -1.43ryQ, q = -1.89ryo, r = -0.59ryg [22], we find:

Aw^icm ') = -2xl0 o{Pa) (2.20)

In the case of biaxial stress in x-y plane, with stress components rr^ and rr^ this 

becomes:
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[pS,, + q{S,, + 5,2)) • (cr„ + )
2(0,

(2.21)

or

AcoJcm ') = ^xlO'
f cr„+ cr.„, ^XX w (Pa) (2.22)

Thus, compressive stress (<j negative) will result in an upward shift of the Raman peak, 

while tensile stress (a positive) corresponds to a downward shift. Whether the Raman 

frequency of certain material changes more or less with stress depends on the material 

parameters (5,y, p, q, r). For example, for silicon under uniaxial stress in the [100] 
direction, a peak shift of 1 cm ' corresponds to a stress of about 500 MPa (Eqn (2.14)). 

With a very sensitive and stable instrument, it is possible to detect peak shifts of about 

0.05 cm”', from which it follows that the minimal detectable stress level in silicon is 

about 25 MPa and the strain level is about 10

The Raman signal originates from a volume defined by the wavelength and the 

diameter of the laser beam. A shorter laser wavelength gives information on the stress 

closer to the surface. Some information on the change of the stress with depth can be 

obtained by using different wavelengths. The total scattered light intensity integrated 

from the surface to a depth d, Is, is given by [23]:

a

Is=IoDle
2a

(l-e-'“') (2.23)

while that from the depth d to infinity is given by

2a
(2.24)

lo, D and a are the incident light intensity, the Raman scattering cross section and the 

photo-absorption coefficient of silicon respectively. If one assumes that the penetration 

depth, dp, is given by the depth that satisfies the relationship Id/(Is+Id)=0.1, then this 

depth is given by:
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-InO.l _ 2.3 
2a la

(2.25)

The absorption coefficient of silicon for the 514.5 nm (2.41 eV), 488 nm (2.54 eV) and 

457.9 nm (2.71 eV) wavelength of the argon laser is obtained, using a third-degree 

interpolation, from [24] and, using equation (2.19), the penetration depth in crystalline 

silicon is found to be 770 nm, 570 nm and 320 nm respectively. These results are 

summarized in Table 2.2.

Table 2.2. Absorption coefficient (a) and penetration depth {dp) in crystalline silicon for 

different wavelengths (A.) of the argon laser.

X, nm lO'^a, cm'' dp, cm''

514.5 14.96 770

488 20.18 570

457.9 36.43 320

21



References

1. A. Smekal, The quantum theory of dispersion, Naturwissenschaften, 11, 873 (1923)

2. A. Compton, A quantum theory of the scattering of X-rays by light elements, Phys. 

Rev., 21, 483 (1923)

3. C.V. Raman and K.S. Krishnan, The optical analog of the Compton effect. Nature, 

121, 711 (1928)

4. G. Landsberg and L. Mandelstam, A novel effect of light scattering in crystals, 

Naturwissenschaften, 16, 557 (1928).

5. F. P. Kerschbaum, Z. Instrumentenk 34, 43 (1914)

6. B. Veskatesachar, L. Sibaiya, Indian J. Phys. 5, 747 (1930)

7. J. H. Hibben, “The Raman Effect and Its Chemical Applications” Reinold 

Publishing Corp., New York, 1939

8. H.L. Welsh, M.F. Crawford, T.R. Thomas, and G.R. Love, Can. J. Phys., 30, 577 

(1952)

9. T.H. Maiman, Stimulated optical radiation in ruby. Nature, 187, 493 (1960)

10. S.P.S. Porto and D.L. Wood, Ruby optical maser as a Raman source, J. Opt. Soc. 

Am., 52, 251 (1962)

11. J. R. Ferraro, R. Jamutowski, D. C. Lankin, Spectroscopy 7, 30 (1992)

12. T. Hirschfeld, B. Chase, Appl. Spectrosc. 40, 133 (1986)

13. C. A. Murray, S. B. Dierker, J. Opt. Soc. Am. A 3, 2151, (1986)

14. Y. Wang, R. L. McCreery, Anal. Chem. 61, 2647 (1989)

15. M. J. Pelletier, Appl. Spevtrosc. 44, 1699 (1990)

16. L. D. Barron, L. Hecht, W. Hug, M. J. Macintosh, J. Am. Chem. Soc. Ill, 8731 

(1989)

17. M. Cardona, “Light Scattering in solid 11”, ed. M. Cardona and G. Giintherodt, 

Berlin: Springer, (1982)

18. R. Loudon, Adv. Phys. 13, 428-80 (1964)

19. M. Malyj, J. E. Griffiths, Appl. Scpectrosc., 37, 315 (1983)

20. S. D. Rassat, E. J. Davis, Appl. Scpectrosc., 48, 1498 (1994)

21. S. Ganesan, A. A. Maradudin, J. Oitmaa, Arm. Phys., 56,556(1970)

22. E. Anastassakis, A. Pinczuk, E. Burstein, F. H. Poliak and, M. Cardona, Solid State 

Commun., 8, 133 (1970)

23. J-I. Takahashi, T. Makino, J. Appl. Phys. 63, 87 (1988)

22



24. D. E. Aspnes, A. A. Studna, Phys. Rev. B 27, 985 (1983)

23



3. Infrared Spectroscopy

3.1. Introduction

Fourier-Transform Infrared (FTIR) spectroscopy is an optical characterisation technique 

that provides information about the chemical bonding or molecular structure of 

materials, whether organic or inorganic. Simply, it is the absorption measurement of 

different infrared (IR) frequencies by a sample positioned in the path of an IR beam. 

The main goal of IR spectroscopic analysis is to determine the chemical structural 

fragments within molecule, known as functional groups. Different functional groups 

absorb characteristic frequencies of IR radiation. Using various sampling accessories, 

IR spectrometers can accept a wide range of sample types such as gases, liquids, and 

solids. Thus, IR spectroscopy is an important and popular tool for structural elucidation 

and compound identification.

Infrared spectrometers have been commercially available since the 1940s. At that 

time, the instruments relied on prism to act as dispersive elements, but by the mid 

1950s, diffraction grating has been introduced into dispersive machines. The most 

significant advances in infrared spectroscopy however have come as a result of the 

introduction of Fourier-Transform spectrometers. This type of measurement employs an 

interferometer as a basic optical element and exploits the well-established mathematical 

process of Fourier-transformation. Fourier-Transform Infrared spectroscopy has 

dramatically improved the quality of infrared spectra and minimized the time required 

to obtain data.

In this chapter, the theory of infrared absorption and the instrumentation of the 

Fourier-transform infrared spectroscopy are presented.

3.2. Theory of infrared absorption

The Infrared spectroscopy is based on the interaction of electromagnetic radiation with 

a molecular system, in most cases in the form of absorption of energy from the incident 

beam. Infrared radiation is absorbed by molecules and converted into energy of 

molecular vibration. When the radiant energy matches the energy of a specific
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molecular vibration, absorption occurs. The absorption of infrared light induces 

transition between the vibrational energy levels given by Eq. (1.12) in Chapter 1. As it 

was shown in Fig. 1.2, the energy levels of the anharmonic oscillator are not 

equidistant. When a molecule is raised from the ground vibrational state (J=0) to the 

first excited vibrational state (/=/), it is said to undergo a fundamental transition. 

According to Eq. (2.12) the wavenumber of this transition is given by:

c
(3.1)

where Xe is anharmonicity constant. The intensity of an infrared absorption band is 

proportional to the square of the change in the molecular electric dipole moment // 

caused by a normal coordinate q:

hR (3.2)

In other word, a normal mode is infrared active, if this mode alters the dipole moment 

of the molecule and thus fulfils the following requirements:

dq
(3.3)

This is a selection rule for infrared spectroscopy. The vast majority of molecules have 

infrared bands in the spectral range between 400 and 4000 cm''. Most of the intense 

features in any mid-infrared spectrum can be assigned to fundamental transition. As a 

consequence of anharmonicity, transition from the ground state to higher excited state 

(«=2,J,4...) also occurs. This type of transition is called an overtone transition. For 

example, the overtone transition from n=0 to n=2 appears at a wavenumber of:

p-(0^2) = 2-^(l-3z,). 
c

(3.4)

Overtones can be recognized because they give a rise to very weak absorption bands, 

often at about twice the wavenumber of a fundamental transition.
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3.3. FTIR instrumentation and infrared spectra

Fourier-transform infrared spectroscopy is based on the idea of the interference of 

radiation between two beams to yield an interferogram. The latter is a signal produced 

as a function of the change of pathlength between the two interactive beams. The two 

domains of the distance and frequency are interconvertible by the mathematical method 

of Fourier-transformation.

Infrared spectra were registered at normal incidence of light using a Digilab FTS 

6000 spectrometer with a Globar source, a KBr beam splitter, and a mercury cadmium 

telluride (MCT) detector.

The typical FTIR spectrometer consists of three basic components: radiation 

source, interferometer, and detector. The schematic of the FTIR setup is shown in 

Fig. 3.1. The radiation emerging from the source is passed through interferometer to the 

sample before reaching the detector. Upon amplification of the signal, in which high- 

frequency contribution has been eliminated by filter, the data are converted to the digital 

form by analog-to-digital converter and transferred to the computer for Fourier 

transformation.

Source Interferometer Sample Detector i- Amplifier I Analog-to-digital Computer

Fig. 3.1. Basic components of a FTIR spectrometer.

The most common interferometer used in FTIR spectrometry is Michelson 

interferometer [1], which consists of two perpendicularly plane mirrors (one of each can 

move in a direction perpendicular to the plane) and beamsplitter (semi-reflecting film). 

The schematic of a Michelson interferometer is shown in Fig. 3.2. The role of the 

interferometer is to divide radiant beams, generate an optical path difference between 

the beams, and then recombine them in order to produce repetitive interference signals 

measured as a function of optical path difference by a detector. If a collimated beam of 

monochromatic radiation of wavelength X passed into an ideal beamsplitter, 50% of the
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incident radiation will be reflected to the fixed mirror (Ml), while other half of the 

beam will be transmitted to the other mirror (M2). The reflected part of the beam travels 

to the fixed mirror M1 through the distance L, is reflected there and coming back to the 

beamsplitter after the total path length 2L. The same happens to the transmitted 

radiation. However, as the mirror M2 is not fixed at the same position L but can moved 

very precisely back and forward around L by the distance x, the total path length of the 

transmitted part is accordingly 2(L+x). Thus, when the two parts of the beam recombine 

at the beamsplitter they posses an optical path length difference of 8=2x. Since the two 

beams are spatially coherent, they interfere on recombination. Naturally, only half of the 

radiation entering the interferometer can get out to the detector, half is reflected back 

towards the input. The beam which emerges irom the interferometer at 90° to the input 

beam is called transmitted beam and this is a beam detected in FTIR spectrometry.

In the case of a monochromatic ray, the two beams of radiation interfere 

constructively if their optical retardation is multiple of the wavelength X\

S = 2x = nA with n=0,1,2,3... (3.5)

and destructively if S in an odd multiple of X/2:

S = 2x = {2n + \)-, (3.6)

The beam, modulated by the movement of the mirror M2, leaves the interferometer, 

passes through the sample, and is finally focussed on the detector. The signal actually 

registered by the detector is the radiation intensity of combined beams as a function of 

the retardation S. For a source of monochromatic radiation with frequency v, the 

intensity at the detector is given by the equation:

/o (^) = I 5(k ) ■ [l + cos(2/rP'^)] (3.7)

where S(i7) is the intensity of the monochromatic source. It can be seen that I^iS) is 

composed of a constant (dc) component and a modulated (ac) component. Only ac
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component is important in the spectroscopic measurements and it is referred to as the 

interferogram:

I ,j{3) = 5'(P')eos(2;rP'^). (3.8)

A plot of light intensity versus optical path difference is called an interferogram. The 

interferogram is a funetion defined in the time domain. If the movable mirror is moved 

at a constant velocity V, the retardation is simply:

S = 2Vt. (3.9)

And the interferogram is given by:

l^(S) = S(v)cos(2;rv2Vt). (3.10)

Therefore, the signal is measured by the detector as a sinusoidal wave with the 

frequency . If the sample absorbs the radiation at this frequency, the amplitude of 

the sinusoidal wave is reduced by the value proportional to the amount of absorbed 

energy by the sample. Next, a mathematical operation known as Fourier transformation 

converts the interferogram (a time domain spectrum) to the final IR spectrum, which is 

the frequency domain spectrum (intensity versus frequency).
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Fig. 3.2. Schematic of a Michelson interferometer.

IR absorption information is generally presented in the form of a spectrum with 

wavelength or wavenumber as the x-axis and absorption intensity or percent 

transmittance as the y-axis. If the sample has a concentration c, and the path length of 

source beam in this sample is h, then the fundamental equation governing the absorption 

of radiation as a function of transmittance is:

T = I/L=\0 -ahc (3.11)

where lo and / are the intensity entering the sample and transmitted by sample, 

respectively. The constant a is called the molecular absorptivity at the specific 

frequency. This equation is usually transformed to the logarithm form:

(3.12)

The term logjo(Io/I) is called the absorbance (A). Then, for a single compound in a 

homogeneous medium, the absorbance at any frequency is expressed as:
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A = abc. (3.13)

This is the absorption law which is called the Bouguer-Beer-Lambert law or, 

commonly, Beer’s law. It states that the intensities of absorption bands are linearly 

proportional to the concentration of each component in a homogeneous mixture or 

solution. The absorbance A is also alternately given by:

^ = iog,o(i/r). (3.14)

The transmittance spectra provide better contrast between intensities of strong and weak 

bands because transmittance ranges from 0 to 100% T whereas absorbance ranges from 

infinity to zero. The Fig. 3.3 shows representative IR absorption spectra of two Si 

wafers grown by the Czochralski and Float Zone methods. The intense band at ~ 614 

cm'’ belongs to Si-Si phonon of Si crystalline lattice while the band at -1100 cm ' 

corresponds to stretching mode of Si-O defect mode. As can be seen from Fig. 3.3 the 

better quality Si wafer with less oxygen impurities is grown using the Float zone 

method. Therefore, FTIR spectroscopy supplies information on interstitial oxygen in 

different materials. Moreover, IR absorption can also be used to provide information 

relating to film thickness, doping concentration [2], or substitution carbon content [3].

Fig. 3.3. FTIR spectra of bare Si wafers shown for float zone (FZ) and Czochralski grown (Cz)

wafers.
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4. Micro-Raman and Spreading Resistance analysis on 

ion implanted Ge for layer transfer applications

4.1. Introduction

The degradation in performance of silicon metal-oxide semiconductor (MOS) devices 

with scaling caused by fundamental Si material limitations is forcing the semiconductor 

industry to consider extraordinary techniques and materials. Changes in structure 

(various forms of double-gated devices), alteration of material properties in the channel 

region (SiGe alloys or strained silicon), and replacement of silicon (new GaAs gate 

dielectric) are all being considered. In view of the challenges of introducing any of the 

preceding technologies into full manufacturing, other options that reuse much of the 

silicon infrastructure and processing are attractive. For those requirements, pure Ge is 

considered as a good candidate. Compared with Si, Ge has higher free charge carrier 

mobility and a lower dopant activation temperature [1]. The availability of good quality, 

bulk Ge wafers as large as 200 mm, driven by the solar cell industry for space 

applications is also an advantage. However, Ge technology suffers from a potentially 

fatal flaw-increased leakage because of the lower bandgap, which now appears possible 

to overcome in part through the use of Ge-On-Insulator (GOI) substrates that up to now 

have not been commonly available.

To fabricate GeOI the well-known in Si industry Smart Cut [2] technology is 

used. Smart Cut is a revolutionary technique used to transfer ultra-thin single crystal 

layers of wafer substrate material onto another surface (mechanical support). This 

method is widely applied in Silicon-On-Insulator (SOI) technology. Differing from 

traditional layer-transfer techniques, which are based mainly on wafer bonding and 

etch-back or on epitaxial lift-off, the Smart Cut approach uses a thermal activation 

process as an “atomic scalpel”. It literally slices the wafer horizontally, lifting off a thin 

layer from the donor substrate and placing it onto a new substrate. Inherently, this 

process offers better control, and a single donor substrate can be reused many times for 

further layer transfers. The transferred layer thickness is pre-determined by the cleavage 

zone created via ion implantation of hydrogen, helium, argon, etc. A schematic process 

of Smart Cut technology is shown in Figure 4.1 with hydrogen implantation in Ge as an
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example. Wafer A, capped with a dielectric layer (Plasma Assisted PACVD grown Si02 

to protect the Ge surface during implantation), is exposed to hydrogen implantation at 

room-temperature with a dose in the range lO'^-lO'^ cm'^ in order to introduce a thin 

layer with hydrogen ions of sufficiently high density. At this stage hydrogen decorated 

defects (microvoids) are formed at a depth equals to the implantation range. The second 

step consists of chemical cleaning and hydrophilic bonding at room temperature of 

wafer A to a handle wafer B by van der Waals forces. The handle wafer serves as a 

stiffener and often is covered with Si02 layer. Next, the two bonded wafers (A and B) 

are annealed. During the first stage, a crystalline rearrangement and coalescence of the 

hydrogen-decorated defects into larger structures occurs in the hydrogen-implanted 

region. A thin damaged layer appears at the depth of the maximum hydrogen ion 

concentration in the implanted wafer A, which splits into two parts yielding a GeOI 

stmcture and the remainder of wafer A.

Step 1

SiOz

hydrogen

Step 2

Step 3

.Step 4

^ 1\vo-pha.sc iinncallns

splitting

Polishing

B
A

Handle wafer of next eycle
GeOI wafer

Fig. 4.1. Schematic of the Smart-Cut process [3].
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The subsequent high-temperature thermal treatment removes radiation defects in the 

germanium layer and strengthens the chemical bonds between the two wafers. The last 

step consists of polishing of the top germanium layer by a chemical-mechanical method 

to obtain a surface quality comparable to germanium prime wafers. Thus, as a result of 

the process, a GeOI wafer and a residual wafer A are obtained, and the latter can be 

used again as a donor wafer (see Fig. 4.1).

The history of smart cut technology starts from SOI which was first introduced in 

the 1970s as a niche substrate technology for military or space applications. In these 

early days. Bonded and Etched-Back Silicon-On-Insulator (BESOI) and Separation by 

Implantation of Oxygen (SIMOX) were the dominant SOI fabrication technologies. 

However, they were not very well suited to high-volume, commercial production. After 

a brief period using SIMOX implantation techniques to fabricate SOI wafers, the 

founders of Soitec pioneered a new wafer bonding technique. Smart Cut, which was 

developed at CEA-LETI. Smart Cut based manufacturing of Soitec’s SOI wafers, which 

are sold under the tradename UNIBOND, ramped up in the mid 1990s. The first 

industrial implementation of SOI was announced by IBM in August 1998 [4]. Smart 

Cut technology significantly enlarges the field of engineered composite substrates 

combining different thin layer materials to address the requirements of the most diverse 

applications. At present, beyond Germanium on Insulator, other materials such as 

Silicon-On-Quartz, Strained-Silicon-on-Silicon and Silicon Carbide-On-Insulator are 

engineered using the Smart Cut. This flexibility of the Smart Cut technology in 

development of hetero-composite substrates extends its applications to photonics, opto

electronics, and high frequency and high power devices. The choice of insulator 

depends largely on the intended application; sapphire being used for radiation-sensitive 

applications and silicon dioxide preferred for improved performance and diminished 

short channel effects in microelectronics devices [5]. The benefits of Smart Cut are 

numerous: it is scalable to any wafer size, it allows multiple exfoliations of a donor 

substrate, it uses standard IC manufacturing equipment and the thicknesses of the 

transferred layer and buried oxide are tunable.

During the Smart Cut process of GeOI, germanium layers are typically transferred 

at 250-400°C [6], depending on various factors, including the dose of hydrogen used, 

and thermal expansion coefficients of the handle and donor substrates. Silicon is, 

largely, the substrate of choice for handle wafers in a GeOI process, but silicon and
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germanium do not have matching thermal expansion coefficients. If the top germanium 

layer is thick enough to impose strain on the substrate stack, the splitting temperature 

and subsequent thermal budget often need to be minimised to avoid wafer breakage. 

Therefore, if many defects still existed after splitting, a handle substrate that is closely 

thermally matched to Germanium would provide the opportunity for higher temperature 

annealing. Sapphire and Germanium substrates are thermally matched, and Germanium- 

On-Sapphire substrates have already been demonstrated as a suitable platform for high 

frequency devices [7].

Raman spectroscopy has been extensively applied to study ion-implanted 

semiconductors, since the shape of Raman lines for lattice vibrations is indicator of 

structural disorder induced by ion implantation. Raman spectra of post-irradiated Si 

[8,9], Ge [10] and GaAs [11,12] have been studied. Bevelling is a well known technique 

which is used for preparing samples for spreading resistance profiling (SRP). It can also 

be useful in Raman spectroscopy analysis, where there is a requirement to probe deep 

into materials or to probe multilayer or graded layer structures. The depth profiling of 

composition and strain using Raman spectroscopy has been presented for bevelled 

Si/Si| xGex/Si structures in Refs. [13,14]. Raman analysis on GaAs bevelled samples 

formed by chemical etching [15] and polishing [16] has been also reported. Germanium 

has much larger absorption coefficient in the visible range of spectra compared to Si. 

The penetration depth of laser light at 633 nm in Ge is around 80 nm - several times 

smaller than the projected range of ions (in this work ~300 nm). Therefore, without 

applying the bevelling method we will be able to get information only from the 

damaged region near the surface and not from the projected range. The Raman analysis 

of damage at the Ge surface caused by H implantation has been undertaken by Ishioka 

[10].

This chapter reports for the first time on the Raman analysis of bevelled, ion 

implanted germanium samples. The bevelling allows Raman measurement to be 

performed in depth profiling of Ge samples with nano-scale resolution. Different types 

of germanium substrates implanted with hydrogen and helium as well as Ge-On- 

Sapphire (GeOS) substrates, made by bonding a hydrogen-implanted Ge substrate to a 

thermally oxidized sapphire wafer, are studied in this work for structural properties 

relevant to device fabrication. The implanted Ge and completed GeOS samples were 

characterized for structural quality, stress, film uniformity, resistivity and carriers’
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concentration, using optical microscopy, micro-Raman spectroscopy and SRP 

technique. A Raman mapping technique was applied to investigate the influence of 

different process conditions, such as annealing temperature, type and dose of implanted 

ions, on the structural quality of the Ge layer.

4.2. Effects of hydrogen on defect formation and electric properties 
of the material

The two main keys of the Smart Cut technology are to generate a large number of 

microdefects (microcracks and microvoids) concentrated in a very thin layer in the 

implanted wafer by hydrogen ion implantation and to split the bonded wafer system 

later by thermal annealing. Therefore, an insight into the nucleation of microcavities 

associated with hydrogen implantation is necessary in order to gain a fundamental 

understanding of this complicated nanoscale process involving chemical reaction, bond 

decohesion, and mechanical deformation and fracture. The effect of implanted hydrogen 
on defect nucleation within Si was well explained by several research groups [17-19]. 

Both Si and Ge have a diamond cubic crystal structure with bond lengths of 2.352 A for 

Si and 2.450 A for Ge [20], an indirect bandgap and similar characteristics of isolated 

H-stabilized defects [21,22]. The dissociation energy of the Si-H monohydride bond is 

2.5 eV, whereas for the Ge-H monohydride bond the dissociation energy is 1.9 eV 

[21,22]. Since ion implantation in Si is studied in larger extent than in Ge, a comparison 

with Si is always useful to explain the behaviour of light ion related defects in Ge. As in 

many respects [23], at the microscopic level, similar mechanisms for the formation of H 

defects are likely to occur in both materials [24-26]. Based on this, a model of H 

implantation in Si is going to be used in this work to explain H implantation in Ge. The 

unit cell of Ge can be divided into eight cube-shaped sub-cells of identical size, with 

edge length, a/2. Each of the four sub-cells has a body-centred Ge atom whereas the 

other four sub-cells do not. This means that in each unit cell of a germanium crystal 

there are four intrinsic voids (interstitial spacing vacancies). The voids size is much 

larger than a hydrogen ion. Therefore, most hydrogen ions implanted are trapped in 

these inherent voids, which serve as sources of larger defects. The trapped hydrogen 

atoms combine with Ge atoms and form Ge-H bonds. The implantation process pushes 

more and more hydrogen ions into the voids, causing an increase of internal pressure in
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the voids. The trapped hydrogen atoms diffuse and segregate near the peak implantation 

region during thermal annealing, forming microvoids filled with H2 molecules and 

coated with atomic hydrogen captured at broken and dangled Ge bonds at the pore 

surface and at the crack tip (see Fig. 4.2). Presence of molecular hydrogen in Ge as well 

as Ge-H bonds has been demonstrated by means of Infrared [27] and Raman 

spectroscopy [28]. It has been also demonstrated that more efficient damage is produced 

in Ge than in Si for similar implant conditions [29]. Microcracks and platelets in the 

implanted zone in Ge were experimentally observed by transmission electron 

microscopy (TEM) in Ref [30]. The high pressure inside the microcavities, which is 

magnified significantly due to the high temperature in thermal annealing, is the driving 

force for nucleation and expansion of defects, which further leads to splitting of the 

wafer. The effect of splitting of a wafer along the damaged (or porous) layer is based on 

the phenomenon of growth and coalescence of microvoids towards the platelets, which 

occurs mainly parallel to the surface of the wafer [26,31,32]. In Ref [26] it was 

demonstrated that although the distribution of (001) and {111} platelets is similar in 

both Si and Ge, the {111} platelets have been found to be either larger and/or higher 

density in Ge than in Si. This leads to the conclusion that lower energy is needed to 

form platelets in Ge than in Si. This is in agreement with the threshold fluence for 

abundant blistering which has been found to be lower for Ge than for Si [33].
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Fig. 4.2. (a) Microcracks and microvoids distributed in the peak-hydrogen concentration layer 

and (b) cracks with Ge-H bonds on the crack surfaces, tn is the thickness of the hydrogen 

implanted area and dn is a depth of the peak implantation.
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A very important consequence of ion implantation is the creation of lattice damage such 

as vacancies, interstitial-type defects and even the formation of amorphous regions 

[26,34], These defects can give rise to local deformation of the crystal structure, i.e. 

elastic stress. Applying a too high dose of hydrogen in materials can also induce 

negative effects such as blistering, swelling, flaking and exfoliation. Although some 

discrepancies are observed at the atomic scale (e. g. the passivation of the cavities 

seems to take a place via monohydrides in Si and by both mono- and di-hydrides in Ge 

[24]), available results suggest that at the microscopic level the formation of the 

platelets and their evolution toward micro-cavities is similar in Ge and Si at a 

temperature normalized with respect to the melting temperature [26]. It seems to be the 

same also for interstitial-related defects [26]. It should be emphasized that these 

similarities observed for light ion implantation are no longer valid when increasing the 

ion mass [26].

Radiation damage is known to cause donor [35] and acceptor [36] states in the 

band gap of many semiconductors, through the formation of vacancies and interstitials, 

which, on annealing, interact with hydrogen, oxygen or dopant atoms already present in 

the lattice structure. In one example, Auret et al. [37] implanted germanium with heavy 

ions, indium, and the more chemically inert xenon, and concluded that, after some 

annealing, the electronic properties of implantation induced defects were independent of 

the implanted species. However, it is known that hydrogen is specifically noted for its 

chemically reactivity in semiconductors and it is therefore generally considered to be 

more prone to create defects. In the case of silicon, it is known that hydrogen and 

defects frequently interact, to become stable defects which would otherwise anneal out 

at relatively low temperatures [38]. It has been suggested that, contrary to the case with 

silicon, where hydrogen is amphoteric (it always counteracts the prevailing 

conductivity), interstitial hydrogen could act as an acceptor state in germanium [39,40]. 

This may be an argument for developing a layer transfer process based on hydrogen- 

helium co-implants, with a high ratio of helium. While the hydrogen implantation and 

its influence on electronic properties are well understood for silicon, in the case of Ge 

there are still many unresolved issues. In recent years, several studies on electrically- 

active hydrogen-implant related defects in germanium have been performed using deep 

level transient spectroscopy (DLTS) [41]. These studies generally involved implant
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doses at or below lO''* atoms/cm^. It would appear necessary to examine implant doses, 

several orders of magnitude higher, similar to that used in a smart-cut process.

4.3. Experimental

4.3.1. Sample growth and description

Germanium samples used in this study were n-type, Sb-doped and p-type, Ga-doped 

<100> wafers with varying resistivities. The samples were given an HF-based clean, 

then coated with a 300 nm thick layer of PACVD Si02 from a silane precursor. This 

layer was then densified by annealing in a nitrogen ambient at 600°C for 2 hours. 

Wafers were then implanted with various fluences of hydrogen (ranging from 3 to 

6X10'^ atoms/cm'^) or helium (3X10'^ atoms/cm'^) with implantation energies (H-I-: 

75KeV; He: 105KeV) selected for a projected range of ~300 nm into the germanium 

substrate. Substrates were aligned at a 1° angle and kept at close to ambient temperature 

throughout the implantation. Wafers were then cut into smaller samples for analysis. 

Detailed description of germanium samples analyzed in this work is shown in Table 4.1. 

Samples for SRP and Raman measurements were prepared at Solecon Laboratories 

[16], by bevelling at various shallow angles ranging from 0.0025 rad to 0.006 rad, in a 

diamond grit, to achieve a final roughness of 0.4-0.8 nm RMS. Samples were mounted 

on a bevelling block, and then the bevel is created by attaching the block to a special 

bevelling jig following by grinding an angled surface against a diamond embedded 

glass surface. The glass plate was lubricated with oil to help flush the debris from the 

bevel. Once the bevelling was completed the sample was cleaned and ready for SRP and 

Raman measurements.

GeOS samples were fabricated with a hydrogen implantation dose of 7X lO'^ cm'^ 

(see Table 4.1). After implantation the oxide layer on Ge was proceed with chemical 

mechanical polishing (CMP) in order to have a smooth oxide surface before bonding to 

handle wafer. Next, the oxide surface was cleaned with nitric fiimic acid in order to 

remove any residue from the surface. The Ge wafer was annealed at 400 °C for 2 hours 

to simulate an ion-cut process. After transferring the Ge to the sapphire support the
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samples were proeessed with post split anneals at 600 °C and 800 ”C for two hours. As a 

final step, an oxide layer was grown on the top of GeOS. The strueture of the samples is 

presented in Fig. 4.3 and it eonsists of: -0.3 pm Si02 (top layer) / -0.5 pm Germanium / 

0.6 pm Si02 (buried layer) / 500 pm sapphire. The bevelled angle for these samples was 

also estimated from the surface profile results (see Appendix I). They are in good 

agreement with the angles reported by Selecon Lab.

Table 4.1. Doping and implant concentration and temperature of annealing for bevelled Ge 

samples implanted with hydrogen and helium. The bevelled angle data were provided by 

Selecon Labs.

Sample
(Bevel angle)

Background Germanium doping 
concentration

Implant dose 
conditions Description

Hydrogen implantation

2

(a=0.0026rad) n-type (Sb)
8X10"'/cm^

3X10'^
atoms/cm^,

75KeV

Annealed at 450 °C 
and bevelled

2A
Annealed at 450 “C 

and bevelled and then 
annealed at 600 “C

4

(a=0.003rad) p-type (B)
6X10'Vcm^

6X10'*
atoms/cm^,

75KeV

un-annealed

4A Annealed at 200 °C 
after bevelling

Helium implantation

B2
(a=0.0056rad)

n-type (Sb)
2X10'Vcm^

3X 10'*
atoms/cm^,

lOSKeV

Annealed at 400 °C/2h

B3

(a=0.006rad)

Annealed at 300 “C/4h
then 600 °C/2h

GeOS hydrogen implantation

GeOSbOO
(a=0.0023rad) n-type (Sb)

2X10'Vcm^

7X10'*
atoms/cm^,

75KeV

600 “C/2h

GeOS800
(a=0.0016rad) 800 ‘’C/2h
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Fig. 4.3. Schematic picture of the GeOS sample.

4.3.2. Characterisation techniques

4.3.2.1. Spreading Resistance Profiling

SRP, also known as Spreading Resistance Analysis (SRA), is a technique used to 

analyze resistivity vs. depth in semiconductors. Knowing the resistivity of the 

semiconductor, dopant concentration can be calculated based on the following equation:

p = [NepY (4.1)

where: p is resistivity in ohm-cm, N is net dopant concentration in atoms/cm^, 

e is electronic charge in coulombs, p is majority carrier mobility in cm^/volt-sec. 

Measuring electrical resistivity is therefore a viable way of determining dopant 

concentrations. SRP measurements and carrier concentration calculations were made at 

Solecon Labs. Two tungsten carbide tips spaced within 20 pm of each other were used 

for scanning along the beveled region and taking a measurement at step increments 

every 4-8 pm. For example, with a bevel angle of 0.002 rad and a step increment of 5 

pm, the depth increment is 0.01 pm. Five mV are applied across the probes and the 

resistance (called spreading resistance) is measured (see Fig. 4.4). The resistance 

encountered within the slab of sample is:

R=P-
2a

(4.2)
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where: R is the measured resistance in ohms and a is the radius of the contact area of the 

tip with sample in cm. Most of the resistance occurs very close to the electrical contact 

allowing the local resistivity to be determined. The probes produce a negligible probe to 

silicon resistance (nearly ohmic contact) over the entire resistivity range for both p-type 

and n-type (rich in holes and rieh in electrons, respectively). Keeping the resistance of 

wiring and the spreading resistance within the probe tips to a minimum, the measured 

resistance is almost exclusively from R = p/2a for silicon samples at least 2a thick. 

With the aid of calibration resistivity standards, p can be determined at each probing by 

the probe pair.

V - 0.006 volts

Fig. 4.4. Schematic diagram of spreading resistance measurements on bevelled sample [42].

4.3.2.2. Raman and Infrared spectroscopy

The micro-Raman scattering measurements were carried out at room temperature in the 

backscattering geometry using RENISHAW 1000 micro-Raman system. A HeNe laser 

at 633 nm and with power of 5 mW was used as an excitation source to avoid sample 

heating. The Raman line mapping measurements were taken in the static mode with 10s 

exposure time and 1 accumulations. The laser spot was focused on the sample surface 

using a 50x objective with short-focus working distance. Line mapping measurements 

were performed at a distance along the bevelling surface ranging from 0 to ~ 400 pm 

with a step size of few microns, where zero corresponds to the starting point of the 

measurements (see Fig. 4.5). In order to compare Raman data with SRP, the mapping
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distance {dm) was recalculated to distance in depth from sample’s surface {dp) using the 

trigonometric function, sina=dp/dm. The Raman spectra were fitted with mixture of 

Gaussian and Lorentzian function to obtain the position, intensity, and linewidth of the 

detected Ge-Ge peak.

FTIR transmission measurements on Ge samples were performed at normal 

incidence of light in the spectral range from 6000 to 400 cm ' using a Fourier transform 

Digilab FTS 6000 spectrometer with a Globar source, a KBr beam splitter and a 

mercury cadmium telluride (MCT) detector. Due to the small size of samples, the 

microsampling Perkin-Elmer attachment has been used for measurements, which allows 

one to focus the infrared (IR) beam into a spot size of ~ 3-5 mm in diameter. The 

spectra were collected with 8 cm ' resolution and 128 scans were averaged for each 

spectrum in order to improve the signal-to-noise ratio.

4.4. Results and discussion

Figures 4.5 and 4.6 show a scanning electron microscopy (SEM) image and a white 

light interferometry surface profile of Ge sample implanted with 3x1 o'^ atoms/cm^ 

hydrogen dose and annealed at 450“C. The structural damage caused by implanted 

hydrogen at the projected range is clearly observed in Figs. 4.5 and 4.6. A dose of 
3X10'^ atoms/cm^ is slightly below the threshold of blistering for germanium and 

typically provide not sufficient hydrogen to form blisters large enough to be visible at 

the surface. Consequently this is beneficial for analysis, as both SRP and Raman 

analysis would be detrimentally affected by the surface roughening caused by blisters. 

However, bevelling reveals some defects and cavity formation at the projected range, 

due to clustering of molecular hydrogen. Raman spectra measured at the projection area 

for different Ge samples are presented in Fig. 4.7. The strong peak observed at around 

300 cm ' is assigned to the longitudinal optical (LO) phonon mode. The full width at 

half maximum (FWHM) and intensity of Ge-Ge Raman peak are indicators of 

crystalline quality of the structure. The FWHM increases and peak intensity decreases, 

as the number of implant-related defects increase. The integrated intensity of the Ge-Ge 

Raman peak decreases remarkably with increasing ion fluence, as shown in Fig. 4.7.
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This decrease in the integrated intensity can be explained in terms of an increase in the 

absorption coefficient due to the defect formation [9].

100|im

Route of Raman mapping
(0,0)—-----------------^---------►

(0,300)

R,
surface

160um ^
■jeve/prt jurfarp

GERMANIUM DIE

Fig. 4.5. (a) SEM image of Ge sample implanted with 3xl0'^ atoms/cm^ hydrogen dose and 

annealed at 450 °C. The red arrow indicates the direction and distance of Raman line mapping, 

(b) Schematic picture of cross section of a bevelled Ge sample.

250 6 pm

Fig.4.6. White light interferometry surface profile of Ge sample, illustrating bevel and damaged

region at the projected range.
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Fig. 4.7. Raman spectra in the range of Ge-Ge phonon mode for samples implanted with 

different dose of hydrogen and annealed at different temperatures. Av indicates the value of the 

full width at half maximum.

As can be seen from Fig. 4.7, the largest linewidth (Av=7.2cm'') is observed for sample 

4, implanted with the largest hydrogen dose without any subsequent anneals. The 
FWHM of the Ge-Ge peak decreases to 5.4 cm ' for sample 2A implanted with a 

smaller H dose and annealed at dSO^C. After further annealing of the same sample at 

higher temperature (~600“C), the linewidth of the Ge-Ge peak reaches the value 

corresponds to that for bulk crystalline quality Ge. This indicates that due to the high 

temperature annealing, structural defects caused by hydrogen implantation have 

vanished and the Ge structure is fully recovered.

4.4.1. Hydrogen implanted samples

In Figure 4.8 (a), the depth profiles of the Raman linewidth and carrier concentration 

are presented for sample 2 implanted with 3X10 hydrogen atoms/cm and annealed to 

450 °C. The peak of ~1 xio'^ acceptors and the maximum linewidth of Ge-Ge peak 

(~5.8 cm ') is observed at the projected range of -320 nm below the sample surface. 

Sample 2 was implanted with a dose slightly below the threshold of blistering for 

germanium. For the sample annealed at 450 °C, as can be seen in Fig. 4.1, the defects
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are clearly observed at the projected range by optical microscopy. Raman line-mapping 

results show the maximum linewidth of the Ge-Ge Raman peak exactly at the projected 

range ~320 nm (see Fig 4.8 (a)). The value of ~320 nm was also confirmed by SRIM 

simulation presented in Fig. 4.9. Figure 4.9 (a) illustrates the hydrogen ion distribution 

in Ge with a Si02 capping layer. The distribution of vacancies (damage) caused by ion 

implantation is simulated in Fig. 4.9 (b). For the sample annealed at 600 “C, SRP shows 

that the carrier concentration decreases by about one order to 1 x lo'^ acceptors/cm^, 

while the Raman linewidth profile is flat and corresponds to the high crystalline quality 

region of the un-implanted Ge wafer (see Fig. 4.8(b)). Original Raman maps of the Ge- 

Ge peak position, linewidth and peak intensity for samples 2 and 2A are presented in 

Figs. 4.10 (a-c). At the bevelling region for sample 2, the Ge-Ge peak position shifts 

slightly to the higher frequencies (about 0.2 cm '), which leads to the conclusion, that 

bevelling itself introduces the relatively small compressive stress in the structure. There 

are no observed changes in peak position between bevelled and projection regions. This 

is due to the annealing process, which introduces the relaxation of stress in the Ge 

lattice caused by the implanted hydrogen. After annealing of the bevelled sample at 

600 "C, the Ge structure is fully relaxed as the Ge-Ge Raman peak is observed at 

~300 cm''. This leads to the conclusion that post-bevelled annealing repairs the 

structural damage caused not only by the H implantation but also by the bevelling 

process. This conclusion is agreement with Raman maps of the linewidth and the peak 

intensity, presented in Figs. 4.10 (b) and 4.10 (c), respectively. The FWHM of the Ge- 

Ge peak for sample 2A is equal to ~3.6 cm ' and it stays the same at the surface, 

bevelled region and projected area. Peak intensity increases significantly after additional 

annealing proving that the structural damage in Ge sample is recovered. The FWHM of 

Ge peak for sample 2 at the bevelled region increases (~ 0.4 cm'') compared to the 

sample surface (see Fig. 4.10 (b)). Again, this change in the linewidth can be assigned 

to the surface roughness introduced by the bevelling itself. The larger increase in 

linewidth (-0.6 cm'') observed at the projection area indicates that some defects and 

roughness due to the cavity formation at the projected range have been introduced by 

accumulated hydrogen.
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Fig. 4.8. Depth profiles of the Raman linewidth and carrier concentration from SRP for sample 

2 implanted with 3 X lO'^ hydrogen atoms/cm^ and annealed to (a) 450 and (b) 600^C.
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Fig. 4.9. SRIM simulation of (a) a hydrogen ion distribution and (b) a damage in n-type Ge as a

function of the target depth.
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Fig. 4.10. Raman maps of the Ge-Ge peak position, linewidth and peak intensity of (a-c) 

samples 2 and 2A and (d-f) samples 4 and 4A. Red and blue lines indicate the start of the 

bevelling and the middle of projected range, respectively.

48



Fig. 4.11. Raman linewidth and carrier concentration derived from SRP vs. depth into the 

sample, for a 6X lo'* atoms/cm^ hydrogen implant into germanium without annealing.

In Figure 4.11, the map of Raman linewidth and the carrier concentration are plotted for 

a sample implanted with hydrogen dose of 6X lO'^ atoms/cm^, without any subsequent 

anneals. SRP shows a high resistivity region running from the surface to the projected 

range, while Raman shows a FWHM of 7 cm ', corresponding to a projected range of 

~370 nm. The projected range was estimated from SRIM simulation. The dose of 

hydrogen used for sample 4 is a typical dose for a germanium smart cut process, e.g. for 

splitting at or around 400 °C. It was not possible to get meaningful data from the 

annealed high dose implant sample due to blistering. The lack of annealing for this 

sample also hides the presence of acceptor states, as follows: the resistivity along the 

bevel, measured from tungsten probes is a function of the majority carrier 

concentration, N (see Equ. 9.1). However, defects that impair crystal quality cause a 

reduction of mobility, and therefore an increase in resistivity. This would explain the 

drop in carrier concentration in the implanted un-annealed sample, shown in Fig. 4.11. 

The higher background concentration also shows more clearly the drop in mobility 

caused by un-annealed implant damage, stopping around 0.7 |4m deep. Figures 4.10 (d- 

f) present the Raman maps of the Ge-Ge peak position, linewidth and peak intensity for 

samples 4 and 4A. The Ge-Ge peak shift (about 0.7 cm'') to a lower frequency is 

observed at the projected area for the implanted but not annealed sample. This indicates 

the presence of tensile stress in the structure. The linewidth of the Ge-Ge peak increases 

significantly (~ 2.4 cm'') at the projection area, corresponding to the defects introduced 

in the Ge lattice by hydrogen atoms. The peak intensity decreases at the projection
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region. Sample 2 was annealed after bevelling at a temperature of 200 °C. As can be 

seen from Figs. 4.10 (d-f), the temperature of 200 °C was too low to introduce any 

struetural changes at the projected range during the annealing proeess. However the 

temperature of 200 °C was high enough to lead to the struetural recovery of the damage 

caused by the bevelling process outside the projected range. The distribution of the Ge- 

Ge peak linewidth at the projection region is asymmetrieal. The linewidth increases at 

the distance of 100 pm, reaches the maximum value at the middle of the projected range 

and then decreases twice faster at the distance of 50 pm. The region closer to the surface 

from the peak ion concentration has more damage than the region below the depth of 

max ion coneentration. This distribution of damage corresponds exactly to the 

asymmetric ion and damage distribution in Ge simulated in SRIM program. Sample 4 

was implanted with molecular hydrogen at 150 keV (1.5X lO'^ molecules/cm^). The 

SRIM cannot perform molecular implantation thus the simulation was performed for H+ 

atoms at 75 keV. The SRIM simulation for 1000 hydrogen ions is presented in Fig. 4.9.

The presence of molecular hydrogen and Ge-H bonds can be confirmed by Raman 

speetroscopy [28,43]. These measurements were performed with a special geometry and 

polarization configuration where the incident laser beam was set at an angle of 40760“ 

with the sample normal [28,43]. The Renishaw micro-Raman setup does not allow for 

this configuration, however, the presence of hydrogen within the Ge structure was 

detected in this work using Fourier Transform Infrared speetroseopy. Figure 4.12 

presents the infrared absorption spectrum of the bulk Ge and the subtracted spectra of 

the Ge implanted with 3.5 X lo'^ H2 and the Ge implanted and annealed at 450 "C for 2 

hrs. As can be seen from Fig. 4.12 the band around ~2000 em ' is observed for Ge 

samples implanted with H. This band can be deconvoluted into three bands around 

1990, 2020, and 2050 cm’’ [44-48]. These three feature correspond to the stretching of 

Ge-H bonds in GeHn {n=l-3) groups. The very weak Ge-H band is also observed for 

bulk un-implanted Ge. This indieates some small presence of hydrogen due to the wafer 

growth. The Ge-H band increases in intensity and shifts to lower frequency after 

annealing of implanted sample, whieh is in agreement with the evolution of Ge-H band 

presented in Ref [49]. Additional weak bands observed at low frequency in Fig. 4.12 

are not related to Ge-H bonds but they are not fully compensated rotational bonds of 

water vapour present in the chamber.
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Wavenumber, cm'^

Fig. 4.12. Infrared absorption spectra of Ge substrate, Ge implanted with H and Ge implanted

with H after annealing.

4.4.2. Helium implanted samples

Two Ge samples implanted with the helium dose of 3X10 atoms/cm were also 

analysed by Raman spectroscopy and SRP. Figure 4.13 presents the SEM and optical 

microscopy images of the sample surface. The bevelling region is clearly observable in 

Fig. 4.13 (a). In Figures 4.14 and 4.15, the maps of Raman linewidth and carrier 

concentration are plotted for these samples annealed at 400 °C (sample B3) and 

annealed at 300 °C and then at 600 °C (sample B2). Fig. 4.14 shows a SRP peak of 

1 X lo'^ acceptors at the projected range and a second peak, deeper into the substrate. 

Figure 4.15 shows that these deeper features disappear after 600 °C annealing. For 

silicon, it has been observed that helium implants produce a slight increase in self 

interstitials, which anneal out at moderate heat [50]. It is also known that interstitial 

defects are more likely to occur beyond the projected range, while vacancies generally 

occur in the region above the projected range [51]. Raman linewidth mapping on the 

sample annealed at 400‘’C shows a corresponding peak at the projected range (see Fig. 

4.14). The increase in FWHM of the Ge-Ge band about -1.25 cm ' is observed at the 

projected range. Any significant changes in linewidth of the Ge-Ge peak are not 

detected for the second SRP peak with a carrier concentration of -10 atoms/cm . For
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sample B3, the carrier concentration decreases at the projection range to 2X10 

atoms/cm^. No evidence of amorphization, due to the ion implantation was observed.
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Fig 4.13. (a) SEM image and optical microscopy image of Ge sample implanted with helium

(sample B2).

As with silicon, it is very difficult to induce blistering through helium implantation in 

germanium, even at doses of several xio'^ atoms/cm'^. Note that the background 

antimony concentration estimated from SRP graphs for the helium implanted sample B3 

(~2X 10 cm' ) is higher than in the sample implanted with hydrogen shown in Fig. 4.8 

(8X 10'“* cm'^). Comparing the number of acceptors present after H and He implants and 

annealing at 600 °C, at first glance, the number of acceptors present appears lower for 

helium. However, the measured carrier concentration is the sum of background Sb 

concentration and shallow acceptors, and when the compensation by n-type Sb is 

deducted; the acceptor amounts are quite comparable. Figure 4.17 presents the Raman 

maps of peak position, linewidth and intensity of the Ge-Ge band for samples B2 and 

B3. The compressive stress and drop in the peak intensity are observed at the projection 

range for sample B2 whereas Raman mapping of sample B3 after annealing at 600“C 

does not show any significant changes in the Ge-Ge peak (see Fig. 4.12 (d-f)). Based on 

Raman mapping results, the middle of projected range (maximum damage) for sample 

B2 is observed at a depth of 0.33 pm, which corresponds exactly to the value obtained 

by SRIM simulation presented in Fig. 4.16.
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Fig. 4.14. Raman line width and carrier concentration, derived from SRP, vs. depth into the 

sample for a 3X10’* atoms/cm^ helium implant into germanium after annealing at 400 °C 

(sample B2).

Fig. 4.15. Raman line width and carrier concentration derived from SRP vs. depth into the 

sample, for a 3 X lO'® atoms/cm^ helium implant into germanium, after annealing first at 300 “C 

and then at 600 °C (sample B3).
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Fig. 4.16. SRIM simulation of helium ion distribution and damage in Ge versus depth in Ge.

53



Sample B2 Sample B3

301.4
maximum of carrier concer^tration 

^ 301.2-lStartof bevelling^

E
301.OH 

o
'<J5 300.8"â
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Fig. 4.17. Raman maps of the Ge-Ge peak position, linewidth and peak intensity of (a-c) sample 

B2 and (d-f) sample B3. Red and blue lines indicate the start of the bevelling and the middle of 

projected range, respectively.

Considering hydrogen and helium implants in Ge, the number of acceptor states present 

in the sample, in and around the projected range, after 300 °C 7400 °C annealing is 3 

times the number of ions implanted. Then, on annealing to 600 °C, this number drops by 

one order of magnitude. The exact nature of these more stable defects (e.g. whether V- 

H, V-O, V-Ge, V-Sb) is difficult to determine using SRP or Raman, but the Raman
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results suggest that they are not amorphized germanium, but rather point defects left 

behind after the re-crystallisation process. Considering Figs. 4.10 and 4.17, the Raman 

linewidth suggests an intact crystal structure at the surface of the sample. Therefore, 

seeding of solid phase epitaxy could be provided from this top surface as well as the 

bulk. This has been reported as resulting in “clamshell defects” [52] where the two 

parallel re-growth planes meet, around the projected range of implant. Whatever the 

nature of the complexes remaining after annealing at 600 °C, they are not detectable 

with Raman, due to their low concentrations. Comparing Fig. 4.8 with Figs. 4.14 and 

4.15, it is perplexing that the number of acceptors produced by implantation of the same 

atomic dose is similar for He and H, given that mass of He is 4 times the mass of H, and 

for these doses and energies, SRIM predicts the level of damage produced by helium to 

be 20 times higher than that for hydrogen. A tentative suggestion might be that, for He 

there should be few if any chemical interactions between the implanted ion and host 

atom, therefore all the acceptor states remaining after annealing at 400 °C are due to 

damage alone. Comparing 400 °C and 600 ”C, annealing causes a marked reduction in 

end of range effects for He, which may be related to damage.

4.4.3. Germanium on sapphire

Ge layers after smart cut transfer are analysed in this section. While germanium can be 

bond directly to sapphire after transfer, it is necessary to employ an intermediate 

dielectric layer to ensure good electrical properties at the buried interface to germanium. 

It is preferable that the intermediate dielectric layer is deposited on the germanium 

before bonding. Thin ~ 20 nm SiOa layers give less stable interfaces, which is attributed 

to the out diffusion of GeO through the thin oxide resulting in an increase in fast surface 

states and a reduction in mobility. To ensure the absence of microvoid generation 

during the post bond anneal it is preferable to employ a thick Si02 layer at the bond 

interface to allow out-diffusion of water vapour [53]. Thus, in circumstances where it is 

not appropriate to deposit a thick layer on the germanium, SiOa is also deposited on the 

sapphire surface before bonding. This is the case in the present investigation. The 

structural geometry of devices before the growth of the Si02 on the top of Ge layer is 

presented in Fig. 4.18.

55



1|jm EHT ■ 5.00 kV Date :21 Jul 2010
WD = 3 mm Stage at T ■ 90.0 •

QUEEN'S
BELFAST

Fig. 4.18. SEM image of cross-section of GeOS device.

Figure 4.19 presents the optical microscopy images of the bevelled regions of the GeOS 

samples annealed at (a) 600 °C and (b) 800 ”C. Single-spot Raman measurements were 

taken from different spots of bevelled sample Ge600C: a), b), c) correspond to 

germanium, d) sapphire, e) residue on the sample, and f) the top oxide layer. The 

strongest Raman signal is observed for the Ge layer with Si02 layer on the top which 

can be caused by interference and multiple reflection of the laser light in the oxide layer 

(see Fig. 4.20 (f)). Raman spectra a,b,c from Fig. 4.21 were taken at different locations 

on the Ge layer. No Raman feature is observed in the frequency range of the Ge-Ge 

peak in spectra d and e. The Raman spectra d was taken from sapphire and the spectra e 

was taken from residue left after the bevelling process. The peak position, intensity and 

linewidth of the Ge-Ge band from spectra a-f are presented in Table 4.2.
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Fig. 4.19. The optical microscopy image of (a) the comer and (b) the edge of the bevelled

sample.
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Fig. 4.20. Optical microscopy images of different parts of sample Ge600C.
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Raman shift, cm
Fig. 4.21. Raman spectra taken from different spot of sample Ge600 (see pictures above).

As can be seen from Table 4.2, the FWHM of the Ge-Ge peak varies from 3.5 cm' to 

4.5 cm'', which indicates good crystalline quality of the Ge layer. Similar results from 

single spot measurements were obtained from sample GeOS annealed at 800 °C (sample 

GeSOOC). Raman spectra from different spots of the sample are presented in Fig. 4.22 

(a-d). The most intense Ge-Ge peak is detected for the spectrum a due to the 

enhancement of the Raman signal in the oxide layer. The smallest peak intensity and the 

largest linewidth of the Ge-Ge band are observed for the spectrum d, which correspond 

to the bottom side of the Ge layer. Tab. 4.3 presents the peak position, intensity and 

linewidth of the Ge-Ge band for sample GeSOOC.

Table 4.2. The peak position, intensity and linewidth of the Ge-Ge band for sample Ge600C.

Measurements
The Ge-Ge peak

Peak position, 
cm"'

Peak intensity, 
a.u.

Linewidth,
cm'’

a 300.4 10106 3.9
b 300.5 11657 4
c 299.9 11882 4.45
d - - -

e - - -

f 300.1 34142 3.43
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Fig. 4.22. Optical microscopy images of different locations of sample GeSOOC.

Fig. 4.23. Raman spectra taken from different spot of sample GeSOOC (see pictures above).

Table 4.3. The peak position, intensity and linewidth of the Ge-Ge band for the sample GeSOOC.

Measurements
The Ge-Ge peak

Peak position, 
cm''

Peak intensity, 
a. u.

Linewidth,
cm''

a 300.3 23374 3.3
b 300.6 7204 3.9
c 300.1 8971 4.1
d 300.5 3446 4.2
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The aim of this study is to investigate the structural uniformity and quality across the Ge 

layer after the layer transfer. For this purpose, Raman line mapping measurements were 

applied. Sample Ge600C was scanned on the bevelled area at a distance from 0 to 400 

pm with 5 pm increments, while sample GeSOOC was mapped from 0 to 350 pm with a 

4 pm step size. The optical microscopy images of both GeOS samples with mapped 

lines across the Ge layer samples are presented in Figure 4.24.

...

appedline -

Fig. 4.24. Optical microscopy images of bevelled samples; (a) Ge600C and (b) GeSOOC. The 

red arrows correspond to the lines mapped with a Raman spectroscopy.

Figure 4.25 presents the Raman maps of the Ge-Ge peak position, linewidth and peak 

intensity of GeOS samples annealed at 600 °C and annealed at 800 °C. Blue and green 

lines indicate two interfaces Si02/Ge and Si02/sapphire respectively. Experimental 

points at the distance range from 20 pm to 320 pm in the maps (a-c) correspond to Ge 

layer for the sample Ge600C. As one can see from Figs. 4.25 (a-c), in this mapping 

range the Ge-Ge Raman peak shows a high uniformity in its properties. The linewidth 

of the Ge-Ge peak is around ~4 cm * with the peak position at 300.5 cm ', which 

indicates good crystalline quality of a relaxed Ge layer after transfer. Different 

behaviour of the Ge-Ge Raman band is observed at the mapping distance from 320 cm * 

to 400 cm'*. This region corresponds to the Ge/buried oxide interface, buried oxide and 

sapphire. At the distance of 320 cm'* to 375 cm'*, an increase in FWHM and peak 

position of the Ge-Ge is observed. This indicates that the interface between the Ge layer 

and the buried Si02 is not good quality. In addition, the Raman spectra of amorphous 

Ge were detected at this region (Fig. 4.26). The Ge samples with Si02 capping layer, 

implanted and annealed were investigated in order to find out what causes the 

amorphization of Ge. Raman measurements revealed that amorphization of Ge is not
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due to implantation itself, or to the annealing process of Ge/Si02 sample. We believe 

that disorder of the Ge lattice can be introduced at the level of layer transfer when 

implanted Ge is bonded to the substrate. But to prove this assumption, further 

investigation is needed.

Sample Ge600C Sample GeSOOC

Fig. 4.25. Raman maps of the Ge-Ge peak position, linewidth and peak intensity of sample 

GeOS annealed at (a-c) 600°C and (d-f) 800°C. Blue and green lines indicate two interfaces 

Si02/Ge and Si02/sapphire respectively.
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Fig. 4.26. Raman spectrum of Ge structure in both phases: crystalline and amorphous.

4.5. Conclusions

For the first time, Raman analysis on bevelled, H2 and He implanted germanium 

samples are presented in this work. It has been shown that the bevelling of a Ge sample 

allows for Raman probing with nano-scale depth profile. The tensile stress and increase 

in linewidth (~ 2.4 cm ') of the Ge-Ge Raman peak is observed at the projected range 

for the Ge sample implanted with a high hydrogen dose (6X10'^ molecules/cm^) 

without any subsequent anneals. This indicates structural damage at the projected range 

due to ion implantation, which is also observed in the optical microscopy image. Less 

structural damage and no stress was detected for a Ge sample implanted with 3X lO'^ 

atoms/cm^ after annealing at 450 °C. In addition to this, the influence of annealing 

temperature on structural damage is investigated with Raman line mapping technique. It 

is shown, that annealing at 200 °C does not introduce any decrease of defects at the 

projected range in H implanted Ge, while after annealing at 600 "C, the Ge structure is 

fully recovered and the Ge-Ge Raman peak shows properties similar to a good quality 

bulk Ge wafer. An absence of structural defects after annealing at 600 "C is also 

observed for Ge implanted with equivalent helium dose. No evidence of amorphization, 

due to hydrogen and helium implantation is observed. A comparison and correlation of 

the electrical and structural properties of implant-related defects has been performed for 

both hydrogen and helium implanted germanium samples. SPR results show that the
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maximum of the carrier concentration is at the middle of projected range (~330 nm) for 

sample 2 and B2 annealed at 450 °C. The maximum structural damage detected with 

Raman line mapping corresponds exactly to this maximum carrier concentration, which 

is in agreement with presented SRIM simulations. Different behaviour is observed for 

p-type Ge implanted with H2 without any subsequent anneals. Since the implant was not 

activated, SRP shows a decrease in mobility in the implanted area. Using SRP, it has 

been found that, for both ion species, a quantity of 1 XIO defects/cm electrically 

active defects still remain after annealing at 600 °C. Raman results show that, at 600 °C, 

the crystal damage has been repaired, which suggests that these remaining acceptor 

states are due to the point defects. The Ge layers after smart cut transfer are also 

investigated in this work. It has been shown that a 500 nm thick Ge layer on Sapphire 

has a good crystalline quality, except the Ge/buried Si02 interface where amorphous Ge 

has been detected.
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5. Composition and strain analysis in thin Sii.xGCx 

virtual substrates using micro-Raman spectroscopy 

and X-ray diffraction

5.1. Introduction

Silicon Germanium (SiGe) offers an alternative to pure silicon technology as a substrate 

material. However, no suitable bulk SiGe substrates are available, so strain relaxed 

buffers (SRB) must be grown onto bulk silicon substrate. These are termed virtual 

substrates as they consist of an epitaxially grown, relaxed SiGe layer on the top of 

standard Si substrate. The SiGe virtual substrates are applied as global strain platform 

for n-MOSFETs [1]. In SiGe buffer layers, a high Ge content and a high degree of 

relaxation are very essential because they provide the required strain in the Si channel 

as a quantum well for electrons. Strain relaxed buffers are preferred to be thin for 

improved heat dissipation in MOSFETs, for better compatibility with devices of low 

dimensions in integrated circuits, as well as for lower time and energy consumption 

during their production. Also, the quality of virtual substrates is very critical for the 

performance of the final device. The SRB must have a smooth surface morphology and 

low defect density. Lattice mismatch between Si and SiGe causes strain relaxation by 

introduction of misfit dislocations in the interface plane, and especially undesired 

threading dislocations in the bulk of the layers. The latter can be reduced by special 

additional measures connected mostly with the growth of much thicker graded or 

constant composition layers, or with additional ex situ treatment [2—4]. Thus SRB with 

required low thickness, high Ge content and high degree of relaxation is a rather 

ambitious aim. As a method to adjust mismatched SiGe buffer layers with the Si 

substrate, a controlled introduction of point defects during epitaxial growth was 

proposed in Ref. [5,6]. For thin SiGe SRB growth with high degree of relaxation, the 

point defect supersaturation was employed at the beginning of the SiGe buffer layer 

deposition, below the critical thickness [5,6]. This can be realised by extreme reduction 

of growth temperature or by in situ bombardment with Si^ ions available in the MBE
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chamber during the solid source MBE (first stage of growth) [7]. During the next 

epitaxy stage at a medium growth temperature (MT) of typically 550 °C, high point 

defect concentration should lead to the formation of prismatic dislocation loops (instead 

of dislocation arms threading through the whole layers), and so promote the early 

relaxation and lower threading dislocation density. The degree of relaxation can be 

adjusted by the choice of the very low temperature (VLT) step.

The industrial and research developments require metrology solutions for the 

characterisation and subsequent control of several important parameters in SiGe/Si and 

s-Si/SiGe/Si structures such as stress and strain in the s-Si layer as well as the Ge 

content (x) and relaxation factor (R) in the SiGe buffers. Raman spectroscopy and X-ray 

diffraction (XRD) are the only techniques which facilitate obtaining all the 

aforementioned parameters simultaneously [8]. Raman spectroscopy was applied widely 

for investigation of composition and stress in Si/Ge struetures such as SiGe epitaxial 

layers [9-13], Si/Ge supper-lattices [14-17] and Ge/Si quantum wells and quantum dots 

[18,19]. For these structures the Ge content, x and strain, f (or relaxation factor, R) can 

be obtained using three different methods of Raman data analysis. These are;

i) a frequency method, using set of the experimental equations obtained for the peak 

positions of Si-Si, Si-Ge and Ge-Ge modes,

ii) an intensity method, using the ratio of the integrated intensities of Si-Si, Si-Ge 

and Ge-Ge modes,

iii) and using thin Si-cap layer (or strained-silicon, s-Si, layer), deposited on the top 

of SiGe, layer along with coherence conditions for these two layers.

We note, that Raman investigations were applied in the past for the analysis of 

composition and strain for bulk SiGe [9,10], as well as to samples deposited by different 

variations of CVD technique (e.g. UVCVD [7]) and liquid-phase epitaxy [11]. Quite 

reeently micro-Raman technique was applied for samples deposited by Reduced 

Pressure CVD [12] and plasma enhanced CVD (LEPECVD) [13], However, a very 

small number of works was devoted to micro-Raman investigation of samples deposited 

by MBE technique, and most of them were dealing with Si/Ge supperlattices [14-17]. It 

is worth noting that most of the investigated SiGe samples were with thickness in the 

range of 300 to 4000 nm, and they were deposited on the top of step-graded or gradually 

graded Sii.xGex buffer with x varied from 0 to the required value of x.

The main purpose of this work is to investigate the application of micro-Raman 

spectroscopy to very thin SiGe virtual substrates grown by mentioned above MBE
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technique. In this chapter, the validity of the existing equations [8,10-13] obtained for 

Raman data analysis are tested for thin SiGe virtual substrates using independent 

evaluation of the Ge content and strain from XRD data. In addition to this, the strain Si 

layers grown on SiGe buffers were investigated. The strain and composition of s-Si and 

SiGe layers were calculated based on Raman results.

5.2. Structural properties of SiGe alloys

Silicon and germanium are group IV elements with 4 electrons in the outermost shell. 

They both crystallise in the cubic diamond lattice with the band gap of the pure 

elements and their alloys being indirect. A cubic unit cell of crystalline structure of Si 

and Ge is presented in Fig. 5.1. The parameters of the unit cell include the lattice 

constant asi = 0.54309 nm for Si and oce = 0.5658 nm for Ge and the angles 

a=P=y= 90°. The Si-Si bond length is 0.2352 nm and for Ge-Ge 0.2449 nm.

Fig. 5.1. A cubic unit cell of crystal structure of silicon and germanium.

Silicon and germanium are completely miscible forming Sii.^Gex solid solutions with jc 

ranging from 0 to 1. The lattice constant of Sii-xGcx alloy, asice, can be determined by a 

linear interpolation of the parameters of the Si and Ge elements which is known as 

Vegard’s law:

^SiGe (a:) = (\ - x) - + X ■ a Ge (5.1)
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Although for many applications the use of Vegard's law is practical, frequently, a 

deviation from Vegard's law has been observed experimentally [20,21]. To date, the 

most precise and comprehensive determination of bulk lattice parameters across the 

whole Sii-xGex system has been carried out by Dismukes et al [20] including 

measurement of the variation of lattice parameters with temperature up to 800°C for 

some alloys. Figure 5.2 presents the lattiee parameters of Sii-xGex alloys at 25°C for Ge 

content in the range of 0 to 100% taken from Dismukes [20]. The negative deviation 

from Vegard’s law up to 3% is clearly observed in the range of Ge content from 20 to 

80 at. %.

Fig. 5.2. Lattice parameter a5,ceofSi|.xGexalloy calculated using Vegard’s and Dismukes law

for Ge content varies from 0 to 100%.

By using the values given in [20] for x = 0%, x = 25%, and x = 100% a following 

parabolic relation for the Sii.xGex lattice parameter as a function of Ge fraction x:

W = 0-543l(/7w) +0.01992 •A:(rtw) +0.002733 {nm) (5.2)

can be delivered which approaches the experimental data with a maximum deviation of 

about 10"'^ nm [22]. Differences in lattice parameters and in thermal expansion 

coefficients between the epitaxial layer and substrate introduced the strain within the
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growing layer. If a thin Sii.xGcx film is grown on top of a Si film or Si substrate then the 

top Sii-xGex layer is compressively strained (Fig. 5.3 (b)), while for the Si layer grown 

on SiGe film, the Si layer is tensile strained (Fig. 5.3 (d)). In both cases the strain is in 

the plane of the layer e|| but this strain also produces a perpendicular strain, , resulting 

in a tetragonal distortion to the lattice (Fig. 5.3 (b)) [23]. In isotropic elasticity theory 

the strains are related by Poisson ratio, v, through:

=
2v

\-v
(5.3)

The biaxial strain in the plane of the interface between the strained layer and substrate is 

given by the lattice mismatch:

£ = ^2^—^.100% 
^suh

(5.4)

where, aiayer and asub denote the unstrained lattice constants of substrate and growing 
layer, respectively. Such a strain can only be sustained in thin layers, and relaxation in 

the form of misfit dislocations will occur for thick layers. An important criterion for 

growing strained layers without introducing misfit dislocations is that the strained layer 

should have a thickness below the critical value which can be reduced to [24]:

0.55 
- )

=1.7793 nm

(5.5)

(5.6)

As a result of biaxial tensile strain, carriers experience a lower resistance in the strained 

layer and typically have higher mobility (~50-70% higher for strain Si) in the channel 

direction [25]. The value of stress a and e are related to each other by the following 

equation:
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(7 =----------£

\-V

for a biaxial stress, where E is the Young’s modulus of the grown film.

(5.7)
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Fig. 5.3. (a) A schematic diagram of a thin Sii-xCe* film to be grown on top of a thin bulk 

silicon layer, (b) A schematic diagram showing the tetragonal lattice distortion when the two 

films from (a) are placed together with the top Si|-xGex film being compressively strained, (c) A 

schematic diagram of a Si film to be grown on top of a Sii-xGex film, (d) A schematic diagram 

of the two films in (c) placed together with the top film being tensile strained [23].

5.3. Experimental

5.3.1. Sample growth

For the growth of virtual substrates with ultra-thin (<100 run) SiGe buffer layers of high 

Ge content, a method using point defect supersaturation by a two-step growth procedure 

in an MBE system is employed [6,7]. First stage at a very-low temperature (130 °C - 

200 "C) serves for generation of point defects and their supersaturation in the growing 

layer. During the second stage, growth of an equal composition layer continues at a 

conventional MBE temperature of 550 °C. Here, point defects accumulated at VLT
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stage may condense and form dislocation loops which support the early relaxation. 

Interaction of point defects with dislocations introduced during plastic strain-relaxation 

can also improve the layer quality [26].

a) b)

40 nm Sii-xGcx 550“C

20 nm Sii-xGCx VLT
Si buffer, T |

(100) Si substrate

strained Si

120 nm Sii-xGcx

40-50 nm Sii-xGCx
20-30 nm Sii.xGCx at LT

Si buffer

(100) Si substrate

<U
•4-»

Ui
■4-*
(/a

3
■c

Fig. 5.4. Schematic of (a) SiGe virtual substrate and (b) of a strained-Si layer on an ultra-thin 

SiGe buffer including a buried part with point defect supersaturation at low temperature 

initiating the early relaxation.

Numerous samples, schematically shown in Figs. 5.4 (a) and 5.4 (b), are grown for the 

investigation of thin SiGe virtual substrates with Ge content ranging from 10 to ~ 50% 

as well as strained-Si grown on top of some of these virtual substrates (Fig. 5.4 (b)). The 

total thickness of the investigated SiGe buffer layer varies from 60 to 80 nm, including 

the VLT parts with thickness from 20 to 30 nm, respectively [6]. For s-Si samples, 

above the SiGe buffer layer, a SiGe intermediate layer is grown which, amongst others 

things, may serve for well doping and for spacer formation. In these series of samples, 

Ge content in the intermediate layers is the same as that of the SiGe buffer layer. The 

total thickness of the buffer layer combined with the intermediate layer does not exceed 

200 nm. A 10-20 nm thick strained-Si layer is obtained at 500 °C under conditions 

providing coherent growth of pseudomorphic layers (sample parameters are given in 

Table 5.1).
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Table 5.1. Thickness anc composition for samples with s-Si on SiGe virtual substrate
Sample name Thickness of s-Si,

nm
SiGe layer composition

1797 20 Sio.88Geo.i2
1669 15 Sio.8Geo,2
1799 12 Sio.yGeo.B
1800 8 Sio.6Geo.4

5.3.2. Raman measurements and analysis

Unpolarized Raman spectra were registered at room temperature in backscattering 

geometry using a RENISHAW 1000 micro-Raman system equipped with a Leica 

microscope. Some additional measurements were also performed on inVia Renishaw 

MicroRaman System. Data was registered at excitation wavelengths of Ar* ion laser at 

514.5, 488 and 457 nm and a 325nm HeCd laser with inVia system for investigation of 

samples with s-Si. Laser light was focused on the sample through the x50 magnification 

microscope objectives which provide a laser spot size in the range ~1-3 |im. The 

scattered light from the sample is collected through the same microscope and directed 

through a spectrometer. It is then detected with a charge-coupled device (CCD). The 

laser power was kept between 3 and 10 mW to prevent samples heating and as a result 

an unwanted peak position shift. Before measurements the influence of laser power on 

the linewidth and the peak position was checked on one of the sample from series and 

was chosen at the level which did not affect the aforementioned spectra parameters. For 

the majority of samples the data were collected at 3-5 different locations on the sample, 

no significant variance was observed, with average values well within experimental 

error limits.

Raman spectra measured for numerous samples with jc varied in the range of 

0.1-0.5 and with relaxation factors in the range 20-100% were analysed in order to 

determine in the most accurate manner the peak position, the peak intensity and the 

linewidth of phonon modes. Renishaw Wire software allows Raman peaks to be fitted 

with a variety of inbuilt functions for different peak shapes. To determine the Ge 

content and strain from the set of equations for Si-Si, Si-Ge and Ge-Ge vibrational 

modes (as described in the next Section), the position of these peaks must be measured 

with a high accuracy. Two factors enable us to do so. A position of Si-Si peak from Si
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substrate was used as an internal referenee for thin SiGe layers for visible exeitation and 

a position of plasma line for UV exeitation. All peaks from SiGe layer are fitted with 

asymmetrical function [22], while Si-Si peaks for s-Si and Si substrate are fitted by 

Lorentzian function or by mixture of Lorentzian and Gaussian functions.

Determination of peak position from experimental Raman spectrum

The major source of uncertainty in using frequency shifts to determine the composition 

and strain of a Sii.xGCx buffer layers stems from the difficulty of accurately measuring 

the peak positions for Si-Si, Si-Ge and Ge-Ge phonon modes. This is due to their 

asymmetry, large linewidth and small intensity, particularly for layers with x<0.3. For 

analysis of all three peaks associated with SiGe layer an asymmetrical function was 

implemented (see Eqn. (5.8)) into the user defined functions in ORIGIN. This allowed 

a better estimate of half width at half maximum (HWHM) of the spectrum, the intensity 

and the wavenumber of an asymmetrical peak from the following equation [27];

/(^y) = 1X +1x1^“ - ^)]X ^0
/ \ 2 1
V W\

/ \ 2' (0-0)^

Wi )
+ 1

+ ^ X [l - sign{0)- )]x -I- ^X [l - sign{a)^ - a))]x /
hkr

(5.8)

where O)^ is the peak position, f is the peak intensity, W is the HWHM at the lower

frequency side (fV/) and at the higher frequency side (IT?) of the spectrum, Ib/c/ is the 

background intensity on the lower frequency side of the curve and fkr is the 

background intensity on the higher frequency side of the curve. The function 

sign{a)-0}q) turns to -1 if {o)-Ci)q) is negative and 1 if {m-coo) is positive. Analysis 

of the peak positions proved to be considerably more accurate after the addition of these 

two terms. The asymmetrical function was found to fit the data better than the set of 

standard Lorentzian or Gaussian functions (see Fig. 5.5). This was most notably in 

particular for the Si-Ge mode at higher Ge concentrations as the asymmetry of this band 

does increase with increasing Ge content.
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Wavenumber, cm ’

Fig. 5.5. Experimental Si-Si Raman band and the its fitting with (a) an asymmetric function and 

(b) mixture of Lorentzian and Gaussian functions.

5.3.3. XRD measurements

For high resolution XRD measurements the BRUKER D8 Discovery with a primary 

beam channel cut Ge (110) crystal monochromator, producing an intense, parallel Cu 

Ktti monochromatic beam (with wavelength A,=1.5406 A), was used. The secondary 

beam is equipped with a LynxEye ID detector allowing for fast mapping of the 

reciprocal space. The sample lattice parameters were determined by measuring 

reciprocal space maps (RSMs) around the Si [113] reflection and estimating the thin 

film lattice parameters from the relative separation in fl and 26. For sample 940 RSMs
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were also registered around Si [224] reflection; the obtained results were similar to Si 

[113] reflection. We note that XRD of 70 nm thick SiGe layers was also studied at the 

same (113) glancing incidence in [28]. Strain and Ge concentration were then obtained 

by assuming the lattice expansion due to the Ge content obeys Dismukes [20] model.

5.4. Results and discussion

The Raman spectrum of a strained SiGe heterostructure alloy consists of three distinct 

peaks whose energies (and therefore the peak positions) depend on jc (Ge content) and 

strain [9,10,15]. The three strong first-order lines shown in Fig. 5.6 in the Raman 

spectra of few SiGe virtual substrates are due to the atomic vibrations of Si-Si 

(at ~ 502 cm''), Si-Ge (at ~ 405 cm'') and Ge-Ge (at ~ 290 cm ') bonds in the SiGe 

alloy. The Raman spectra for SiGe virtual substrates with different Ge content and with 

nearly the same relaxation factor (r > 93%), i.e. for fully relaxed samples, are presented 

in Fig. 5.6 (a). It can be seen from this figure that the position of all three peaks is 

shifted with respect to each other depending on x. The spectra obtained for samples with 

different composition and relaxation factor (or strain), shown in Fig. 5.6 (b). As can be 

seen from Fig. 5.6 (b) the position of all three bands is changed depending on x and e. 

The values of x and e can be estimated from a set of equations suggested in literature for 

bulk SiGe or relatively thick SiGe layers grown by CVD technique directly on Si or on 

graded SiGe layer. This includes the bulk materials, obtained by powder compression 

[10], single crystal SiGe alloy grown by liquid-phase epitaxy [11] as well as SiGe layers 

deposited by different CVD methods of deposition on graded SiGe layers or directly 

onto Si substrate.
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Fig. 5.6. (a) Raman spectra for SiGe/Si sample with R > 90% and different Ge content, 

(b) Raman spectra for strained SiGe/Si sample with different Ge content.

For Si-Si peak position, coss, of SiGe layer a few different experimental equations are 

introduced:

cOgg(x) = 520 - 70x [11] (5.9)

~ 520.2 - 62x [8,10] (5.10)

= 521.2 - 67.9x [16] (5.11)

^ss (^) ~ 520.7 - 66.9X [13] (5.12)
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The equations (5.9)-(5.11) are valid mainly in the region of Ge content 0<jc<0.5, while 

Eqn. (5.12) is obtained for the wide range of x. The following equations are used for Si- 

Ge peak position, cosg:

rWyg =400.5+ 14.2JC [8] 

=400.5+ 12x [11]

(5.13)

(5.14)

in the range of 0<x<0.5 and the expressions:

=400 +22.07X-36.14x^ +83.73x^ -88.54x" [16]

0)sc = 400.1 + 24.5x - 4.5x^ - 33.5x^ [ 13]

(5.15)

(5.16)

for 0<x<l. The experimentally measured dependences of the Ge-Ge phonon frequency, 

(OciG, on X are described by the equations:

(Oqq = 282.5 + 16x [8] (5.17)

(Oqq = 280.8 + 19.37x [14] (5.18)

QJqq — 280.3 + 19.4x [13] (5.19)

In order to determine the best set of equations suitable for the set of samples analysed 

in this work, a number of samples with relaxation factor close to 100% were selected. 

The Ge content is obtained by XRD and the Raman peak positions are corrected for the 

small residual strain determined from the relaxation degree:

^SiCe ~ /(I (5.20)

with 8 as a strain,/as a lattice mismatch and r as a strain relaxation.
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Fig. 5.7. (a) Si-Si, (b) Si-Ge and (c) Ge-Ge Raman peak position versus Ge content determined

by HRXRD.
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Lattice mismatch/is a parabolic function of Ge content, x, when slight deviation from 

Vegard’s law is taken into account as given by Dismukes [20] for the bulk SiGe. This 

equation was confirmed later for epitaxial layers [21];

, 0.02 , 0.0027 2
f(SiGe) =---------xH----------- X

0.5431 0.5431
(5.21)

The relaxation degree r of the selected samples varies between 0.92 and 1.05. The 

values larger than 1 stems from a small tensile strain originating from thermal 

mismatch of completely relaxed SiGe layers cooled down to room temperature. The 

correction of Raman peak position for strain is performed using the literature values 

[8,29-31] of strain phonon coefficients -830 cm'’, -575 cm'', -384 cm’’ for Si-Si, Si-Ge 

and Ge-Ge bands, respectively. The aceurate values of these literature strain-phonon 

coefficients are not critical, because of the only small correction needed for the selected 

samples. The results are shown in Fig. 5.7.

5.4.1. Frequency method

Equations for fully relaxed SiGe layers

The peak position obtained for all three Raman modes after the fitting with 

asymmetrical function are plotted in Fig. 5.7 against of x values, determined from XRD 

measurements. The linear curves obtained from Eqns. (5.9)-(5.12) on dependence of Si- 

Si peak position versus Ge content are shown in Fig. 5.7 (a) together with Raman and 

XRD experimental data. The same set of data and linear dependences are shown in 

Fig. 5.7 (b) for Si-Ge modes and in Fig. 5.7 (c) for Ge-Ge peaks. As can be seen from 

Fig. 5.7 (a), the best fit to XRD data results in the linear equation:

= 520 —70.5x, (5.22)

which is quite close to the equation obtained in Ref [11], see Eqn. (5.9). Fig. 5.7 (b) 

shows a similar set of data for peak position of Si-Ge mode versus x obtained from
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XRD data. In this case the experimental data obtained for our set of samples 

significantly deviate from the linear and non-linear dependencies described by Eqns. 

(5.13), (5.14) and (5.15), (5.16). The best fit to obtained experimental data results in the 

following linear equation:

(Osfj = 400.5 -I- 16.3x. (5.23)

As can be seen from Fig. 5.7 (c) a significant deviation of the experimental data points 

from all curves is observed for the Ge-Ge peak position versus x. This confirms 

previously made conclusion [8], that it is more difficult to use Ge-Ge peak for the 

extraction information on x from Raman data, particularly for thin SiGe layers with 

a:<0.4. For consistency we will analyse our experimental results for all three peaks 

described above, using Eqn. (5.17) obtained in [8] for Ge-Ge peak. However, most of 

the data analysis was done based on Eqns. (5.22) and (5.23).

Equations for strained SiGe layers

The next step is to determine the set of equations for strained SiGe virtual substrate 

with relaxation factor < 100%. For this purpose the additional terms accounted for 

strain in set of Eqns. (5.17), (5.22) and (5.23), introduced in literature earlier (see, for 

example [8]), were used. This results in the following set of equations describing the 

peak position of SiGe layer under strain:

= 520 - 70.5jc - 830f, (5.24)

cOsG = 400.5-t-16.3x-575£’. (5.25)

cOgg - 282.9 -1-16x - 384£-. (5.26)

Then based on the equations (5.25) and (5.26) we can obtain the expressions for x and e 

calculations:
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{(Osc - 400.5) - 0.6928 • {cOss - 520) 
64.84

(5.27)

^SiGe ~
520 —<^55 —70.5.x: 

830
(5.28)

The results of calculations of x and e using Eqns. (5.27) and (5.28) enable us to 

processed the Raman data obtained for numerous samples, investigated in this work, 

with X in the range from 0 to 0.5 and for the relaxation factor varied in the range from 

20% to 100%. The following equations, described the shift of the peak position for 

fully strained layers, were obtained:

A/Wcc = 36jc , = 39jc and Ary^^ = 32x (5.29)

The degree of relaxation, r in a SiGe layer on Si substrate can be obtained using the 

experimental Raman shift of the Si-Si peak Agxp from the unstrained peak position for Si 

substrate at 520 cm ' from the following expression [32,33]:

A„.„ - A..exp

A -A.,
•100% (5.30)

where A^ = 70.5x and A^ = 36x are Raman shifts of the fully relaxed and the fully 

strained epilayers from the bulk Si, respectively. In addition to the r value can be 

calculated from the expression:

^2 — 1 +
Re/

^SiGe
Re/ _

V ^SiGe ^Si 7
(5.31)

The results shown in Figs. 5.8 (a)-(c) demonstrate distribution of the obtained data 

between two linear dependencies of phonon frequencies on x, obtained for the fully 

strained and fully relaxed SiGe virtual substrates. It can be seen that the obtained data 

are within the range of data possible for different values of jc for the investigated 

samples. A small deviation of experimental data from fully strained curve is observed.
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which is due to the difficulties of Ge-Ge peak analysis for samples with small Ge 

content. The results on comparison of the data obtained from XRD and Raman 

techniques for the relaxation factor and Ge content are summarised in Table 5.2. We 

can see that the deviation of the r values obtained by Raman spectroscopy for samples 

940, 937 and 938 is larger than that obtained for the x value (this will be discussed in 

the following section). Figure 5.9 demonstrates the difference between x values 

obtained from Raman (xRaman) and XRD (xxrd) measurements versus Ge content. The 
maximal deviation of x values estimated from Raman data are within ± 0.04 relatively 

to XRD data. Bearing in mind the difficulties with analysis of data for very thin layers 

we believe that the obtained results demonstrate a very good precision of micro-Raman 

spectroscopy for the determination of Ge content and strain (or degree of relaxation) in 

thin SiGe layers.

Table 5.2. The calculated Ge concentration and r factor for samples, measured by XRD and 
Raman techniques, using frequency and intensity methods.

Sample
name

Ge content, x 
at. u.

Relaxation factor 
r, %

HRXRD
Freq.

Method
Eqn.
(5.27)

Intensity method
HRXRD

Raman,
r\ Raman,

riEqn.(5.32)
A=1.7

Eqn.(5.33)
B=3

1303 0.36 0.39 0.31 0.37 16 26 19
1308 0.37 0.39 0.37 0.40 104 104 104
753 0.22 0.23 0.22 0.25 81.7 95 95
759 0.22 0.23 0.23 0.22 24.5 28 21
773 0.45 0.42 0.44 0.39 99 98 97
940 0.29 0.31 0.19 0.29 23 33 26
746 0.26 0.27 0.29 0.28 93 97 97
1027 0.46 0.43 0.46 0.44 79 81 80
936 0.35 0.32 0.34 0.42 77 80 78
937 0.32 0.29 0.20 0.35 68 86 85
938 0.37 0.33 0.20 0.33 85 61 58
774 0.44 0.41 0.45 0.44 92 99 98
775 0.43 0.40 0.41 0.41 83 93.5 93
776 0.44 0.40 0.43 0.41 95 93 93
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Fig. 5.8. Raman shift of the Si-Si (a), Si-Ge (b) and Ge-Ge (c) peak as a function of Ge content. 

Dotted lines correspond to the dependence of Aco vs. Ge content for fully strained samples and 

dashed line for fully relaxed samples.
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Fig. 5.9. Deviation of Ge content obtained from Raman and XRD data (xRaman-XHRXRo) versus 

Ge content determined by HRXRD measurements.

5.4.2. Intensity method

In this paragraph, the second approach for determination of composition in SiGe alloy 

using Raman spectroscopy is considered. The methods suggested in Refs. [8,10,34] are 

based on the comparison of the relative intensities of the first order Si-Si, Si-Ge and Ge- 

Ge bands. The ratios of the integrated intensities of three main modes can be related in 

the first order approximation to the number of nearest neighbour bonds and, therefore, 

are the functions of the Ge content in the alloy. Following to simple statistical model the 

relative intensities are roughly proportional to the relative numbers of corresponding 

bonds types, i.e. (1-xf, and 2x(l-x) for the Si-Si, Ge-Ge and Si-Ge modes, 

respectively [9]. The major advantage of using the intensity method is that there is no 

need for highly accurate fitting of the phonon bands, which is extremely important for 

the frequency method described in the previous Section. The determination of alloy 

composition using the intensity of the modes is also independent of whether the layer is 

strained or relaxed. However the intensities of the Si-Ge and Ge-Ge modes depend 

strongly on the methods used to measure them. In particular there is some uncertainty 

about the determination of the baseline for each particular band shown in Fig. 5.10. 

This problem is especially pertinent for the Si-Ge mode as there are significant peaks on
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the high energy side of the main Raman mode. These have been attributed to localised 

Si-Si motion in the neighbourhood of one or more Ge atoms [9,10,15], As was stated in 

Ref. [34] the localised Si-Si peaks were included in measurement of integrated intensity 

of Si-Ge mode. It is shown in Fig. 5.10 how the areas of the SiGe alloy modes were 

determined for the samples investigated in this work.

Assuming random mixing in the alloy, the relative integrated intensities of the 

modes are expected to vary with the Ge mole fraction as follows [34]:

liSi - Si) A(\ - x)
I{Si - Ge) 

I{Ge-Ge)

2x

Bx
I{Si-Ge) 2(1-x)

(5.32)

(5.33)

Wavenumbers, cm

Fig. 5.10. The various different baselines that can be chosen in calculating the intensities of the 

Si-Si, Si-Ge and Ge-Ge modes. The black dashed line indicates the baselines used in these 

work.

Because of resonance effects, the intensities of the various modes vary with the 

wavelength of the exciting light, as does the optical system. Thus, coefficients A and B 

must be determined experimentally for each wavelength. A and B were determined for 

our experimental set up for 514 nm wavelength using the XRD data available for a 

number of samples as described above. The integrated intensities of phonon modes were

87



calculated by using a peak profile analysis inbuilt to Renishaw Wire software. Using x 

values, measured by XRD, the relative intensities for the investigated samples are 

plotted versus Ge content in Figs. 5.11 (a) and 5.11 (b). The best fitting of experimental 

data is obtained at A=1.7 and B=3.0. From eomparison of Fig 5.11 (a) and 5.11 (b), it 

can be eoneluded that better correlation between Raman and XRD results is aehieved 

with Eqn. (5.32). This is not surprising bearing in mind that Ge-Ge peak for thin SiGe 

layer is quite weak in partieular for small x.

Fig. 5.11. Intensities ratio versus Ge content, x from the experimental data (symbols) and (a) 

from Eqn. (5.32) at A = 1.85 (grey line) and A = 1.7 (black line) and Eqn. (5.33) at B=3.2 (grey 

line) and B=3 (black line).
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As can be seen from Table 5.2, the intensity method enables the determination of x to an 

accuracy of ± 0.05 using Eqn. (5.32). It was mentioned above that considerable 

uncertainty exists as to where the baseline of a peak begins and where it ends. Mooney 

et al. [34] found the integrated intensities ratios to be in good agreement with Eqns.

(4.32) and (4.33) only if the peak at 430 cm ' is included in the intensity of the Si-Ge 

mode. In this investigation, the intensity of the Si-Ge mode was measured without the 

peak at 430 cm '. When this peak was included, the accuracy of this method was 

reduced to ± 0.08%. Interestingly that for the same samples 940, 937 and 938 described 

in the previous section a significant deviation between x values obtained by XRD and 

from Raman intensity method using Eqn. (5.32) was obtained. However, using the Eqn.

(5.33) the results obtained for x are quite close to XRD data. This deviation could be 

due to the larger surface roughness observed for these particular samples.

Strained Si on SiGe virtual substrate

The main feature of the Raman spectra of strained-Si on ultra-thin SiGe substrates 

obtained with visible excitation light is the presence of three Si-Si peaks in the region 
-530-490 cm ' (see Fig. 5.12). These are the peak at 520 cm ' corresponds to the Si 

substrate, the peak at ~510-518 cm ' which is assigned to strained-Si and the peak in 

the range ~490-510 cm”' which belongs to the Si-Si mode in the SiGe layer. Depending 

on the Ge content in the underlying SiGe virtual substrate these three peaks can be 

either quite well separated or be very close together. This situation is quite different 

from the case of Raman spectra of strained-Si on thick SiGe substrates where the peak 

at 520 cm”' is not observed due to the limited depth of laser light penetration into the 

SiGe layer [32,35]. The Si-Si peak arising from the Si substrate can be used with high 

accuracy as an internal reference in analyzing the Raman spectrum. The intensity of a 

peak at 520 cm”' in the case of a thin s-Si layer on an ultra-thin SiGe layer is much 

larger compared to the two other peaks, and, in particular, in comparison with the peak 

for s-Si, due to its small thickness. This requires very careful analysis of the Raman 

spectra, in particular in the range 490-530 cm”' [36]. Raman spectra for the four 

samples, registered at 514.5 nm excitation, are shown in Fig. 5.12 (a). For the sample 

1797 with low Ge content (~10%) there is no visible sign of the Si-Si peak from s-Si, 

while for the samples with higher Ge content a small shoulder or small bump related to
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this peak can be seen in between the two peaks at 520 and at ~490-512 cm '.By fitting 

the Raman spectrum with three Lorentzian functions, all three peaks are revealed as 

shown, for example, in Fig. 5.12 (b). The results obtained for the shift Aco of Si-Si peak 

from the unstressed Si-Si peak at 520 cm”' for all analyzed samples are summarized in 

Table 5.3 together with data obtained using 488 and 325 nm excitations. For UV 

excitation, a simultaneous recording of the plasma line was used for the internal 

reference. This is because for the shorter excitation wavelength Si-Si peak from the 

substrate is not observed in Raman spectrum. As can be seen from Table 5.3, the values 

of Raman peak shift, Aco obtained with all three excitation wavelengths are in good 

agreement. The obtained results demonstrate that visible light Raman spectroscopy can 

be reliably used for the characterisation of strained Si on ultra-thin SiGe virtual 

substrates. However, careful fitting of the spectra is required in this case for proper data 

analysis.

Table 5.3. Comparison of shift of Si-Si peak position in Raman spectra s-Si layer, obtained at 

different excitation wavelength and stress and strain calculation.

Sample
name Raman shift of s-Si band, Ato, cm'' a,GPa 

Eqn. (5.34)
Csi xl00% 
(Eqn.(5.35)

514 nm 488 nm 325 nm

1797 2.49 2.66 2.56 0.54 0.3
1669 5.3 - - 1.13 0.63
1799 7.24 7.3 7.0 1.57 0.87
1800 12.7 12.5 12.4 2.75 1.53

90



Fig. 5.12. (a) Raman spectra of sample 1797, 1669, 1799 and 1800 with increasing Ge content 

collected at 514 nm excitation wavelength. The strained-Si peak is observed between the Si 

substrate peak at 520 cm"' and the Si-Si band from the SiGe layer, (b) Fitting of Raman 

spectrum for sample 1797 with three Lorentzian functions.

By measuring the shift in the Raman peak position, Ao, obtained for the s-Si layer, the 

magnitude of stress, a and strain, e can be estimated by using a simple equation, 

describing the biaxial stress in a Si lattice [29,31]:

Osi = Aco! c (5.34)

with c=4.6M0'^ (Pa cm' )
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£s,(%)=(^)IOO% = ^ 
b a

„ strain „ flc- —dr-
—^100%. (5.35)

Si

where b is the strain-phonon eoeffieient, which was taken as 830 cm osi and are

the lattice constants of relaxed and strained-Si, respectively. The values of rrsi and esi are 

related to the elastic constants as shown in Eqn. (5.7). Taking the values of E and v as 

130.2 GPa and 0.28, respectively [37], we conclude that the phonon coefficient ratio bic 

should be bIc = El{\-v) = 180.5 GPa. The selected coefficients c and b obtained from 

the literature fit very well this relationship. The strain values thus obtained were 

compared with the data estimated for £${ from analysis of the spectral shifts of the Si-Si 

phonon band registered from the SiGe layers, taking into account the coherence 

conditions:

strain __ strain
^SiGe ~ ^Si (5.36)

By analogy with the Eqn. (5.35) and taking into account the Eqn. (5.36) and that:

^strain ^rel / \/i , _ \^SiGe ~ ^SiGe ) (5.37)

where aj^^(jc) can be determined from Dismukes model [20], we can obtain:

Strain _

f c, (%) = —- ■ 100%
a

(5.38)
Si

The results obtained for esi(%) estimated form Eqns. (5.35) and (5.38) are presented in 

Table 5.3 and Table 5.4 along with a values obtained from Eqn. (5.34). Both series of 

results for esi(%) show very good agreement. This indicates that the results obtained 

from the analysis of complicated Raman spectra in Si-Si mode region allow us to obtain 

reasonably good data on stress in s-Si layers on SiGe virtual substrates. The calculations 

of Ge content (x) and strain esiCe were performed by means of simultaneous 

measurements of the cuss and a>sG for the underlying SiGe layer, followed by 

calculations using the pair of equations (5.27) and (5.28). The relaxation factor for SiGe
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layer was also estimated from Eqn. (5.30). Both values (jc and r) obtained from analysis 

■of Raman spectra are in good agreement with XRD data.

Table 5.4. Strain in s-Si and in SiGe layers measured by XRD and Raman spectra analysis.

Sample
name

SiGe
Relaxation factor, 

r, %
8si xl00% 

Eqn.(5.38)
^niax»

Eqn. (5.39)

SiGe
Ge content, jc

XRD Raman XRD Raman

1797 42 58 0.28 71.1 0.13 0.12
1669 - 77 0.61 96.3 - 0.21
1799 67 61 0.75 100 0.30 0.32
1800 89 84 1.42 104 0.40 0.42

Inversely using the coherence conditions, the analysis of the Si-Si peak for s-Si layer 

enables us to evaluate the value of Ge content and strain in SiGe independently. The 

obtained results are in very good agreement with Raman analysis of SiGe bands, which 

supports the use of the altered Eqns. (5.24) and (5.25) for the simultaneous calculation 

of X and £siGe iri thin virtual SiGe substrates. It should be note that the estimation of the 

maximum achieved strain in s-Si layer can be performed using the equation suggested 

earlier in Ref. [38]:

£ = ^max

A<y,5/,exp

Ary,̂ i.max

xlOO (5.39)

Where Acosuxp is experimentally obtained shift of s-Si peak from unstrained Si peak at 

520 cm"' and:

(4. 40)

The calculated values of Emax are also presented in Table 5.4. Table 5.4 shows that 

the s-Si layer in sample 1797 (with the smallest Ge content) is not fully strained while 

the s-Si layer can be considered to be fully strained for samples 1669, 1799 and 1800. 

The higher than 100% value of Emax obtained for sample 1800 can be due to the 

inaccuracy in measurements and calculations. The good agreement between Raman and
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XRD data shows that even results obtained from the analysis of complicated Raman 

spectra in Si-Si mode region allows us to obtain reasonable data on stress in strained Si 

layers on SiGe virtual substrates.

5.5. Conclusions

To summarise, there are techniques such as RBS and SIMS, which can be used for Ge 

content determination in SiGe buffer layers. However, RBS is not very accurate for 

measurements of thin films in complicated structure, while SIMS is a destructive 

technique. XRD is quite accurate technique, in particular, using advanced equipment 

with high resolution, but it requires longer measurements time and more difficult to 

arrange in-line samples measurements. In this chapter, the applications of micro-Raman 

spectroscopy for determination of jc were presented. It was shown that even for very 

thin SiGe films micro-Raman spectroscopy is a very valuable and enough accurate 

characterisation tool.

The Ge content, x, and the relaxation factor, r, were estimated from the set of 

equations for Si-Si, Si-Ge and Ge-Ge Raman vibrational modes adjusted in this work 

for thin SiGe layers. The alterations of the equations from previously published works 

were performed using the independent results on x and r, obtained from XRD and 

Raman measurements for fully relaxed SiGe virtual substrates. The Ge content in SiGe 

layers was calculated using both frequency and intensity methods. It was shown that 

using the ratios of the integrated intensities of Si-Si, Si-Ge and Ge-Ge phonon modes 

for SiGe virtual substrates provides x values, which are in quite reasonable agreement 

with XRD and Frequency Raman method. Surprisingly the Intensity Method provide 

reasonably good results even using Ge-Ge peak for x<0.3, while in frequency method 

only Si-Si and Si-Ge peaks were used at this condition. It should be note that for 

samples with larger number of defects a significant deviation in x values was obtained 

from Frequency and Intensity methods. Finally, it was also shown that visible light 

Raman spectroscopy can be reliably used for the characterisation of strained Si on ultra- 

thin SiGe virtual substrates. However, careful fitting of the spectra is required in this 

case.
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6. Raman and FTIR study of substitutional carbon 

incorporation in rapid thermal chemical vapour 

deposited Sii.x.yGexCy on Si (1 0 0)

6.1. Introduction

The introduction of C into Sii.xGcx layers heteroepitaxially grown on Si has attracted 

considerable attention as it enables band engineering via strain control in group IV 

semiconductors [1,2], It may have application to the fabrication of novel heterostructure 

devices using Si-based technology. The fundamental properties and possible devices 

application of SiGe/Si heterostructures have been discussed extensively in the previous 

chapter. As shown recently, the addition of modest amounts of substitutional carbon 

into Sii-xGCx reduces the strain originating from the lattice mismatch between SiGe and 

Si and provides an additional design parameter in manipulating electronic properties 

[3,4]. Carbon is a much smaller atom than those of Si and Ge. The lattice mismatch 

between Si and diamond is, in fact, 52% compared to only 4% between Si and Ge. This 

means that only a very small amount of substitutional carbon in Si is necessary to 

introduce a large average tensile strain in the pseudomorphic epilayers. Assuming a 

linear dependence of the intrinsic lattice constant ao(x,y) of Sii-x-yGcxCy on the 

compositional x and y between Si, Ge and diamond one obtains the following 

expression:

«o y) = ) • ^+(«c - ^si) ■ y (6.1)

where asi, ace and ac are the lattice constants of silicon, germanium and diamond, 

respectively. Based on this linear interpolation it turns out to that the compressive strain 

of 8.2% Ge can be compensated by 1% of C in a pseudomorphic Sii-x-yGcxCy layer on 

Si substrate. Osten et al [4] used a linear interpolation between SiC, Si, and Ge. In this 

case the expression for the lattice constant of Sii-x-yGcxCy is:

= +(«&-«5, )-^ + 2(«5,cfar 0 < y < 0.5 (6.2)
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This equation provides the strain eompensation for 9.4% Ge by 1% C. The difference is 

due to the fact that astc is not exactly in the middle between asi and ac- Moreover, asic is 

0.436 nm, whereas (asi + ac)/2 is 0.461 nm.

In 1992 by Eberl et al [1] reported the first pseudomorphic Sii.x-yGcxCy films 

directly on Si with reduced compressive strain. Since that time several research groups 

have prepared SiGe films with substitutional C by molecular beam epitaxy (MBE) [1,4,] 

and different chemical vapour deposition (CVD) and gas source techniques [2,5,6]. In 

particular, MBE and CVD grown pseudomorphic SiGeC alloy layers on Si have 

demonstrated good crystalline quality and are essentially free of extended lattice defects 

when prepared under appropriate conditions.

The presence of carbon in the SiGeC lattice induces a very large local bond 

distortion, resulting in a significant change in the phonon frequencies. Determination of 

the exact amount of substitutional carbon in alloys is not trivial, as the parameters of the 

vibrational bands: peak position, linewidth and intensity, are strongly dependent on the 

carbon content. A measurement of the vibrational C local mode at ~ 605 cm ' can be 

used to quantify the amount of substitutional carbon in Sii-x-yGCxCy, since it originates 

only from substitutional carbon. This measurement can also be used to estimate the 

amount of ordered carbon pairs versus randomly distributed carbon atoms. A number of 

recent publications [7-15] were devoted to the study of the mechanism of the carbon 

distribution and ordering during Sii-x-yGcxCy growth, and the microscopic strains 

in Sii-x-yGcxCy alloys with respect to the average lattice constant. There are a variety of 

interpretations in the literature on the origin of the Raman satellite Si-C peak at 
-630 cm"'. Rowell et el. [15] assign this peak to presence of carbon on the non- 

substitutional sites, while Guedj et el. [14] and H. Rucker et el. [16] showed, by 

combining theoretical and experimental results, that the satellite Si-C peak corresponds 

to the third-nearest-neighbour (3nn) carbon pairs. To date, no completely satisfactory 

experimental methods exist for the extraction of information on the fraction of 

substitutional carbon from the total carbon content in SiGeC films with varying Ge 

content. A discrepancy exists in the literature regarding the frequency behaviour of Si- 

Si, and Si-Ge vibrational bands in Raman spectroscopy as a function of C content. This 

is partly due to the limited number of investigations that have been performed on SiGeC 

structures. For instance, a decreasing dependence of the Si-Si peak with C content was 

experimentally observed in Ref [9,17]. Rucker et al. [18] predicted a negative shift of
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the Si-Si peak for SiGeC alloys using theoretical calculations. Rowell et al. [15] did not 

find any systematic trend in the variation of the frequencies of Si-Si and Si-Ge peaks 

with changing C content. Measurements by Melendez-Lira et al. [12], showed a positive 

shift of the Si-Si peak with increasing C concentration. In Ref. [12] an increase of the 

Si-Ge peak with C content is also observed. However, the opposite trend in the Si-Ge 

peak frequency versus C content was obtained in this work. Differences in the 

behaviour of the Si-Si and Si-Ge peak are discussed in this work in the context of 

sample properties. Contradictions also exist in the literature regarding changes in the 

frequency and intensity of the Si-C bands resulting from the addition of substitutional 

carbon. An increase in both intensity and frequency for both satellite and local Si-C 

modes was observed by Finkman et al. [10]. Whereas, in Ref. [15] it was shown that the 

frequency of the Si-C local mode at ~ 605 cm ’ decreases with C content.

This chapter reports a more detailed study of the carbon concentration 

dependence of the infrared and Raman modes in Rapid Thermal Chemical Vapour 

Deposited (RTCVD) Sii-x-yGCxCy samples with different x andy fractions varied over a 

small range. Also, a new approach is presented to the calibration of optical methods for 

the extraction of the substitutional carbon concentration in SiGeC layers with carbon 

concentrations of up to 1.8 %.

6.2. Experimental

6.2.1. Sample growth and description

The samples were grown on (100) n-type Si substrates using a RTCVD deposition 

reactor. The layers were obtained using silane, germane and methylsilane as precursors 

in a hydrogen carrier gas. Growth was performed at low temperature and reduced 

pressure, typically 550‘’C and 1 torr, respectively [19]. Four series of samples with 

different Ge and C content were studied: four samples with a Ge concentration of ~16% 

and carbon concentrations varying from 0% to 1.8% (first set, SX), three samples with a 

Ge concentration of ~ 13.5% and carbon concentrations varying from 0% to 1.7% 

(second set, X09), three samples with Ge concentrations of ~ 9-10% and carbon 

concentrations varying from 0% to 1.8% (third set, XX05) and five samples with Ge
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concentrations of ~ 10% and carbon concentrations varying from 0% to 1.25% (fourth 

set, 1003/X). The sample thickness varied from 500 to 1100 A. Table 6.1 presents the 

structural parameters of these samples. The Ge content was determined by Rutherford 

Baekseattering Spectroscopy (RBS) data and the substitutional C concentration was 

obtained using X-ray diffraction (XRD) measurements (see Ref [20] for details).

Table 6.1. Stmctural parameters of the Si|_x-yGexCy thin films.

Sample Ge content, x %

(by RBS)

C content, y %

(by XRD)

Thickness of SiGeC

layer, A

Set 1 (SX)

SI 16 0 700

S2 16 0.5 1000

S3 16 1.1 1000

S4 16 1.8 1000

Set 2 (X09)

309 13.5 0 800

409 13.5 1.1 1000

509 13.5 1.7 800

Set 3 (XX05)

1105 9 0 500

805 9.5 1.2 570

1005 10 1.8 530

Set 4 (1003/X)

1003/1 10.5 0 1080

1003/2 9.7 0.35 1550

1003/3 9.6 0.7 1550

1003/4 10.2 1.1 1040

1103 10.2 1.25 1100

Prior to measurements, the SiGeC samples required chemical cleaning. Some samples 

were covered with photoresist in order to prevent SiGeC layers from the oxidation 

process. Those samples which were not protected by photoresist, were already oxidised.
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In order to strip off the photoresist layer, for a very short time samples were treated with 

acetone in an ultrasonic bath. Hydrofluoric acid was applied to samples with an oxide 

layers in order to strip off those layers. FTIR and Raman measurements were performed 

immediately after cleaning in order to obtain the most accurate measurements. After the 

measurements, the SiGeC samples were stored in a bottle with ethanol in order to 

prevent them from the oxidizing.

6.2.2. Infrared and Raman measurements

Fourier Transform Infrared (FTIR) measurements on Sii-x-yGcxCy films were performed 

using a Digilab FTS 6000 spectrometer with a Globar source, a KBr beam splitter, and a 

mercury cadmium telluride (MCT) detector. Due to the small size of samples, a 

microsampling Perkin-Elmer attachment was used for measurements, allowing the 

infrared beam to be focused to a spot size of ~ 3-5 mm in diameter. The spectra were 

collected with 0.5, 4 and 8 cm'' resolution and 128 scans were averaged for each 

spectrum in order to improve the signal-to-noise ratio.

Raman spectra were registered in backscattering geometry using a micro-Raman 

Renishaw 1000 system equipped with a Leica microscope. An 1800 lines/mm grating 
was used for all measurements, providing a spectral resolution of ~ 1 cm '. As an 

excitation source, the 514 nm line of an Ar^ laser with a power of 10 mW was used. The 

laser spot was focused on the sample surface using a 50x magnification objective. The 

infrared and Raman spectra obtained were analyzed using a mixture of Gaussian and 

Lorentzian peak fitting functions.

6.3. Results and discussion

6.3.1. FTIR results

The infrared absorption spectra of Sio,887Geo.o95Co,oi8 and Sio.91Geo.09 layers are shown in 
Fig. 6.1. The Si-C vibrational band at 605 cm ' possesses a very small intensity for the 

SiGeC layers with a low carbon concentration (~l-2%). Additionally, this band is
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overlapped by an intense Si-Si phonon band of Si crystalline lattice at 614 cm' 

(see Fig. 6.1). For these reasons, quantitative analysis of the band at 605 cm'' becomes 

complicated. The spectra of the reference samples, that is, SiGe layers with no carbon, 

were subtracted from the spectra of samples containing C in order to remove the 

contribution of vibrational bands other than those attributed to carbon from the spectra 

corresponding to the Si|.x-yGexCy film. For this, we obtained a difference spectrum of:

^dif ~ ^sample f ' ^ref (6.3)

for all Sii-x-yGcxCy samples where /is the subtraction factor, Asampie is the absorption 

spectrum of the SiGe sample with C content and Are/ is the absorption spectrum of the 

reference sample. The subtraction factor/was calculated from the following equation:

r _ ^sample

(6.4)

where dsampie and dref are the thicknesses of the SiGeC sample and reference sample, 

respectively. The thickness of both samples was determined using the interference 

fringes from the Eqn. 5.5, where N is the number of periods, n - refractive index and Vi, 

V2 -wavenumbers:

N
2n-(v,-v,)-

Fig. 6.2 shows the interference fringes in the spectra of samples 1105 and 805 collected 

with a resolution of 0.5 cm ' in order to determine the position of the minima (or 

maxima), vi and vj, with high accuracy.
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Fig. 6.1. FTIR spectra of samples 1105 and 1005 with Sio.9iGeo,o9 and Sio.882Geo,ioCo.oi8 thin 

films, respectively, deposited onto (100) Si substrate.
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Fig. 6.2. Interference fringes obtained at resolution 0.5 cm ' in FTIR spectra of samples 1105

and 805.

The infrared absorption speetra obtained after subtraction for the first set of samples are 

shown in Fig. 6.3 as an example. The spectral feature near ~605 cm ' is due to the Si-C 

local mode stretching vibration of the substitutional carbon. A Full Width at Half 

Maximum (FWHM) of about 20 cm ' is observed from the SiGeC sample with a low 

carbon concentration. The linewidth of the Si-C peak increases asymmetrically to 

higher energies with increasing carbon concentration, due to the presence of a satellite
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peak at ~ 625 cm''. The region between 750 and 800 cm ' was also monitored for a 

peak assignable to the Si-C stretching vibration. No absorption peak at ~800 cm ' was 

observed for any of the measured SiGeC samples, indicating the absenee of SiC 

precipitates [21]. The dependence of the integrated intensity (A,„t) of the Si-C peak on 

the substitutional C content (y) is shown in Fig. 6.4, allowing comparison with the 

results obtained by Finkman et al. [17] for a set of samples with a Ge content of 10%. 

As can be seen from this figure, all four sets of samples investigated here fit the linear 

function:

Ai„,=0.39y, (6.6)

which is independent of the Ge content. The linear fit obtained differs only slightly from 

the linear dependence Ai„i=0.34y, obtained by Finkman [17]. Therefore, we conclude 

that the intensity of the infrared Si-C vibrational band can indeed be used for the 

determination of the C content in the substitutional sites for SiGeC layers.

Fig. 6.3. FTIR spectra for the first set of samples (SX) with a Ge content of 16% shown in the

region of the Si-C band at ~605 cm'.
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Fig. 6.4. Integrated intensity of the Si-C infrared peak as a function of carbon content for all 

samples. Solid line is a linear fitting function A,„,=0.39y to the experimental results obtained in 

this work. Dashed line is a linear fitting function Ai„,=0.34y obtained by Finkman et al. [17] for 

one set of samples.

6.3.2. Raman results

Raman scattering offers an advantage over infrared absorption in that no absolute 

intensity measurements are required. This is because the intensity of the Si-C Raman 

peak at 605 em"' can be eompared with the intensity of the Si-Si peak near 520 cm"' (the 

Si-Si mode is infrared forbidden). The Raman spectrum of the Si|.x-yGexCy layer 

structure is eomposed of four distinet features, identified as the Ge-Ge (200-300 cm''), 

Si-Ge (350-450 cm''), Si-Si (~520 cm') and Si-C (600-650 cm'') vibrations 

(see Fig. 6.5). Due to the small film thickness, the dominant peak in the spectrum is the 

Si-Si vibrational mode from the substrate. In the same manner used for the infrared 

data, the spectra of SiGe layers without carbon were used as references for subtraction 

from the SiGeC sample speetrum.
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Fig. 6.5. Raman spectrum of sample S4 with Sio 822Geo i6Co.oi8 thin film deposited on (100)

oriented Si substrate.

Figure 6.6 shows the spectra of samples Si0.887Ge0.095C0.0i8 and Si0.893Ge0.095C0.012, with 
the Si-C vibrational mode obtained after subtraction. Two Si-C peaks are seen 

(Fig. 6.6): the main C local peak at ~605 cm ' corresponds to substitutional carbon, and 

the satellite peak at -630 cm'' is assigned to a partial contribution from the third 

nearest-neighbour configuration {3nn) of C atoms [14,16].

Raman shift, cm''

Fig. 6.6. Raman spectra of samples 1005 and 805 shown in the region of the Si-C peaks. The 

dashed line shows the fitting of the spectrum for sample 805 with two functions (thin lines).
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Our results demonstrate that both of the peaks at ~605 and -630 cm' change their 

position and intensity depending on the carbon concentration, y. There is a pronounced 

linear increase in the peak position of the satellite and local Si-C peak with 

concentration y (Fig. 6.7), which is in agreement with Refs. [17,24]. Their dependence 

on the C content is:

cosi-c - 623.9 + 364.2y (6.7)

for the satellite peak, and

(Osi-c- 604.3 + 229.3y (6.8)

for the local peak. These results differ slightly from the linear dependence obtained in 

Ref. [17], because a larger number of samples with a wider range of Ge and C 

concentrations is analysed in this present work. The deviation observed could also be 

due to different fitting procedures. The total intensity of the Si-C peaks increases with 

carbon content, which is in good agreement with previously published data [17].

Fig. 6.7. The Raman peak position of the satellite C band (a) and the main C band (b) for the

sets of samples studied in this work.

Figure 6.8 shows the ratio of the integrated intensities of the Si-C Raman peak 

(at -605 cm'') to the Si-Si peak for the SiGeC layer, as a function of>^. Data points are 

presented for all four sets of samples studied here and compared with previously
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published data on a set of samples with a Ge content of 10% [17], The ratio of the 

integrated intensities of the Si-C Raman peak to the Si-Si peak of the Sii.x.yGexCy layer 

increases linearly with carbon content. The linear dependence KCiocaiVKSi-Siiayer) versus 

C content can be described by the following equation;

I(C)/I(Si-Si) =0.0303y. (6.9)

As can be seen from Fig. 6.8, a linear dependence for all sets of samples with different 

Ge concentration is in good agreement with previously published data for samples with 

a Ge concentration of approximately 10% [17], as well as with results obtained in 

Ref. [22] for SiC alloys with C contents of up to 0.4%. This leads to the conclusion that 

the dependence of l(Ciocai)/I(Si-Siiayer) on y (with y in the range of 0 to 1.8%) is 

unaffected by the Ge content. These results confirm that Raman spectroscopy can be 

used to determine substitutional carbon concentrations in the SiGeC layer with Ge 

concentrations of up to 16% and C up to 1.8%.

Fig. 6.8. The ratio of the integrated intensities of the Si-C Raman peak to the Si-Si peak of the 

Si|_x.yGexCy layer as a function of substitutional carbon content. Solid line is a linear fitting 

function l(C)/I(Si-Si)=0.0303y to the results obtained in this work for all sets of samples. 

Dashed line is a linear fitting function I(C)/I(Si-Si)=0.033y to the results for one set of samples 

obtained in Ref [17].
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The dependence of the peak intensity ratio of the Si-C Raman peak to the Si-Si peak of 

the Sii-x-yGcxCy layer on y was also investigated (see Fig. 6.9). The experimental data 

are described by the linear function I(C)/I(Si-Si)=0.0117y. It was found that the 

experimental results obtained for the peak intensities have a better linear fit than the 

integrated intensities. This could be due to greater inaccuracy in determining the 

integrated intensity of Raman spectra with two overlapping peaks.

Fig. 6.9. The ratio of the peak intensities of the Si-C Raman peak to the Si-Si peak of the 

Sii.x yGexCy layer as a function of substitutional carbon content. Solid line is a linear fitting 

function I(C)/I(Si-Si)=0.0117y to the results obtained in this work for all sets of samples.

As predicted from calculation [18], the presence of a satellite peak in the Raman 

spectrum is associated with ordered carbon pairs in substitutional sites. The intensity 

ratio of the carbon 3nn satellite peak to the total carbon-local-mode as a function of C 

content up to 1.8 % is shown in Fig. 6.10. The ratio increases with carbon content as the 

probability of creating 3nn pairs increases, which is in agreement with the results 

obtained in Ref [17]. The carbon pair is most strongly bound at the third-nearest- 

neighbour coordination. This configuration is the one most preferred by carbon atoms as 

for this geometry the short Si-C bonds can be accommodated easily without strong 

bond-bending distortion [16].
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Fig. 6.10. Raman peak intensities ratio of the carbon satellite peak {I(C^at)) to the total intensity 
{I(C,„J) of the carbon local mode as a function ofy.

Despite the absence of data points for C concentrations <0.35%, the experimental data 

were fitted with a linear function based on the fact [23] that for total carbon 

concentrations of up to 1%, carbon atoms predominantly sit on substitutional sites. This 

enables us to consider that the ratio of the carbon 3nn satellite peak to the total carbon- 

local-mode equals zero in the absence of substitutional carbon in the SiGeC layer. The 

deviation of the experimental data from the linear function can be due to the fact that 

fitting the Raman spectra with two curves is not very accurate, particularly at low 

carbon concentrations.

In this study, a reduction in the frequency of the Si-Si peak with increasing C content 

was observed for all sample sets. This is in agreement with data obtained in Ref. [9,17] 

for SiGeC samples as well as in Ref [25] for SiC layers. Figure 6.11 shows the Raman 

peak position of the Si-Si mode of the SiGeC layers, for two sets of samples (XX05 

and 1003/X) with approximately the same Ge content (~10%), as a function of C 

content. The Si-Si peak from the SiGeC layer shifts to lower wavenumbers with 

increasing C eoneentration. The linear relationship obtained in this work is:

cosi-si=~0.43y+5]6. (6.10)
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This is in agreement with results obtained earlier for one set of samples [17], However, 

different linear dependencies of cosiSi on C content are observed for samples with a 

different Ge concentration (see Fig. 6.12). For the set of samples with 16% Ge content, 

the dependence of the Si-Si peak on the C content is described by the function:

a)si-si=-0.95y+514.4. (6.11)

while for the set of samples with 13.5% Ge content, the experimental data fit the 

function:

(Osi-si=-0.75y+5l4.9. (6.12)

As expected, the shift of the Si-Si mode from the SiGeC layer depends on the Ge 

content. The Si-Si peak positions for samples with different Ge content are presented in 

Table 6.2. As can be seen from Figs. 6.11 and 6.12, and also from Tab. 6.2, the increase 

of Ge content in the Si|.x-yGexCy layer shifts the Si-Si phonon peak to lower frequencies. 

This is in agreement with theoretieal calculations performed in Refs. [9,18].

Table 6.2. The Si-Si peak position of Sii.xGOxand Sii.x-o.oiiGexCo.on thin films with different Ge
content.

Ge content, x Si-Si peak position of Si-Si peak position of

at % Sii-xGex, cm ’ Sio.989-xGexCo.oii» cm'

~ 10 516.1 515.78

13.5 514.9 514.4

16 514.4 513.35
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Fig. 6.11. The Raman peak position of the Si-Si mode of the Sio.g-yGeo loCy layer as a function of 

C content. Solid line is a fitting function to our experiment. Dashed line is a fitting function for 

the data from Finkman [17].

Fig. 6.12. The measured Raman peak position of Si-Si mode of the Sii.x.yGe^Cy layer for set SX 

with 16% of Ge and set X09 with Ge concentration of 13.5% as a function of C content.

The dependencies of the Si-Ge peak shift (Aoosi-Ge) versus carbon content for different 

sets of SiGeC samples are shown in Fig. 6.13. Acosi-ce^s the experimental Raman shift 

between the position of the Si-Ge peak from the SiGeC layer and the Si-Ge peak for the 

SiGe layers. Different linear dependencies of the Si-Ge peak versus C content were
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obtained from different sets of samples with Ge contents ~10, 13.5 and 16% 

(see Fig. 6.13). For low Ge content, around -10%, an increase of the shift, M)si-Ge .with 

increasing carbon content is observed. For the SiGeC layer with Ge content -13.5% we 

observe the opposite behaviour in the Si-Ge peak position. Acosi-ce only slightly 

decreases with C content. For higher Ge content, x~16%, the shift of the Si-Ge peak 

decreases faster with the addition of carbon than for SiGeC layers with a Ge content 

around -13.5%. A similar analysis of the compositional dependence Acosi-Ge(y) with 

carbon content was performed in Ref [12] for SiGeC layers with a substitutional carbon 

content of up to 0.5% and a Ge content of around -20% and -50%. As shown in Ref 

[12], Aix>si-Ge(y) increases with increasing carbon content for a SiGeC layer with Ge 

content of up to 50%. However, if one considers only the data points for Ge content 

around 20%, the decrease of Acosi-Gefy) versus C content is clearly seen from Fig. 3 in 

Ref [12]. This agrees with our experimental results obtained for SiGeC layers with Ge 

content, x~16%. The behaviour of Ge-Ge peak was not considered in this work due to 

the low Ge content (up to 16%) in the SiGeC alloys under investigation. It has an effect 

on the Ge-Ge peak, but the effect is not large enough for reliable analysis.

Fig. 6.13. Raman shift of the Si-Ge mode of the SiGeC layers as a function of carbon content. 

AoJsi-Ge is the Raman shift between the peak position of the Si-Ge phonon mode for SiGeC layers 

and the Si-Ge mode for SiGe layers.
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The composition and strain dependence of the Si-Si phonon energies in Sii-xGCx layers 

is also analysed in this work. For small values of strain, the frequency of the Si-Si peak 

can be described by the expression given by Tsang [25]:

~ ^20 68x-I- (6.13)

where costsi is the experimental Si-Si peak position of the Sii-xGcx layer and x is the Ge 

content. The term 68x describes the compositional shift of a fully relaxed film and the 

last term AcosiSi describes the shift of the Si-Si peak due only to strain. ^si-Si is the 

frequency shift between the Si-Si peak position measured experimentally from the 

Sii-xGcx film and the calculated frequency of the Si-Si peak for a fully relaxed Sii-xGcx 

layer. It is well known that, for small values of strain, the shift in the Si-Si phonon 

energy is linear with strain, e:

=-PsAx), (6.14)

where psi is a strain phonon coefficient. s(x) is obtained from the lattice mismatch 

between the SiGe alloy and the Si substrate:

£{x) = [a(A/) - )] / {Si,_,Ge^). (6.15)

a(Si) is the lattice constant of Si (5.43A) and arei(Sij.xGex) is the lattice constant of the 

relaxed Sii-xGcx alloy with the appropriate composition. The calculated values of e(x), 

Acosi-si and the constant psi are presented in Table. 6.3. The value of the constant psi 

varies from 720 to 850 cm'* for SiGe layers with Ge content in the range ~10 to 16%. 

After fitting a linear function to our data, we obtained the average value of the strain 

phonon coefficient, ps,=790 cm ’. This value is in very good agreement with the 

calculation performed by Rucker et al. [18] and it does not differ greatly from the value 

of ~830 cm ’ obtained experimentally by Tsang [25] for SiGe layers with 

Ge content < 50%, and psi calculated theoretically in Refs. [26,27]. Values of 

psi = 730±70 cm ’ were most recently obtained by Pezzoli et al. [28] for SiGe alloys 

with a wide range of Ge content, which is also in good agreement with the value 

obtained in this work.
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Table 6.3. The lattice constant, strain, Si-Si peak position and strain phonon coefficient for

Si|_xGex layers.

Samples
^SiGcC*)?

A
e(x)

cosi-si for
relaxed SiGe

layer, cm"'

0>Si-Si

experimental

value, cm"'

A(Osi-Si»

cm"'
Psi)

cm"'

Sio.84Geo.i6 5.4636 -0.00615 509.12 514.33 -5.21 847

Sio.865Geo.135 5.45835 -0.00519 510.82 514.87 -4.05 781

Si0.903Ge0.097 5.45037 -0.00374 513.40 516.11 -2.71 725

Si0.895Ge0.105 5.45205 -0.00404 512.86 515.78 -2.92 722

6.4. Conclusions

A detailed study of Raman and infrared spectra of the Sii-x-yGcxCy layers with different 

Ge and C content was performed in order to gain a better understanding of carbon 

incorporation and its influence on SiGeC structures. An increase of the linewidth and 

intensity of the Si-C peaks with the carbon content was observed in both the infrared 

and Raman spectra, which is in agreement with previously published data, over a 

limited range of x andy [15,17], FTIR analysis shows that the integrated intensity of the 

Si-C peak increases linearly with the C concentration and is independent of the Ge 

content, at least up to 16%. In all the Raman experiments performed in this study, a 

linear dependence of the relative Raman intensity I(Ciocai)/I(Si-Siiayer) versus C content 
of the SiGeC samples was obtained. The relative Raman intensities increase linearly 

with C content and are independent of the Ge content up to 16%. We conclude that both 

FTIR and Raman spectroscopy can be used as non-destructive analytical methods for 

the determination of the amount of substitutional carbon in SiGeC layers. However, 

since the Raman approach uses relative intensity measurements, it is far less dependent 

on the sample condition than traditional infrared methods. A satellite peak at -630 cm ' 

has been observed in the Raman spectrum of all samples containing C, confirming the 

ordering of the C-C pairs during RTCVD layer growth. This is in accordance with both 

theoretical predictions [16] and some experimental results [10,12,17] obtained for 

SiGeC films (with lower Ge content) grown by MBE and RTCVD techniques. It was
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shown that increasing the C and Ge content in the SiGeC lattice leads to a reduction in 

the frequency of the Si-Si mode. The frequency of both the satellite and local Si-C 

modes inereases with C content. A Si-C absorption band at ~800 cm ' was not observed 

from any of samples studied here, indicating that there is no carbon in the SiC 

precipitate phase.

This is the first investigation on SiGeC layers which was performed for a range of 

samples with different Ge content and in a wide range for possible for these structures C 

content. The established relationship of Infrared and Raman intensities of Si-C peak 

versus C content are important in semieonduetor engineering as these spectroscopic 

methods allows for a non-destruetive and relatively fast estimation of the substitutional 

earbon content in SiGeC layers.
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7. Micro-Raman investigation of SiC thin films grown 

by solid-gas phase epitaxy on Si(lll)

7.1. Introduction

Silicon carbide (SiC) is a promising indirect wide band gap semieonductor (Eg >3 eV) 

for high-power, high frequency and high temperature devices and optical sensors in the 

ultraviolet regions, due to its breakdown field, high electron saturated drift velocity and 

good thermal conductivity [1], Furthermore, SiC is also attraetive material to be used as 

a substrate or buffer layer for GaN and AIN blue light-emitting diodes (LEDs) [2]. 

Therefore, the reprodueible growth of SiC polytype on silieon wafer is in these days a 

very important issue for the semiconductor and MEMS industry. At present mainly two 

methods exist for deposition of SiC on Si substrate: molecular-beam epitaxy (MBE) [3] 

and chemical vapour deposition from the gas state [4], None of these yet provide the 

possibility of growth of very good quality SiC substrates for use in power electronics or 

as a buffer layer for high quality GaN growth.

Another aspect that makes SiC material fascinating from a fundamental sciences 

point of view is that in some sense SiC is not a single semieonduetor but a whole elass 

of semiconductors because of its polytypism [5]. As is well known, the term 

“polytypism” refers to one-dimensional polymorphism, i.e. the existenee of different 

staekings of the basie structural elements: in the present case, the (111) Si-C bilayers of 

the cubie (zincblende) structure, or (0001) layers of the hexagonal modifications. More 

than 200 SiC polytypes have been determined to date [6]. Only a few of these have 

practical importance and are commonly used. These inelude the eubie form 3C (P-type) 

and the 6H and 4H (a-type) hexagonal forms. The rhombohedral 15R and 21R 

polytypes (a-type) are also fairly eommon and substantial information about their 

properties is available. The 2H form (also known as wurtzite), although rare in SiC, is 

of interest as an extreme hexagonal case. All polytypes have a hexagonal frame with a 

carbon atom situated above the centre of a triangle of Si atoms, and underneath, a Si 

atom belonging to the next layer (see Fig. 7.1). The distanee, a, between neighbouring 

silicon or carbon atoms is approximately 3.08 A for all polytypes [7]. The distance 

between carbon and silicon atoms (very strong sp^ bonding), C-Si, is a(3/8)'^^, which
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approximately equals to 1.89 A. The distance between two silicon planes is, thus, 

a(2/3)‘^^ or approximately 2.52 A. The height of a unit cell, c, varies between the 

different polytypes. The ratio c/a, thus, differs from polytype to polytype, but is always 

close to the ideal for a close-packed structure. This ratio is for instance approximately 

1.641, 3.271 and 4.908 for the 2H-, 4H- and 6H-SiC polytypes respectively, whereas the 

equivalent ideal ratios for these polytypes are (8/3)'^^, 2(8/3)''^^ and 3(8/3)'^^ 

respectively. The difference between the polytypes is the stacking order between 

succeeding double layers of carbon and silicon atoms.

Q utoni

O C atom

Fig. 7.1. The tetrahedral bonding of a carbon atom with its four nearest silicon neighbours. The 

distances a and C-Si are approximately 3.08 A and 1.89 A respectively.

If we consider the locations of the carbon atoms within a bilayer these form a hexagonal 

structure, labelled "A" in Fig. 7.2. The next bilayer then has the option of positioning its 

carbon atom on the "B" or the "C" lattice sites. The different polytypes will be 

constructed by permutations of these three positions. The 3C-SiC polytype is the only 

cubic polytype and it has a stacking sequence ABC ABC... or ACBACB... . By 

observing the SiC crystal from the side as previously proposed, the stacking sequence 

can be projected as in Fig. 7.3, where the 4H, 6H and 3C-SiC polytypes are shown. 

When the stacking sequence is drawn in this maruier, a zig-zag pattern is revealed. The 

silicon atoms labelled "h" or "k" denote Si-C double layers that reside in quasi- 

hexagonal or quasi-cubic environments with respect to their neighbouring bilayers 

above and below. In the 4H stacking sequence of ABCB, all the A sites are the cubic 

"k" sites and all the B and C sites are the hexagonal "h" sites. Similarly in the 6H 

stacking sequence of ABCACB, while all the A sites are the hexagonal "h" sites, there 

are two kinds of inequivalent quasi-cubic sites for B and C, denoted ki and k2, 

respectively, as shown in Fig. 7.3.
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Fig. 7.2. Site locations for C atoms in the (1100) plane.

(1120):

Fig. 7.3. Stacking sequence of 3C-, 4H- and 6H-SiC in (11 2 0) plane.

The different stacking of double layers of Si and C atoms affects all electronic and 

optical properties of the SiC crystal. The bandgaps at liquid helium temperatures of the 

different polytypes range between 2.39 eV for 3C-SiC and 3.33 eV for the 2H-SiC 

polytype. The important polytypes 6H-SiC and 4H-SiC have bandgaps at liquid helium 

temperatures of 3.02 eV and 3.27 eV, respectively. All polytypes are extremely hard, 

very inert and have high thermal conductivity. Properties such as the breakdown electric 

field strength, the saturated drift velocity and the impurity ionization energies are all 

specific for the different polytypes. In the case of 6H-SiC, the breakdown electric field 

strength is an order of magnitude higher than Si and the saturated drift velocity of the 

electrons is even higher than in the case of GaAs.
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Although, the potential of SiC has been recognized for a long time, difficulty in the 

growth of large, high-quality SiC crystals has prevented electronic applications. One 

innovation has been achieved in bulk crystal growth utilizing a seeded sublimation 

method by which large a-SiC boule crystals can be grown with controlled polytypes [8]. 

Using this technique, 6H- and 4H-SiC wafers with 35 mm diameter are commercially 

available today [9]. For the purpose of device fabrication as well as due to lack of large 

size of SiC substrates, the heteroepitaxial growth of SiC thin films on Si substrates has 

been widely used and investigated. However, the growth of monocrystalline and defect- 

free SiC films on Si is one of the most difficult challenges of heteroepitaxy due to the 

large lattice mismatch (~20%) and thermal expansion coefficient (~8%) between 3C- 

SiC and Si. The most popular methods applied to deposit epitaxial SiC layers on Si are 

chemical vapour deposition (CVD) [4,10] and molecular beam epitaxy (MBE) 

[11,12,13].

Raman spectroscopy is a powerful and non-destructive technique for 

characterisation of SiC structures particularly since it allows the identification of its 

different polytypes. The Raman efficiency of SiC is sufficiently high because of the 

strong covalency of the Si-C bonding. In addition, the parameters of a Raman spectrum, 

such as peak position and linewidth, provide useful information on the stress and crystal 

quality of the SiC layers.

In this chapter, SiC thin layers grown by a new method of solid gas phase epitaxy 

were investigated using Raman spectroscopy, scanning electron microscopy (SEM), 

atomic force microscopy (AFM) and energy dispersive X-ray analysis (EDX). It is 

shown that during the epitaxial growth in an atmosphere of CO, 3C-SiC films of high 

crystalline quality, with a thickness of < l|J,m can be formed on a (111) Si wafer, with a 

simultaneous growth of voids in the silicon substrate under the SiC film. The presence 

of these voids has been confirmed by SEM and micro-Raman line-mapping 

experiments. A significant enhancement of the Raman signal was observed in SiC films 

grown above the voids and the mechanisms responsible for this enhancement are 

discussed. In addition to this, different polytypes of the SiC were investigated by means 

of Raman spectroscopy.
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7.2. Phonon modes in Raman spectra for different polytypes of SiC

The primitive unit cell of nH or 3nR polytypes contains n formula Si-C units. The unit 

cell length of the polytypes along the c-axis (corresponding to the [111] direction of the 

zincblende structure) is n times larger than that of the basic 3C polytype. Accordingly, 

the Brillouin zone in the direction of T-L is reduced to 1/n of the basic Brillouin zone, 

i.e. minizone [14]. The dispersion curves of the phonon modes propagating along the c- 

direction in higher polytypes are approximated by folded dispersion curves in the basic 

Brillouin zone as shown schematically in Fig. 7.4. This zone folding provides a number 

of new phonon modes at the T point (q = 0), which correspond to the phonon modes 

inside or at the edge of the basic Brillouin zone. The phonon modes arising from the 

zone folding are called folded modes. Group theory analysis predicts a number of 

phonon modes at the T point for higher polytypes which correspond to the folded 

modes, because their unit cell contains a number of atoms. The unit cell of 3C-SiC 

contains one formula unit and there are both a LO mode and a doubly degenerate TO 

mode in optical branches.

0 7t / 6c

Fig. 7.4. Schematic phonon dispersion curves of 3C, 2H and 4H polytypes. Their dispersion 

curves are approximated by zone folded dispersion curves of 3C polytype. The zone folded 

mode at the T point can be observed in Raman spectra [1].
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Fig. 7.5. Raman spectra of 3C, 2H, 4H and 6H- SiC measured at backscattering geometry by

Nakashima et al [1].

The phonon modes are divided into axial and planar modes for which atoms displace 

along the directions parallel and perpendicular to the c-axis, respectively. A folded 

mode corresponds to a phonon mode having a reduced wave vector jc = = 2m/n

along the [111] direction in the basic Brillouin zone of the 3C-SiC. m is an integer less 

than or equal to n/2 and qg is a wave vector of the zone edge in the basic Brillouin zone. 

Fig. 7.5 presents Raman spectra of 3C, 2H, 4H and 6H polytypes obtained by 

Nakashima et al [1], which are observed with the back scattering geometry. The folded 

modes of transverse acoustic (FTA) and optic (FTO) branches are clear to observe. As 

the unit cell length of the polytype is increased, the number of observable folded modes 

increases. As shown in Fig. 7.5, the Raman intensities of the folded modes are not equal 

even when these modes belong to the same symmetry. The Raman intensity profiles 

depend strongly on the stacking arrangement of the polytypes. This fact indicates that 

the intensity profile as well as frequency of the folded modes enables us to identify the 

stacking arrangement of the polytypes based on Raman spectra. Table 7.1 lists 

frequencies of the folded modes of the transverse and longitudinal phonons of main four
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Sic polytypes obtained by Nakashima et al [1] and Nienhaus et al [15] based on Raman 

measurements.

Table 7.1. Raman frequencies of the optical and acoustic phonon modes for bulk 3C, 2H, 4H 

and 6H polytypes of SiC obtained by different groups.

Raman frequency, cm '

Polytype x=q/qB
Planar acoustic Axial acoustic Planar optic Axial optic

FTA FLA FTO LTO

3C 0 - - 796 (794.2) 972 (972.7)

0 _ _ 799 968
2H

1 264 - 764 -

0 - - 796 (795.6) 964 (867.3)
4H 2/4 196, 204 - 776 (775.7) -

4/4 266 610 838

0 - - 797 965 (969.5)

6H
2/6 145,150 - 789 (787.9) -
4/6 236,241 504,514 889

6/6 266 - 767 (765.6) -

*Data come from the Ref [1], in (bracket) from the Ref [10]

7.3. Experimental

7.3.1. Sample growth and description

A series of SiC films with thickness varying from ~20 nm up to 200 nm and with 

different polytype stmcture (3C, 6H, 4H) were grown on Si (111) and 6H-SiC 

substrates by a new method of solid gas phase epitaxy, resulting in the formation of 

voids in the Si substrate near the SiC/Si interface. A theoretical and experimental basis 

for a new method of solid-gas phase epitaxy of different polytypes of SiC on Si has 

been demonstrated recently in Refs. [16,17]. The deposition of SiC is achieved by 

means of a chemical interaction between mono-crystalline Si and CO in gas phase:
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Siicr) + CO(g) i= SiC(cr) + SiOig) T. (7.1)

The principal difference of this method, with respect to other existing methods, is that 

during Si (solid) and CO (gas) interaction one of the C atoms joins one atom of Si, 

generating SiC. At the same time, the neighbouring Si atom reacts with an oxygen 

atom, creating a SiO molecule which diffuses from the surface. The process of film and 

voids formation is shown schematically in Fig. 7.6. The essence of the suggested 

approach is that in the moment of SiC seed formation, simultaneous growth of the 

pores from the vacancies occurs. This leads to the simultaneous relaxation of the elastic 

strain and therefore improves the quality of the SiC film.

A low-pressure CVD system with a vertical cold-wall reactor made from 

sapphire, with a diameter of 40 mm and length of 50 mm, in which the central zone was 

heated, was used for SiC film deposition. The silicon wafer was placed on a graphite 

holder, with a thermocouple attached to the end. The sapphire tube was connected to a 

high vacuum system, consisting of diffusion and turbo-molecular pumps. Initially, the 

system was pumped down to a pressure of 10'^ - 10’^ Torr. For SiC deposition, a 2’ 

(111 )-orientated Si substrate with a thickness of 300 (xm and a tilt of 4° was used. CO 

gas was supplied at a rate of 1-10 ncm^/min and a pressure of 0.1-10 Torr. Growth of 

SiC layers occurred in the temperature range 1100°C to 1350°C and growth durations of 

10-60 min were used. Due to the fabrication procedure, the SiC samples obtained are 

lightly doped with nitrogen at a level of lO'"* cm'^.

coitsio
J I....... I I

Si

SiC
JJ^CO

Si

J3"Co|tsiO

Fig. 7.6. Schematic model of void formation during SiC growth.

126



The 3C-SiC samples B349, B369, B378, B389, FK 468(2), FK 469(2), FK 452, FK 308, 

FK 341, FK 439, FK 424, 501 were grown on silicon substrate, while sample AZ 

consists of cubic SiC deposited on 6H-SiC substrate. Sample description is presented in 

Table 7.2.

Table 7.2. Description of SiC samples

3C-SiC on Si substrate
samples comments

B349, B369, B378, 
B389, FK 468(2), FK 

469(2)

the presence of 6H-SiC is 
possible

FK 452 bad electronography
FK 308 better electronography
FK 341 much better electronography
FK 226 c-Si (111) substrate heated

c-Si c-Si (111) substrate
FK 439 -
FK 424 -

501 Improved growth condition, 
presence of 6H

6H-SiC substrate
samples comments

AZ cubic SiC grown on the 6H-SiC 
substrate

SiC 6H bulk 6H-SiC-reference

7.3.2. Characterisation techniques

Raman spectra were registered in a backscattering geometry using a RENISHAW 1000 

micro-Raman system equipped with a CCD camera and a Leica microscope. A 1800 

lines/mm grating was used for all measurements, providing a spectral resolution of ~1 

cm '. Two types of measurements were performed: single spot measurements both from 

a void area and outside the void of the SiC layers, and line mapping measurements 

conducted along the voids. As an excitation source for single measurements an Ar+ 

laser at 457 nm with a power of 10 mW was used, while for line mapping the excitation 

wavelength X was 633 nm using a HeNe laser with a laser power of 10 mW. The line 

mapping was performed at the distance, jc ranging from 0 to 13 pm with a step size of
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0.5 |xm, where zero corresponds to the starting point of the measurements. The laser 

radiation was focused onto the sample using a lOOx microscope objective with short- 

focus working distance, providing a spot size of ~ 1 |xm. UV Raman spectra were 

collected using the micro-Raman system HR800 model supplied by Horiba Jobin Yvon. 

As an excitation source the He-Cd laser at 325 nm with power of 7 mW was used. The 

laser spot was focused on the sample surface using 40x objectives with short-focus 

working distance. These measurements were carried out in Dublin City University. The 

UV measurements have been performed in the extended mode from 400 to 1200cm'' 

with 60 seconds of registration time.

The cross section and surface morphologies of SiC films were examined using a 

Tescan Mira Scanning Electron Microscope (SEM) and using NT-MDT Atomic Force 

Microscopy (AFM) operating in contact mode. The quality of the crystalline structure 

was investigated using Energy Dispersive X-ray spectroscopy (EDX). The MATLAB 

program was used to simulate the enhanced behaviour of a Raman signal.

7.4. Results and discussion

7.4.1. Investigation of voids formed at SiC/Si interface and surface 
morphology

As shown in Fig. 7.6 the suggested growth process is accompanied by the formation of 

voids in Si substrate [16,17]. The voids typically have an inverted pyramid shape when 

using (111) Si or (100) Si. The formation of voids at the initial stage of SiC film growth 

(carbonization process) on Si substrate has already been discussed in the literature for 

different types of growth processes [18-20]. The voids can also appear in the shape of 

hollow rectangles or trenches [18,21]. A number of papers have been devoted to the 

investigation of the mechanism of void formation [18,21,22] and to their experimental 

verification, using mainly SEM and AFM experimental techniques. The voids formed 

during the process suggested in [16,17] are often filled with some type of SiC 

crystallites grown inside the voids and attached to the Si (110) planes (see Fig. 7.7). We 

assume that those SiC crystallites have orientations different than the SiC material from 

the top layer. Figure 7.7 presents scanning electron microscopy images of a cross 

section of the SiC/Si sample with observed triangular voids. In this work, the presence
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of the voids is confirmed for the first time by micro-Raman spectroscopy, as reflected 

by the strong enhancement of Raman signal observed at the voids. The voids were also 

observed by optical microscopy (see Fig. 7.8). In addition, micro-Raman measurements 

were applied for investigation of the voids influence on properties of the SiC layer. The 

results on this matter will be discussed in the next paragraph.

Fig. 7.7. Scanning electron microscopy images of cross section of samples SiC/(l 1 l)Si; (a)

sample FK 439, (b) sample FK 452.

Fig. 7.8. Optical microscopy image of 3C-SiC layer with clearly seen void beneath (Renishaw).

The surface morphology of 3C-SiC layers on Si (111), investigated by SEM and AFM 

microscopy, is demonstrated in Figs. 7.9 and 7.10. The triangular grain structure 

characteristic for sample 424 is observed in Fig 7.9, which was also observed in 

previously published data [23,24]. The triangular shape of the grain is well explained 

by the strong anisotropic in plane growth rates occurring for fcc(lll) films which 

contributes to reveal crystalline facets oriented perpendicularly to the lowest growth 

rate direction [24, 25]. The AFM image analysis reveals a surface roughness of about 

15 nm rms on the 4x4 pm scan.
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Fig. 7.9. (a) SEM and (b) AFM images of the sample 424 (surface roughness is 15 nm rms).

Figure 7.10 presents the SEM and AFM images for sample 501 which was grown with 

improved growth conditions. This SiC layer also reveals the mixture of 6H and 3C 

polytypes, which is discussed in the next paragraph. As one can see, the surface of the 

SiC layer is smoother than for sample 424, roughness is ~5 nm rms. A SEM image of 

cubic SiC layer deposited on 6H-SiC substrate is shown in Fig. 7.11. As one can see the 

surface of the layer grown on SiC is smooth compared to that grown on Si.

SEM HV; 5.00 kV 
SEM MAG 75.00

WD: 
kx D«t:

1.0 1-5
3.0 3.5 4.0 Mm

Fig. 7.10. (a) SEM and (b) AFM images of the sample 501 with improved growth condition

(surface roughness is 5 nm rms).
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SEM MAG: 75.16 kx Det; SE Detector 1 pm

Fig. 7.11. (a) SEM images of the sample AZ (3C-SiC on 6H-SiC substrate).

7.4.2. Investigation of different polytypes of SiC layers

The results of Raman analysis of samples with SiC film grown on Si (111) and 6H-SiC 

substrates will be discussed in this work. Raman spectra of bulk 6H-SiC substrate and 

3C-SiC layer grown on 6H-SiC substrate, measured with 457 nm of excitation 

wavelength, are shown in Fig. 7.12. For bulk 6H-SiC three characteristic features are 

observed: the LO phonon mode with Ai symmetry at 965 cm ' and two TO phonon 

modes at about 788 and 766 cm ' with E2 symmetry. This is in agreement with 

previously published data [1,15,26]. For the sample with a SiC layer grown on 6H-SiC 

substrate two additional bands, corresponding to 3C-SiC, were observed: TO phonon 

mode at ~796 cm ' and low intensity LO phonon mode at ~978 cm'' on the left side of 

LO 6H-SiC peak. Table 7.3 presents the peak position, intensity and linewidth of TO 

and LO SiC phonon modes for samples AZ and 6H-SiC substrate. The different 

polytypes of SiC can also be investigated based on the low frequency acoustic phonon 

modes. Fig 7.13 shows Raman spectra measured at low frequency range for sample 

6H-SiC. To detect acoustic phonons a long time of laser exposure is needed. Table 7.4 

presents the Raman frequency of the detected acoustic phonons which is in agreement 

with the previously presented Table 7.1 [1]. Figure 7.14 (a) shows Raman spectra of 

SiC film, grown on Si substrate, measured with 457 nm of excitation wavelength at the 

void and outside the void. As seen from Fig. 7.14 (a) the cubic 3C-SiC characteristic 

modes of TO and LO phonons appear at 794 cm ' and at ~ 968 cm ' respectively. This
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confimis that the SiC layers, analyzed in this work, consist mainly of cubic polytype 

structure [1,26]. We note that the peak at 794 cm ' can also be attributed to TO phonon 

mode for disordered 6H-SiC structure observed for the back scattering configuration. 

However, this peak is significantly low intensity compare with another TO peak 

observed in 6H-SiC at 788 cm ' (see Fig. 7.12). This excludes an assignment of the peak 

at 794 cm ' to the 6H-SiC polytype. Also, we confirmed the validity of the assignment 

of the peak at ~794 cm'' to the cubic SiC by measuring the Raman spectra for this 

sample with a low Numerical Aperture (NA) objective of xlO and x20. The NA of x 100 

objective gathers signal over a wide angle. The backscattering geometry is distorted 
determining the presence of 797 cm ' Raman peak in 6H polytype SiC. This peak is 

forbidden when the low NA objective is used. The peak at 794 cm ' was observed in the 

Raman spectra taken with different objectives: xlOO, x50, x20 and xlO. This also 

excludes assignment of the peak at 794 cm ' to 6H polytype of SiC. A low intensity 

shoulder observed at ~ 764 cm ' near the TO band indicates the presence of a small 

amount of 6H-SiC polytype in this SiC layer. From Figs. 7.14 (a) and 7.14 (b), the TO 

peak at 794 cm ' demonstrates asymmetry from the low-ffequency side. At the same 

time, in accordance with Nakashima [1], structural disorder in the SiC leads to a 

symmetrical widening of all the TO peaks. We conclude that the observed asymmetry 

of the TO peak is due to the presence of a 6H-SiC peak at ~789 cm ', clearly 

demonstrated by the fitting of the TO band in Fig. 7.14 (b). The wide feature seen in the 

range 900-1010 cm ' is associated with Si second-order Raman scattering [27]. This 

peak is overlapped with the LO phonon peak of the SiC layer, which complicates the 

use of LO peak position for drawing the conclusion on SiC structure. From the fit, the 
full width at half maximum (FWHM) of the band at ~794 cm"' is approximately ~7.7 

cm'' (see Tab. 7.5). This is only 2.5 cm ' larger than that for relaxed 3C-SiC on a 6H- 

SiC substrate presented in Fig. 7.12. This relatively small difference in linewidth leads 

to the conclusion that the thin SiC layer grown on Si (111) has reasonably good 

crystalline quality. This was confirmed by energy dispersive X-ray analysis (see Fig. 

7.15). Almost no circles characteristic of the polycrystalline phase are seen on Fig. 7.15, 

but there are well-defined Kikuchi lines, which indicates that the crystal structure of the 

film is of good quality [17]. It was shown by numerous x-ray diftfaction and electron 

diffraction studies and luminescence analysis that either the hexagonal or cubic 

polytype structure or a mixture of both can be grown using the growth method 

presented in this work [17]. It was also experimentally demonstrated that the quality of
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GaN layers grown on SiC layers with a mixture of cubic and hexagonal polytypes is 

better than that grown on single polytype of SiC [28].

Fig. 7.12. Raman spectra of bulk 6H-SiC and sample AZ (3C-SiC layer on 6H-SiC substrate).

Table 7.3. Peak position, intensity and linewidth of TO and LO SiC phonon modes for samples
AZ and 6H-SiC substrate.

Sample
name Phonon mode Peak position, cm ' Intensity, 

a. u.
Linewidth,

cm''

AZ

TO (E,) SiC (6H-SiC) 766.1 25684.1 5.8
TO (2E2) SiC (6H-SiC) 787.6 93481.4 5.6

TO SiC (3C-SiC) 796.5 146079 5.4
LO (A,) SiC (6H-SiC) 965 12038.7 7.4

LO SiC (3C-SiC) 978.6 1640.1 25
SiC 2nd order 1527.2 3644.4 46.2

Bulk
6H-SiC

TO (E,) SiC (6H-SiC) 766.1 67651.6 5.7
TO (2E2) SiC (6H-SiC) 787.7 247188 5.6
LO (A,) SiC (6H-SiC) 965 30730.4 7.5

SiC 2nd order 1525.7 4027.1 50.2

Table 7.4. Raman frequencies of acoustic p lonon modes of 6H-SiC.
X=q/qB Frequency of planar acoustic phonon 

(FTA), cm '
Frequency of axial acoustic 
phonon (FLA), cm''

2/6 143,150 -

4/6 236,240 503.9,513.2
6/6 265 -
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Fig. 7.13. Low frequency acoustic phonon modes of 6H polytype of SiC measured with 514 nm

excitation wavelength.

Raman shift, cm '

Fig. 7.14. (a) Raman spectra of SiC layer grown on Si substrate (sample FK 452) measured 

at the void area and from outside the void area, (b) Fitting of TO-band spectrum, detected at the

void, with functions (Lorentzian + Gaussian).

Fig. 7.15. Electron diffraction pattern of 3C-SiC layer on Si (111).
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Table 7.5. Peak position, intensity and linewidth of TO and LO SiC phonon modes for sample
452.

name of 
sample

TO SiC SiC 2nd ore er

mode
peak

position,
cm'

intensity, 
a. u.

linewidth,
cm'

peak
position,

cm''

intensity, 
a. u.

linewidth,
cm"'

452

TO SiC (3C-SiC) 794.4 19797.5 7.7

1517.6 1736.2 43.6
TO (2E2) SiC 

(6H-SiC) 789.7 5031 12

TO (E.) SiC 
(6H-SiC) 764.4 1057 16.6

The UV Raman spectra of representative SiC samples are presented in Fig. 7.16. The 

UV light has smaller depth of penetration than visible laser light. Due to this fact, LO 

SiC phonon mode related to cubic SiC structure is more pronounced as can be seen 

from Fig. 7.16. Weak bands are observed at ~ 765 cm ' and 790 cm ' related to TO 6H- 

SiC peaks for samples FK 452 and FK 469. This provides evidence of the presence of 

small amount of 6H- SiC in 3C-SiC layers. The peak position, intensity and linewidth of 

TO and LO Si-C phonon modes measured for different samples with UV excitation 

wavelength are presented in Table 7.6.

Fig. 7.16. Raman spectra of samples: FK 452, FK 469, FK 378, FK 389 measured with UV

excitation wavelength.
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Table 7.6. Peak position, intensity and linewidth of TO and LO Si-C phonon modes for different

name of 
sample

TO SiC LO SiC
peak position, 

cm'^
intensity, 

a. u.
linewidth,

cm’
peak position, 

cm’
452 795.1 691.2 8.3 970.8
469 795.5 3309.7 10.9 -
378 794.9 165.4 16 -

308 794.1 315.5 11.1 -
341 794.4 1490.8 13 -

369 794.9 264.2 17.6 -

468 794.3 3504.9 11.1 969.5
501 794.1 3554.8 10.2 970.9

7.4.3. Raman enhancement and micro-Raman mapping measurements

A large enhancement of the Raman peak intensity, by up to 30 times for some samples, 

for both TO and LO modes, is observed at the void area in Fig. 7.14. This enhancement 

enables the acquisition of a reasonably good Raman spectrum from ultra-thin SiC 

layers, as shown in Fig. 7.14 (a). Three mechanisms may contribute to the observed 

enhancement of the Raman signal: i) multiple reflection of the incident light at the void, 

ii) interference and multiple reflection of the Raman signal in the SiC layer above the 

void and iii) the presence of additional SiC material grown on the (110) Si ribs of the 

pyramid inside the voids [17,18]. The first mechanism is also responsible for the 

moderate enhancement of the Si second order peak, by approximately 4 times, from the 

Si ribs. A somewhat similar effect was discussed for porous Si and SiC in Refs. [29,30]. 

For the second mechanism mentioned, the enhancement of the Raman signal in thin 

films, surrounded by media with low refractive indexes, was discussed recently for 

graphene in Ref [31]. We use a similar approach in the estimation of the effect of 

multiple reflections of the Raman signal on the peak intensity from the thin film. This is 

done by using a three-layer model consisting of SiC-Air-Silicon. This model compared 

with the line-mapping results will be discussed further in this paragraph. Fig. 7.17 (a) 

presents an optical microscopy image of a 3C-SiC/Si sample, where the brighter dots 

correspond to the voids seen under thin SiC layers. The arrow on Fig. 7.17 (a) shows the 

route of the line-mapping measurements. Figures 7.17 (b), (c) and (d) show Raman line- 

maps for the peak position, peak intensity and linewidth of the SiC TO-peak along the
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voids for the 3C-SiC/Si sample. Since the TO peak position is more sensitive to the 

stress relaxation effect [29], the TO SiC peak was used to study the relaxation level in 

3C-SiC films with different thicknesses and void size. The Raman position of the SiC 

TO-band in a relaxed 3C-SiC structure is typically located at 796 cm ', but for SiC 

layers grown on Si, the TO band shifts to the low frequency side [32]. We observed the 

TO-SiC peak position at around 794 cm ', indicating that the SiC layer is under stress. 

Tensile stress in the SiC layer is observed since the lattice constant for SiC (asic=4.3A) 
is less than that for Si (asi = 5.38A). Fig. 7.17 (b) presents the peak position of the TO- 

SiC peak as a function of distance, jc. From this figure, the peak position varies from 

794.5 cm ' at the middle of the void to 793.5 cm ' outside the voids. A larger tensile 

stress is observed outside the voids than at the voids, confirming that partial stress relief 

is occurring at the cavities.

Fig. 7.17. (a) Top view of the sample of 3C-SiC obtained by optical microscopy (scale in pm), 

the red arrow shows the mapping line. Results of Raman line-mapping for (b) peak position, (c) 

linewidth, and (d) peak intensity of the TO phonon mode for the 3C-SiC/Si sample (dashed 

lines correspond to the centres of the voids).
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Fig. 7.17 (d) shows the full width at half maximum (FWHM) of the SiC TO-mode as a 

function of mapping distance. The linewidth of the TO peak significantly increases at 

the cavities (by ~ 3 cm '), as a result of the contribution of differently oriented SiC 

materials inside the void as mentioned earlier. The strong enhancement of the Raman 

peak intensity of the SiC TO-mode, by a factor of 15, inside the cavities is confirmed by 

the line mapping measurements presented in Fig. 7.17 (c). It can be seen that the 

enhancement is significantly larger at the centre of the voids, corresponding to a larger 

cavity depth or a thicker Air layer. The enhanced behaviour of the Raman signal was 

calculated considering both the multilayer interference of incident light and the multi

reflection of the Raman signal based on Fresnel’s equation [33]. The MATLAB 

program was used for this purpose. We consider the incident light from air {no=l) onto 

a SiC layer («/), Air(«2)/Si(/7j) double-layer system, where ni=2.65-0.2i, n2=1.5, and 

ni=4.15-0.044i are refractive indices of SiC, Air, and Si at 633 nm, respectively. The 

extinction coefficient, ki=0.2, was introduced to the complex refractive index of SiC 

layer due to the observed surface roughness of SiC film. The refractive index of air in 

the void was taken -1.5 due to parts of Si and SiC present in the void, df is the thickness 

of SiC layer which is considered as a sum of 1 nm thick SiC monolayers. Therefore the 

thickness di can be estimated as di=NM and M=1 nm, where N is the number of 

mono-layers. d2 is the depth of the void filled with Air and the Si substrate is considered 

as semi-infinite. The TO-SiC Raman intensity of SiC layer depends on the electric field 

distribution, which is a result of interference between all transmitted optical paths in 

SiC layer. The total amplitude of the electric field at certain depth y in SiC layer is 

viewed as a sum of the infinite transmitted laser, whose amplitudes are:

(7.2)

where P = IX (k is the excitation wavelength) emerges as a measure of the 

absorption in the SiC layer, t, = In^ /(«(, +«,) is transmission coefficients at the 

interface of air/SiC, r, = - «, )/(/7o + «,) is reflection coefficient at the interface of
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air/SiC, 2 = the phase differences when light passes through SiC

monolayers and Air layers in the void, respectively. Here, 

r - (^2 + )/(l + ) is the effective reflection coefficient of SiC/(Air void in

Si) interface, where = (n, -«2)/(n, +^2) '3 “('*2 +”3) individual

reflection coefficients at the interface of SiC/Air void and Air void/Si. Thus, the total 

amplitude of the electric field at the depth y is:

t =
1 + r,r

(7.3)

In addition, further consideration should be applied to the multireflection of scattering 

Raman light in SiC at the interface of SiC/Air and SiC/Air void in Si, which contribute 

to the detected Raman signal. Thus, the detected signal is a result of summation of 

infinite transmitted light from the interface of SiC/Air, which makes the amplitude 

multiplied by:

y-. (7.4)

where t[ = (l - )//| represents the transmission coefficients at the interface of SiC/Air.

In the equation above, the interference of Raman scattering light is not considered as the 

phase of spontaneous random Raman lights. Thus, the total Raman signal can be 

expressed as:

r=\\t)fAy (7.5)

Figure 7.18 shows the calculation results of Raman intensity of TO Si-C band as a 

function of thickness of SiC layer. The black curve shows the calculation result for SiC 

layer directly on Si without the Air void. It can be seen that the Raman intensity of the 

Si-C peak increases as the thickness of the layer increases, which is in agreement with
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experimental results. The red curve gives the calculated results for SiC layer grown on 

Air void.

Fig. 7.18. The calculation results of the Raman intensity of the TO Si-C phonon mode 

versus the thickness of SiC layer with (red) and without (black) air void beneath.

With varying the thickness of the Air layer (cavity depth) from 0 to 2000 nm, and the 

thickness of the SiC layer between 0 and 800 nm, the Raman enhancement at the centre 

of the void was estimated to be approximately 12 times larger than that at the edge of 

the void for a SiC layer with a thickness of about 120 nm. An increase in the layer 

thickness to 800 nm reduces the Raman signal enhancement by a factor of ~ 8. This was 

confirmed experimentally by Raman line-mapping measurements for the sample with 

an ~800 nm thick SiC layer, where enhancement of the Raman signal by a factor of 1.5 

was detected at the void centre. These results were also confirmed by the Transfer 

Matrix Method calculations [34]. Figure 7.19 presents the evolution of experimental 

Raman spectra in the range of TO SiC peak with mapping distance along 4 voids for 

sample FK 452. As one can see, the significant increase of the phonon mode at -794 

cm'' is observed at the centre of each of the voids. Raman area maps were also 

performed at the voids (see Fig. 7.20). The maximum intensity of the TO Si-C mode in 

Fig. 7.20 (a) corresponds exactly to the voids observed in the microscopy image in 

Fig. 7.20 (b). Peak intensity increases as the depth of the void increases.
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Fig. 7.19. Evolution of Si-C peak along four voids for sample FK 452.
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Fig. 7.20. (a) Raman area map of the Si-C peak intensity corresponding to (b) the optical

microscopy image of mapped area.
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7.5. Conclusions

The thin SiC layers grown by a new method of solid-gas phase epitaxy were 

investigated using Raman spectroscopy, SEM, AFM and EDX techniques. It is shown 

that the SiC layer on Si (111) investigated here is composed of a cubic polytype of SiC 

with a small amount of 6H-SiC. The presence of the voids has been experimentally 

confirmed by micro-Raman spectroscopy and scanning electron microscopy. Line and 

area Raman maps were performed at the voids area. The strong enhancement in the 

peak intensity of the TO and LO modes is observed for the Raman signal measured in 

the void area. The intensity of TO Si-C peak increases with void depth. The 

enhancement of the electromagnetic field at the voids was also confirmed by theoretical 

calculation based on Fresnel’s equation. The Raman line mapping experiments 

presented in this work confirm that the presence of the voids formed in the Si substrate 

under the SiC layer causes relaxation of the elastic stress in the SiC layer. This 

enhancement of the Raman signal is advantageous as it allows micro-Raman 

measurements to be used for the detection of different polytypes in ultra thin SiC layers. 

It was demonstrated that the quality of GaN layers grown on SiC layers consisting of a 

mixture of the cubic and hexagonal polytypes is better than that of GaN layers grown on 

a single SiC polytype [28].
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8. Ultraviolet and visible Raman analysis of thin a-C 

films grown by filtered cathodic arc deposition

8.1. Introduction

Amorphous carbon, or free, reactive carbon, is an allotrope of carbon that does not have 

any crystalline structure (see Fig. 8.1). As with all glassy materials, some short-range 

order can be observed. Amorphous carbon is often abbreviated to a-C for general 

amorphous carbon, a-C:H for hydrogenated amorphous carbon, or to DLC for diamond

like carbon (includes also tetrahedral amorphous carbon (ta-C)).

The sheer versatility of the carbon material system is based on the different bond 

hybridisation available to carbon, as shown in Fig. 8.2. Carbon atoms have a valence of 

four, and this gives rise to many different bonding configurations. Diamond is 

composed of a fully tetrahedral sp^-hybridised C-C bonding configuration. Four bonds 

at 109.5° to each other give it the largest bulk modulus of any material and an optical 

bandgap of 5.5 eV. Graphite is a fully trigonal sp^ network that forms planar six-fold 

rings of single and double bonds, with weak Van der Waals n bonding between planes. 

The in-plane a- bonded C atoms are spatially closer to each other than the isotropic 

diamond lattice and this gives higher in-plane strength to graphite than diamond. The 

bandgap of graphite is zero due to the highly delocalised n electrons between the planes 

along the 'c' axis. The sp' bond is composed of two strong a orbitals, directed along the 

x-axis, and a further two n orbitals in the y and z directions.

Amorphous carbon can have any mixture of sp and sp sites, with the possible 

presence of hydrogen up to 60 %. The compositions of the various forms of amorphous 

C-H alloys are conveniently shown on the ternary phase diagram in Fig. 8.3, first 

introduced by Jacob and Moller [1]. Diamond-like carbon is defined as a-C or a 

hydrogenated amorphous carbon (a-C:H) with a significant fraction of sp^ bonds (from 

40 to 60%), while the DLC films with highest sp^ content are called tetrahedral
■3

amorphous carbon (ta-C). The fraction of sp bonded carbon sites and hydrogen content 

are key parameters, which determine some of the advantageous and variable material 

properties of a-C, shown in Table 8.1.
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Fig. 8.1. Some allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, d-f) fiillerenes 

(C60, C540, C70), g) amorphous carbon, and h) carbon nanotube.

Fig. 8.2. The three bond hybridisations found in carbon: sp^, sp^ and sp' [2].
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Sp' Diamond-like

Fig. 8.3. Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [3].

Another crucial parameter is the degree of clustering of the sp^ phase, which should be 

added as a fourth dimension in the ternary phase diagram [3]. Amorphous carbons with 
the same sp^ and H content show different optical, electronic, and mechanical properties 

according to the clustering of the sp phase. Diamond-like carbon has some extreme 

properties similar to diamond, such as the hardness, elastic modulus and chemical 

inertness, but these are achieved in an isotropic disordered thin film with no grain 

boundaries [4]. DLC is also much cheaper in production than diamond itself This has 

great advantages for many applications. The DLC-based products are in commercial use 

and they contribute immensely especially in the area of scratch-resistant coatings and in 

many other passive applications. The DLC films have widespread applications in 

magnetic storage disk coatings, biomedical coatings, and as microelectromechanical 

devices (MEMs).

There are many different methods that are applied to grow amorphous carbon 

films, such as ion beam deposition [12,13], sputtering [14,15], cathodic arc deposition 

[7,8], pulsed laser deposition [16,17] and plasma-enhanced chemical vapor deposition 

[10,18]. The first DLCs were prepared as thin films by Aisenberg and Chabot [12] using 

ion beam deposition. Deposition methods have been developed to produce a-Cs with
•3 'y

increasing degrees of sp bonding. Sputtering can extend from sp bonding some way 

towards sp^ bonding and it is preferred for industrial applications because of its 

versatility and its widespread use to sputter many materials [4]. A range of deposition 

methods, such as plasma enhanced chemical vapour deposition (PECVD), is able to
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reach into the interior of the phase diagram. This produces a-C:H. Although this is 

diamond-like, it is seen from Fig. 8.3 that the content of sp bonding is actually not so 

large, but its hydrogen content is rather large. A more sp^ bonded material with less 

hydrogen is called ta-C;H by Weiler et al. [11].

Table 8.1. Typical physical properties for different forms of amorphous carbon thin films,

diamond and graphite.

Form of

carbon
sp^ % H,%

Density,

g/cm^

Optical

Bandgap,

eV

Hardness,

GPa
References

Diamond 100 0 3.515 5.5 100 [5]
Graphite 0 0 2.267 0 - [6]

DLC 40-60 0 2.5-3.5 0.8-4 20-40 [2]

ta-C 80-88 0 3.1 2.5 80 [7,8,9]

a-C:H hard 40 30-40 1.6-2.2 1.1-1.7 10-20 [10]

a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10 [10]

ta-C:H 70 30 2.4 2-2.5 50 [11]

Different characterisation methods are used to determine the structural parameters of
-j

a-C films. For instance, the sp content is usually measured by nuclear magnetic 

resonance (NMR) or electron-energy-loss spectroscopy (EELS), but these are time 

consuming and destructive methods. Raman spectroscopy is a very popular, non

destructive tool for the structural characterisation of a-C films. It is traditionally carried 

out at wavelengths in the blue-green spectral region ~ 488 - 514.5 nm, but multi

wavelength Raman studies are becoming increasingly used. Indeed, Raman scattering 

from a-C is always a resonant process, in which configurations whose band gaps match 

the excitation energy are preferentially excited. Any mixture of sp , sp , and sp carbon 

atoms always has a gap between 0 and 5.5 eV, and this energy range matches that of 

VIS-UV Raman systems. This implies that understanding the resonant Raman process 

in carbon systems will give a powerful, fast means for their structural and electronic 

characterization. It has to be noted that visible Raman spectroscopy is 50-230 times 

more sensitive to sp sites, as photons with wavelength in the visible range
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preferentially excite Ti-states. UV Raman, with its higher photon energy, excites both the 

71 and the a states and so it is able to probe both the sp and sp sites [19].

This chapter reports on the application of multi-wavelength micro-Raman 

spectroscopy to distinguish between the a-C and ta-C films grown by filtered cathodic 

arc deposition and to assess their structural properties. The intrinsic stress of a-C thin 

films was investigated as a function of substrate bias and hence ion energy. The 

microstructure of the films was also analysed using transmission electron microscopy 

and electron energy loss spectroscopy.

8.2. Experimental

8.2.1. Sample growth and description

Carbon thin films with sp^ content between ~20% to -90% were deposited onto silicon 

wafers using a dual bend filtered cathodic arc deposition (FVCA) system operating with 

a 99.9 % pure graphite target, an arc current of 56 A and a base pressure of better than 
10'^ Torr. Three different flow rates of Ar (0, 7, and 15 ml/min) were used with the 

different deposition parameters provided in Table 8.2. Silicon (100) substrates were 

cleaned prior to deposition in an ultrasonic bath with acetone, ethanol and distilled 

water before being air dried. The substrate holder was connected to a regulated DC 

power supply, allowing films to be deposited over a range of bias voltages from -25 V 

to -1000 V. The average energy of the depositing species was calculated from the 

applied substrate bias by adding the plasma potential measured using a Langmuir probe 

for each of the Ar flow rates of Table 8.2. The stress was determined from substrate 

curvature using Stoney’s equation [20] and the film thickness (from 20 to 80 nm) was 

determined by step height measurements obtained using a Tencor P-16 profilometer. To 

obtain accurate stress values, two curvature measurements were performed in 

orthogonal directions on each substrate both before and after deposition. Samples were 

also prepared with a thin Cu under layer approximately 2 nm thick sputter deposited 

onto the substrate prior to the carbon deposition.

Two sets of a-C films on Si(lOO) were analysed using micro-Raman 

spectroscopy. The sample description is presented in Tab. 8.3. The first set consists of
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four samples with high sp^ content from 60 to 88% with thickness of amorphous carbon 

layer varied from 14 to 22 nm. The second set consists of ten samples of ta-C with 

smaller sp^ content varied from 27 to 47% and with thickness in the range of 60 to 

85nm.

Table 8.2. The operating parameters of the cathodic arc deposition system used to produce the 

three sets of samples. Eq is the plasma potential measured using a Langmuir probe.

Deposition Parameter Series 1 Series 2 Series 3

Ar (ml/min) 0 7 15

Deposition Pressure (Torr) 6x 10'^ 2x 10-^ 6x lO"^

Eo(eV) 20 13 9

Deposition rate at 75 V (nm/min) 0.4 0.2 0.06

Table 8.3. Sample description of a-C films.

Sample Stress Density sp^ Thickness

(GPa) (g/cc) (%) (nm)

E40 4.36 1.81 - 21.40

E67 5.73 1.79 82.85 19.30

E77 6.82 2.41 60.77 20.3

E81 1.36 1.79 88.24 14.00

E89 18.75 3.18 29.42 -

E90 13.30 3.34 27.89 80.60

E91 9.55 3.22 28.21 66.40

E92 6.63 2.95 47.28 74.00

E93 9.76 3.35 38.87 80.00

E94 10.46 3.22 35.71 59.50

E95 7.41 3.23 31.71 70.30

E96 9.35 - - 84.50

E97 6.27 2.86 39.87 71.90

E98 6.37 2.23 46.29 78.20
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8.2.2. Characterisation techniques

The a-C films were mainly investigated using micro-Raman spectroscopy with visible 

and UV excitations. Unpolarized visible Raman spectra were excited at the 

backscattering geometry using 457 and 514 nm line of an Ar^ laser as well as 633 nm 

line of a HeNe laser. Spectra were collected using RENISHAW 1000 micro-Raman 

system equipped with a CCD camera and a Leica microscope. An 1800 lines/mm 

grating was used for all measurements, providing a spectral resolution of ~ 1 cm '. 

A laser output of 10 mW was used and the laser spot was focused on the sample surface 

using 50x objectives with short-focus working distance. UV Raman spectra were 

collected using the micro-Raman system HR800 model supplied by Horiba Jobin Yvon. 

As an excitation source a He-Cd laser at 325 nm with power of 22 mW was used. The 

laser spot was focused on the sample surface using 40x objectives with short-focus 

working distance. The Raman spectra were fitted with mixture of Gaussian and 

Lorentzian functions to obtain the position, intensity, and linewidth of the detected 
peaks.

The microstructure of the films was investigated using a JEOL 2010 transmission 

electron microscope (TEM) operating at 200 kV. Plan view samples were prepared by 

acid etching (48 % concentrated HE) of the silicon wafers. A selection of samples was 

also prepared in cross-section by a combination of mechanical tripod polishing and Ar 

ion beam thinning. The film density and fraction of sp^ bonded carbon atoms was 

estimated from EELS measurements. EELS analysis was performed using a Gatan 

Imaging Filter (GIF2000). An EELS spectrum was collected in the low loss region in 

order to determine the plasmon peak position which was used to calculate the film 

density, assuming carbon has four valence electrons with an effective mass of 0.88me 

taking part in plasmon oscillations [21,22]. EELS spectra were also collected in the 

region of the carbon K-shell ionisation edge so that the fraction of sp^ bonded carbon 

atoms could be estimated [23]. Energy filtered electron diffraction patterns were 

collected using the GIF2000 with procedures outlined elsewhere [24]. A VG310F 

scanning auger nanoprobe was utilised to measure the Ar content of the films by 

performing elemental depth profiles in which Xe was used as the sputtering gas.
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8.3. Results and discussion

Figure 8.4 shows the effeet of increasing Ar flow rates on the intrinsic stress of carbon 

films deposited at a range of ion energies. Figure 8.4 (a) shows the films prepared in the 

absence of Ar. In the absence of Ar gas, the intrinsic stress of the carbon films 

increases with ion energy up to a maximum of ~ 12 GPa at 95 eV before decreasing at 

higher energies. This behaviour has been observed previously for FCVA deposited 

films [25,26] and has been interpreted as a competition between stress generation (when 

ions impact with energies 10-100 eV) and stress relief processes (when ions impact at 

ion energies > 100 eV) [27,28]. Adding 7 ml/min of Ar (results shown in Figure 8.4 (b)) 

extends the stress peak to lower energies and reduces the maximum stress to 

approximately 10 GPa. Ar at this flow rate also halved the deposition rate at 95 eV (see 

Table I). There is no net film growth at energies above 600 eV. Increasing the Ar flow 

rate to 15 mL/min reduces the peak stress to approximately 6 GPa, further reduces the 

deposition rate, and prevents film growth for energies above 200 eV.

Measurements of the energy distribution of C ions ejected from a cathodic arc 

source operating in a vacuum show a relatively narrow distribution around the mean 

energy [29]. When Ar is introduced as a background gas, two main effects occur. The 

first is an asymmetric broadening to lower energies of the energy distribution of the 

incident C ions as a result of collisions with Ar. As a result, fewer ions have the optimal 

energy for stress generation, and the stress maximum at 95 eV is lowered to 

approximately 10 GPa in the case of 7 ml/min of Ar flow rate. These results are 

consistent with previous findings [30] in which a lowering of stress was observed in the 

presence of Ar for samples prepared at earth potential. The second effect of introducing 

Ar into the deposition process is bombardment of the substrate by Ar ions. At lower 

energies, these ions can generate compressive stress, a process that is exploited in ion 

assisted deposition [31]. The result is increased stress in films grown with biases below 

75 V. As the bias is increased, the sputter yield increases and no net film growth occurs. 

For the higher Ar flow rate of 15 ml/min, the mean free path is very short so that the 

average C ion energy is low. In this case, the stress generation mechanism is likely to 

be dominated by Ar bombardment. The higher mass of the Ar ions relative to C ions 

results in a stress maximum at a lower bias value. The effect of a Cu under layer is to

152



reduce the stress induced in the film by ions with energies up to approximately 200 eV, 

which is clearly seen on Figs. 8.4 (a), (b) and (c).

Fig. 8.4. The intrinsic stress measured as a function of ion energy for carbon thin films 

deposited with various Ar flow rates of (a) 0 ml/min, (b) 7 ml/min and (c) 15 ml/min, both with 

and without a Cu under layer.

Figure 8.5 shows AES depth profiles that confirm no Ar was incorporated into the films 

at either 7 ml/min or 15 ml/min flow rate. Ar was detected at the film/substrate interface 

(indicated by an arrow), possibly as a result of ion implantation during the initial stages 

of film growth.
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Fig. 8.5. AES depth profiles for films grown using Ar flow rates of (a) 7 ml/min at 88 eV and 

(b) 15 ml/min at 159 eV. The arrow indicates the film/substrate interface.

Figure 8.6 shows a cross sectional TEM image of a film prepared using an ion energy of 

60 eV, with 15 mL/min of Ar background gas and with a 2 nm thick Cu under layer. 

There is no evidence of voids or bubbles that could be associated with Ar incorporation 

into the films. Note that the silicon substrate has an approximately 6 nm thick surface 

oxide. Figure 8.7 (a) shows the relationship between stress and density calculated from 

the plasmon peak position for samples prepared with and without a Cu under layer 

using a range of Ar flow rates. A point is included for a film of low stress prepared 

using sputtering. All the films fall on the same curve with a transition from a low to a 

high density phase occurring at a stress of 6.5 ± 1.5 GPa. The region of stress is termed 

the “transition region”. The value of the transition stress is not affected by Ar flow rate 

or the presence or absence of a Cu under layer. This proves that the transition is induced 

at a fixed value of stress, and not by the conditions that give rise to the stress. For the 

same samples, the relation between density and sp fraction is given in Figure 8.7 (b) 

and shows a linear relation.
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Fig. 8.6. Cross-sectional TEM image of an a-C film deposited onto a Cu under layer at an ion 

energy of 60 eV and 15 ml/min Ar flow rate showing the Cu under layer and Si substrate as 

dark regions.

Stress (GPa) sp (%)

Fig. 8.7. The density of carbon films as a function of (a) stress and (b) sp^ content. The films 

were deposited under the indicated flow rates of Ar, in the presence or absence of a Cu under 

layer.

Within the transition region, diffraction analysis shows evidence for a material which 

contains more than one type of microstructure. Figure 8.8 shows radially averaged 

energy filtered diffraction patterns for selected carbon films. Also shown is the
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diffraction pattern for glassy carbon, which is a fully sp^ bonded structure with well 

formed graphitic sheets. The diffraction pattern for the film prepared at low energy and 

at a relatively low stress of approximately 5 GPa shows diffuse rings typical of a sp^ 

rich amorphous network. This diffraction pattern also shows strong scattering at small 

angles indicative of the presence of mesoscale inhomogeneities such as voids. The film 

prepared using 84 eV at a stress of 6.9 GPa develops a graphitic {002} peak at 
k= 1.77 A-' as a shoulder corresponding to the material with sp^ bonding. The peak at 

k= 2.8 A"' in the same diffraction pattern indicates the presence of ta-C. This film is in 

the transition region and shows features charaeteristic of both partially ordered graphite 

and an amorphous carbon. An almost identical diffraction pattern has been observed 

previously in ion implanted ta-C in which the microstructure was found to be a mixture 
of ta-C and sp^-rich a-C clusters created by ion beam damage [32,33]. Films in the 

transition region prepared at energies above 300 eV (as shown in Fig. 8.8 for the case of 

6.6 GPa and 420 eV) also show evidence for more than one type of microstructure. 

However, in this case, a well formed {002} peak indicating well ordered graphitic 

planes is observed. As described elsewhere [32], films prepared under these conditions 

develop preferred orientation and contain graphitic planes aligned normal to the sample 

surface. The diffraction pattern for the film grown with a high stress of 9.7 GPa shown 

in Figure 8.8 is typical of ta-C [33] and contains very little intensity near the 

undiffracted beam, indicating a dense homogeneous network. It is conceivable that this 

type of microstructure may be present in the films of this study in the transition region.
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Fig. 8.8. Radially averaged energy filtered diffraction patterns for a range of carbon films 

prepared at the energy and stress conditions indicated. Also shown for comparison is the 

diffraction pattern for glassy carbon which has been indexed to graphite.

The shape of Raman spectra of a-C films depends on a number of different factors. 

These factors are; a clustering of the sp sites, bond disorder, presence of sp rings or 

chains and the sp /sp ratio [19]. Figs. 8.9 (a) and 8.9 (b) show Raman spectra acquired 

at wavelengths 457 nm and 325 nm, respectively. The following Raman features are 
observed for both excitation wavelength: a TO Si phonon at ~ 970 cm"' due to the 

second order phonon scattering from the silicon substrate, and the carbon D and G 

bands at about 1400 and ~1570 cm' respectively. The G and D peaks are due to sp 

sites only [19]. The G peak is due to the bond stretching of all pairs of sp atoms in both 
rings and chains, and the D peak is due to the breathing modes of sp^ rings [19]. The TO 

Si phonon mode is more pronounced for visible excitation (457 nm) due to a larger 

depth of laser light penetration than in case of UV excitation (325 nm). In addition to 

that, a weak T band at ~1100 cm'' is observed for UV excitation (see Fig. 8.9 (b)). The 

T peak contributes to the C-C sp vibrations [19,34]. For visible excitation, the sp sites 

have a high cross section and they dominate the spectra. At the same time, the sp^ sites
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cannot be detected and the spectrum corresponds only to the configuration or order of 

the sp^ sites. At the higher excitation energy (in the UV range), the sp^ sites are clearly 

shown in Raman spectra, due to resonant enhancement of the a states of C-C bonds 

[34], (see Fig. 8.9 (b)).

Fig. 8.9. Visible Raman spectra (457 nm) (a) and UV Raman spectra of the a-C films (b) with

different sp^ content.

Figure 8.10 presents the dependence of Raman frequency of the G band versus the sp^ 

content for visible and UV excitations. As can be seen from this figure, the G peak 

behaves differently for a-C films with low sp^ content (up to 20%) in comparison with 

that for ta-C films with higher sp^ fraction. For both excitation wavelengths, the G peak 

position decreases as sp^ increases up to 20%. For the sp^ content in the range from 20%
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to 80%, the position of G peak significantly shifts to the higher Raman frequencies. 

This is in agreement with previously published papers on a-C films [19,35]. The large 

shift of the G peak position (~ 30 cm ') to the higher frequencies is observed for UV 

excitation wavelength (see Fig. 8.10 (b)). The range of behaviour of the G peak can be 

understood within the three-stage model for different wavelengths introduced by Ferrari 
[19]. In passing from a-C to ta-C, the sp^ content rises from 20% to 85%, while the sp^ 

sites change gradually from rings to chains. The n states become increasingly localized 

on olefinic sp chains and, eventually, sp pairs embedded in the sp matrix. Olefinic 

C=C bonds are shorter than aromatic bonds, so they have higher vibration frequencies 

and consequently they have a larger contribution at UV excitation wavelength 

[19,36,37]. There are reasonable arguments in the literature about the origin of an 

upwards shift of the G peak with sp^ content. Some conjectures indicate this shift can be 

due to compressive stress in ta-C films [35], while other investigators show that the G 

peak position does not decrease when the stress is removed by annealing [38]. In this 

work, the definite conclusion on the influence of stress on the G peak position cannot be 

made based on the obtained results. Further research has to be carried out.
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Fig. 8.10. The G peak position as a function of sp^ content measured by 457 nm (a) and

325 nm of excitation wavelength (b).

Fig. 8.11 shows the fiill width at half maximum (FWHM) of the G peak as a function of 

sp content for 457 nm and 325 nm excitation energy. The FWHM of the G peak 

decreases linearly with sp fraetion for both excitation wavelengths. The a-C films with 

lower sp^ content have larger G linewidth as they are more disordered. This is in 

agreement with the fact that the linewidth of the G peak at any excitation increases as
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the disorder increases [35,38]. The linewidth of the G band is around 180 cm' for a-C 

films and approximately 230 cm'' for ta-C, which is in agreement with Ref. [19]. We 

did not observe any significant changes in the linewidth of G peak between 457 nm and 

325 nm excitation wavelengths. This can be due to the reason that excitation 

wavelengths used in this work are quite close to each other.

Fig. 8.11. The full width at half maximum (FWHM) of the G peak as a function of sp^ content 

measured by excitation with 457 nm and 325 nm.

Fig. 8.12 presents the variation of the G peak position with excitation wavelength for ta- 

C and a-C samples. The G-peak dispersion occurs only in disordered carbon and it is 

proportional to the degree of disorder of the sp clustering [34,19,39]. As can be seen 

from Fig. 8.13, the G peak position decreases with excitation wavelength for both a-C 

and ta-C films. For ta-C films the G peak position decreases from 1615 cm'' at 325 nm 

excitation wavelength to 1529 cm'' at 633 nm excitation wavelength. A smaller 

dispersion is observed for a-C films with high sp content when the G peak position 

shifts from 1600 cm ' to 1556 cm ' at 325 nm and 633 nm excitations, correspondingly. 

This is consistent with results obtained in Ref [34]. The D peak position also decreases 

with exeitation energy (see Fig. 8.13). For ta-C sample with ~ 70% of sp^ sites, it shifts 

from 1394.6 cm ' at 457 nm excitation wavelength to 1340 cm ' at 633 nm of excitation 

wavelength. For UV excitation, the D band is difficult to detect (the G band is 

symmetrical). Fig. 8.14 presents the intensity ratio of the D and G peaks as a function of 
sp^ content. The ratio of I(D)/I(G) decreases with an increase of sp^ fraction. This
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confirms the three stage model introduced by Ferrari [19], which shows that 1(D)/I(G) 

ratio decreases with sp content for a-C films and for ta-C films with high sp eontent 

the I(D)/1(G) tends to zero. As the sp^ content increases, the sp^ content decreases and 

sp bonded clusters become smaller. The carbon rings are more distorted, and open up 

and break into segments with chains of C=C groups. The D band, which is due to the 

breathing mode of aromatic sp rings, vanishes, and for very high sp values the G band 

is nearly symmetrical, which is in agreement with spectra presented in Fig. 8.9.

Excitation wavelength, nm

Fig. 8.12. Dispersion of G peak position vs. excitation wavelength for selected ta-C and a-C 

samples (note that the connecting lines are used as a guide to the eye).

Fig. 8.13. Multi-wavelengths Raman spectra of a ta-C sample with ~70% sp^. The G and D

peaks’ dispersions are indicated.
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Fig. 8.15 shows that the intensity of T peak at 1060 cm' increases with an increase of 
sp^ fraction, which is in agreement with published data [29,40,41]. This confirms a 

statement that the T peak is identified with sp^-bonded carbon. The T peak is sensitive
•j T

to small changes in sp content, in particular at high sp fractions.

Fig. 8.14. The intensity ratio of the D to G peak as a function of the sp^ content for visible (457

nm) excitation.

Fig. 8.15. Raman peak intensity of the T band as a function of the sp^ content.

Figure 8.16 (a) shows the G-peak position as a function of stress. A linear relationship is 

observed for stresses above 4 GPa. As the stress increases, the G-peak shifts to higher 

wave numbers. This is expected on the basis of an increase in lattice vibration
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frequencies when the amorphous network is compressed. The relationship between 

stress and G-peak FWHM is shown in Figure 8.16 (b). A transition is observed at ~6.5 

GPa between high sp^ content films to low sp^ content films. The Raman analysis 

confirms results from the EELS studies which show a sharp transition from a low 

density a-C to a high density ta-C structural phase at a stress of approximately 6.5 GPa 

(see Fig. 8.4 (a)).
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Fig. 8.16. The G-peak position (a) and G-peak FWHM (b) in the Raman spectra of films 

deposited under the indicated flow rates of Ar.

Figure 8.17 shows the sp^ fraction (measured using EELS) as a function of stress for 

films analysed in this chapter, compared with values obtained for pure carbon taken 

from the literature. Only the films synthesised at room temperature without intentional
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doping have been considered, since the presence of dopant atoms [42,43] is known to 

influence bonding and hence is likely to modify the transition stress. The scatter in the 

data at high sp^ content is due to the difficulty in measuring the decreasing levels of k- 

bonding using EELS [44], There are three outlier points, circled in Figure 8.17 that 

contradict the general trend. This trend is suggested by the majority of the data, which is 

consistent with the proposition that there is a transition region between 5 and 8 GPa 

(shown as a shaded band) separating low and high density forms of a-C. The value of 

6.5 GPa is close to the biaxial stress expected to mark the boundary between graphite 

and diamond at room temperature, which has been calculated to be 4.5 GPa [45].
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Fig. 8.17. The sp^ fraction as measured by EELS of a-C films prepared at room temperature as a 

function of stress, as measured by different groups [8,25,46-49]. The majority of points show 

the differentiation between the phases of low and high sp^ fraction, separated by a transition 

region at 6.5 ± 1.5 GPa shown as the shaded band. The outlying points (circled) at low stress 

and high sp3 content may be the result of substrate heating during deposition, giving rise to a 

reduction in stress by annealing. The vertical dotted line indicates the biaxial stress expected to 

mark the boundary between graphite and diamond at room temperature [25].
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8.4. Conclusions

In this chapter, it was shown that introduction of Ar background gas during deposition 

of a-C films reduces the intrinsic stress at a given substrate bias. The presence of a Cu 

under layer also has a stress reducing effect. The effect of Ar was to reduce the kinetic 

energy of incident carbon ions by ion-atom collisions and to increase sputtering. A 

sharp transition between sp^-rich and sp^-rich forms of a-C was observed at a stress of 

6.5 GPa, independent of the deposition conditions. This observation provides strong 

evidence that stress is the driving force behind the formation of the sp^-rich ta-C phase. 

A compilation of available data from the literature supports the proposition of a stress 

induced transition at 6.5 GPa.

A systematic analysis of the Raman spectra measured at 325, 457, 514 and 633 

nm excitations for a-C films with sp content varying from ~20% to ~90% was also 

presented. It was shown that the UV Raman spectra can provide direct evidence for the 
presence of sp^ bonds based on the T peak, while visible Raman spectra present a 

powerful way to follow the evolution and ordering of the sp sites based on the G and D 

peaks. Within the three-stage model [19], in passing from a-C to ta-C, the sp sites 

change gradually from rings to chains and the G peak shifts upwards from 1575 to 1598 

cm ' for visible excitation and from 1595 to 1630 cm ' for UV excitation. With increase 

of sp content the I(D)/I(G) ratio shifts to low values and for high sp content tends to 

zero. The dispersion of the G peak is a crucial parameter to distinguish between 

different structures of amorphous carbon. It was confirmed that the bigger dispersion of 

G peak observed for ta-C films with high sp content indicates the larger disorder in 

these films. Diffraction and Raman analyses of the microstructure of films with stresses 

in the transition region are consistent with the presence of two phases, rather than a 

single homogeneous phase with an intermediate sp^ fraction.
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9. Raman and Rutherford back-scattering study of a- 

C:Pt films

9.1. Introduction

Amorphous carbon (a-C) attracts the attention of researchers by its interesting physical 

properties and possible applications in photonics and electronics (see Chapter 8). In 

recent years, steadily increasing attention has been drawn to the composite amorphous 

carbon containing metallic additives: gold [1], titanium [2, 3], chromium [4], iron [5], 

cobalt [6], copper [7], and a number of other metals. A metal modifies the amorphous 

carbon matrix by creating metal nano-clusters, rather than becoming a substitutional 

impurity. The properties of these nano-clusters and their effect on the manner in which 

the matrix is modified depend on the nature of the incorporated metal and on the 

chemical interaction of the metal with carbon atoms. It has been shown by Transmission 

Electron and Atomic Force Microscopy that, at comparable amounts of the metal and 

carbon, the typical sizes of metallic clusters are within 1-5 nm for gold [1], 0.6-0.8 nm 

for copper [7], and 2-15 nm for cobalt, with the distribution of the cluster size having a 

maximum at ~7 nm [7]. Platinum attracts the particular interest as a modifying metal 

because of its rote as a catalyst for numerous chemical processes [8]. In conjunction 

with a solid support (e.g. carbon films) they are applicable for technical processes, for 

example, fuel cell applications. Another important specific feature of platinum is its full 

chemical neutrality toward the material of the carbon matrix. The a-C and the Pt 

embedded a-C films were analysed in Ref [9] by means of ellipsometry, infrared 

absorption spectroscopy, and Raman spectroscopy. It was demonstrated that platinum 

clusters are incorporated into the system of graphene planes of amorphous carbon. 

Similar to the modification of a-C films with cobalt and copper [10,11], modification 

with Pt changes the size of chain-like and ring graphite structures. In Ref [9], the 

calculations of the size of graphene clusters for un-modified amorphous carbon and that 

containing platinum in amounts comparable with that of carbon were performed. It was 

demonstrated that, with the introduction of Pt, the structure of the carbon matrix slightly
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changes. As the content of platinum increases, this size of carbon clusters decreases 

from 1.6 to 1 nm and approaches the value characteristic of pure amorphous carbon.

The purpose of this study was to analyse a-C;Pt layers deposited by magnetron 

sputtering using Raman spectroscopy and Rutherford backscattering of protons. The 

obtained results were compared with literature on the interaction of metallic inclusions 

within the amorphous carbon matrix [9-12].

9.2. Experimental

9.2.1. Sample growth and description

Amorphous carbon layers have the form of thin films transparent in the visible spectral 

range. The a-C films were deposited on single crystal silicon substrates by dc 

magnetron sputtering of a graphite target in the atmosphere of argon. The deposition 

was performed using an OlNI-7-006 Oratoriya 5 industrial installation. The procedure 

used for sample fabrication was described in details in Ref [13]. The a-C:Pt films were 

deposited on Si (111) substrates using co-sputtering of graphite and platinum. The 

concentration of platinum introduced into carbon films was varied by changing the area 

of the platinum target. The sputtering duration also affects the Pt content in the films 

because of the different sputtering rates of carbon and platinum [14]. The film thickness 

was measured using an MII-4 interference microscope. The results of these 

measurements are listed in Table 9.1.

Table 9.1. Parameters of the studied samples.

•Sample
no.

Thickness.
nm

Vbliime concentra
tion of platinum, 

fit--at cnr ’

1 o
130 1.1 to

3 do (t.47
4 110 0.Q7
5 60 1.2
6 70 2.tt6
7 20 2.0
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9.2.2. Determination of the Platinum content

The Pt content was determined using the Medium Energy Ion Scattering (MEIS) 

method, which is a variety of the widely known Rutherford back-scattering technique. 

Energy spectra of ions were measured with an initial energy of 242 keV scattered to 

an angle of 120°. Un-oriented (“random”) mode was used with the direction of the 

primary beam of ions constituting an angle of 7° with the (111) direction of the 

single crystal silicon of the substrate. In some cases, mostly for a-C films with a low Pt 

content, spectra were also measured in the oriented (channelled) mode, in which the 

direction of the primary beam was aligned with the (111) direction of the substrate. 

In this case, the suppression of the flux of ions, scattered from the substrate, enables us 

to separate more precisely the signals determined by the scattering of ions at “light” 

atoms of the film: C, N, and O. According to estimation based on the experimental 

conditions, the fraction of carbon matrix atoms, displaced from the equilibrium position 

upon collisions with protons, is less than 0.3%. Information on the film composition 

was obtained by fitting the experimental MEIS spectrum with theoretical model using 

the composition and thickness of film as fitting parameters [15].

9.2.3. Analysis of Raman spectra

Raman spectra of a-C:Pt films were registered at room temperature in a backscattering 

geometry using a RENISHAW 1000 micro-Raman system. A 1800 lines/mm grating 

was used for all measurements, providing a spectral resolution of ~1 cm''. As an 

excitation source a HeNe laser at 633 nm with a power of 10 mW was used. The 

measurements were carried out with 30s exposure time and 5 accumulations in the 

frequency range from 450 to 1900 cm”'. The laser beam was focused on the sample 

surface using a 50x magnification objective with short-focus working distance.
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9.3. Results

9.3.1. Rutherford backscattering

Figure 9.1 shows an energy spectrum of back-scattered ions, measured for sample 3 

with a spherical Electrostatic Analyzer (ESA) which gives a high energy and high depth 

resolutions. Under the conditions the depth resolution for surface layers of the film is 

~2 nm. Parameters of the film were obtained using a comparison between experimental 

and simulated spectrum (see Fig. 9.1). The part of the spectrum in the range of the 

energy from 210 to 240 keV corresponds to ions scattered by platinum atoms, while 

for energies of 200 keV and lower, spectrum corresponds to the Si substrate. In the 

range from 170 to 200 keV, the signal from the light components of the film such as C, 

N, and O is superimposed with the signal from the substrate. The Pt concentration of 

4.2X10 at/cm was estimated from the simulation. Concentration of C and total 

amount of O and N were estimated to be 2.5Xio'^ at/cm^ and 1.7X10'^ at/cm^, 

respectively. The Pt content is determined with the accuracy not exceeding 5%. The 

“flat top” of the Pt peak indicates a constant concentration of platinum across the film 

thickness. Knowing the thickness of the a-C:Pt film from interference measurements, 

the concentration of Pt in units of atoms/cm^ within the film can be determined (see 

Tab. 9.1). Some of the samples contain impurities such as hydrogen, oxygen, and 

nitrogen introduced into the films during the magnetron sputtering due to ionization of 

gas molecules in the vacuum chamber.

130 140 150 160 170 180 190 200 210 220 230 240 250 

Back scattered ion energy, keV

Fig. 9.1. Experimental (circles) and simulated (solid curve) spectra of ions with an initial 

energy of 242 keV scattered to an angle of 120° for sample 3.
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9.3.2. Raman scattering

Figure 9.2 (a) shows a representative Raman spectra of a-C film without Pt (sample 1), 

and a-C:Pt (sample 4). Figure 9.2 (b) presents a Raman spectrum and its deconvolution 

into two peaks by using a mixture of Gaussian and Lorentzian functions for the a-C:Pt 

sample 3. The spectra are typical of a-C [16] and contain two known bands: the G band 

(graphitic) at 1560-1600 cm“', and D band (disordered) at 1350-1420 cm ', which are 

related to sp carbon bonds. The G band is due to stretching vibrations of the sp bonds 

in carbon rings and chains, and the D band is associated with breathing modes in carbon 

rings [16]. The presence of the D band results from violation of the wave-vector 

selection rule in phonon transitions for the case of small crystallites in the presence of 

structure-disturbing factors, e.g., foreign inclusions. The intensity of the D band can to 

certain extent serve as a measure of the structural disorder. For the Pt-ffee sample, the D 

band is noticeably weaker than the G band, while for a-C:Pt samples, the D peak is 

more pronounce and separate from the G peak. Table 9.2 summarizes the peak positions 

and FWHM for the D and G bands and the ratio of the peak intensities 1d/Ig- As can be 

seen from Table 9.2 and Fig. 9.3, the peak position of the D band increases with Pt 

concentration up to 0.5 X 10^^ at/cm^ and is almost constant for the Pt content from 

0.5 X 10^^ at/cm^ to 2X 10^^ at/cm^. The peak frequency of the G band decreases for Pt 

concentration up to 0.5X10^^ at/cm^ and became stable or slightly increases for the 

further increase of the Pt content (see Fig. 9.3). The FWHM of the D and G bands also 

decreases with increasing Pt content (Fig. 9.4), which indicates the higher degree of 

graphitization of the a-C:Pt films in comparison with those composed of pure a-C [17]. 

The weak dependence of the peak positions of the D and G bands on the Pt content 

confirms the opinion that Pt does not give rise to new chemical bonds in the a-C matrix 

and weakly affects its structure with only a charge redistribution caused in graphene 

clusters. Similar behaviour was observed for copper and other metals [3,5,6,10,18].
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sample 4

1200 1400
Raman shift, cm'

1600 1800

Fig. 9.2. (a) Raman spectrum of a-C films (sample 1) and of sample 4 with a Pt concentration of 
0.97X10^^ at/cm^. (b) Raman spectrum of sample 3 with a Pt concentration of 0.47X10^^ 

at/cm^. Black line corresponds to the experimental spectrum, while red lines present the peak 

fitting.

Table 9.2. Pt concentration N, peak positions of D and G (Qd and Qc), FWHM of D and G 

bands (Wo and ffc). intensity ratio of D and G bands (Id/Ig)> and average size of graphene 

clusters (/,«) for the studied samples.

■Sample
no.

;V. lO"
<u cm"' O/). cm ' H'o. cm ' n,,.cm ' It f;. cm ' V/o i,.A

1 (I 13.30 435 1605 319 0.98 13.3
2 l.tw 1413.5 3.50 1574.4 134 1.47 16.3
3 U.47 1403 3S7 1564 133 1.84 18.3
4 0.'47 1400 349 1.573 138 1.46 16.3
5 I.: 1416 346 1568 136 1.63 17.3
(1 :.(i6 1430 .303 1588 151 1.37 15.8
7 3.0 1309 377 1574 159 1.14 14.3
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The peak intensity ratio of the D and G bands, Id/Ig, shows a complex dependence on 

the Pt content. The Id/Ig sharply increases for low Pt concentrations up to 

0.5 X 10^^ at/cm^, and as the Pt concentration increases further, the peak ratio decreases 

(see Fig. 9.5). For the Pt content corresponding to the maximum of Id/Ig ratio, the nature 

of interaction between platinum atoms and graphene clusters changes and platinum 

clusters start to be formed in the graphene matrix. Table 9.2 also lists sizes of graphene 

clusters calculated in accordance with [9,16]. On the assumption that graphene clusters 

have small sizes, the ratio Id/Ig can be described as follow:
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Io>Ig=Y-K (9.1)

where. La is the cluster size and y = 5.5X10 ^ at the excitation wavelength of 

515.5 nm, the value obtained at 20 A equation (9.1) with empirical function:

(9.2)

The Eqn. (9.2) is valid when a-C structure changes from nano-graphites to a disordered 

system. It should be noted that, a wide scatter of points of the Id/Iq ratio, peak position 

and FWHM observed in Figs. 9.3-9.5 reflects the diversity of sample properties, despite 

the measures taken to well reproduce the film deposition conditions. In particular, a 

specific property of a-C is ambivalence allowing simultaneous existence of phases with 

sp and sp hybridizations, which correspond to diamond or graphite crystalline 

allotropic modifications. Therefore, minor differences between the samples are due to 

not only different Pt content, but also different amounts of sp^ and sp^ bonds. In 

addition, the results of previous IR absorption studies [9] demonstrate that spectra of 

amorphous carbon films contain bands associated with C-0, C=0, O-H, C-H, and, 

possibly, single, double, and triple C-N bonds. According to Rutherford back-scattering 

data, the studied films also contain nitrogen inclusions. It has been reported previously 

[20] that presence of nitrogen in an amorphous carbon films hardly affects the Raman 

spectrum, but gives rise to new active absorption bands in the same spectral range. 

However, subsequent studies demonstrated [21] that presence of nitrogen rather 

strongly affeets the Raman spectrum of amorphous carbon and the Id/Ig ratio increases 

with the Pt content. Therefore, for the Id/Iq ratio for some samples, in particular for 

samples 1 and 3, a contribution associated with the presence of nitrogen may be 

somewhat overstated. Samples 1 and 7 also contain hydrogen, which leads, aecording to 

Refs. [18,22], to an increase in the fraction of sp^ bonds in a-C films. However, the 

general tendency of variation of the Raman peak position, FWHM and Id/Ig ratio of the 

D and G bands with the Pt content is not affected by these differences. The question of 

how the simultaneous presence of various metallic and other incorporated elements 

affects the Raman spectrum of amorphous carbon requires further, more detailed 

analysis.
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Pt content, 1

Fig. 9.5. The peak intensity ratio of the D and G bands versus the Pt content.

9.4. Conclusions

Raman spectra of a-C:Pt films with Pt content from zero to 2X 10^^ at/cm^ comparable 

with the C content were studied. The platinum content of the films was determined by 

the Rutherford backscattering method. It was found that the Iq/Ig ratio increases with 

increasing Pt content at low Pt concentrations while the FWHM of the G band decreases 

at the same time. Thus, it leads to conclusion that the graphene clusters increase in size 

as the Pt concentration increases to -0.5 x 10^^ at/cm'^. As the platinum concentration 

increases further, the size of graphene clusters decreases. A comparison between the 

Raman spectra for Pt-ffee a-C and a-C:Pt films confirms that the presence of Pt in the a- 

C matrix leads to an increase in the fraction of the sp^ phase within the matrix. This is in 

agreement with the previously published results [18, 22].
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10. Raman investigation of crystalline uniformity of 

graphene

10.1. Introduction

There are current industry predictions that, by the year of 2020, silicon devices will 

have shrunk to about 20 nanometres in size and will have reached their limit in both size 

and performance [1,2]. Graphene is currently considered as a promising electronic 

material for “post-silicon electronics” [3]. Graphene is a two dimensional monolayer of 

sp -bonded carbon atoms which are densely packed in a honeycomb crystal lattice (see 

Fig. 10.1). Single-layered graphene (SLG) is a basic building block for graphitic 

materials of all other dimensionalities: it can be wrapped up into spherical fullerenes, 

rolled into cylindrical nanotubes, or stacked into 3D graphite (see Fig. 7.1 in chapter 7).

More than 70 years ago, Landau and Peierls argued that strictly 2D crystals were 

thermodynamically unstable and therefore could not exist [4,5]. They claimed that a 

divergent contribution of thermal fluctuations in low-dimensional crystal lattices should 

lead to such displacements of atoms that they become comparable to inter-atomic 

distances at any finite temperature [6]. Indeed, the melting temperature of thin films 

rapidly decreases with decreasing thickness, and the films become unstable (segregate 

into islands or decompose) at a thickness of, typically, dozens of atomic layers [7,8]. 

For this reason, atomic monolayers have so far been known only to exist as an integral 

part of a larger 3D structure, usually grown epitaxially on top of monocrystals with 

matching crystal lattices [7,8]. Graphene was experimentally discovered for the first 

time in 2004 by A. K. Geim and K. S. Novoselov [9] from the University of 

Manchester. The free standing graphene that they created can exist due to the presence 

of interactions between bending and stretching long-wavelength phonons, which lead to 

a stabilization of atomically 2D layers through their elastic deformation in all three 

dimensions [10].

Graphene has attracted substantial research interest of the scientific community 

because of its remarkable physical properties. Part of the interest lies in the nature of the 

electronic band structure, which permits carriers to behave as massless Dirac fermions 

with a vanishing density of states at the Fermi level [3]. This allows electrons to behave
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like photons, in that they can zip across the graphene layer without scattering. 

Experimental results from transport measurements show that graphene has a remarkably 

high electron mobility at room temperature, with reported values of over 15.000 cm A^s 

[3]. It is worth noting that freely suspended graphene tends to have a higher carrier 

mobility than graphene created on substrates. Also, graphene is a promising material for 

nano-devices [11-14], due to its exhibition of ballistic transport at room temperature as 

well as its chemical and mechanical stability. There exist a variety of potential 

applications for graphene. Graphene has attracted the interest of technologists who see it 

as a way of constructing ballistic transistors. Graphene exhibits a pronounced response 

to externally applied electric fields in the perpendicular direction, allowing one to build 

field-effect transistors (FETs) [9]. In 2004, the Manchester group demonstrated the 

operation of the world’s first ever graphene FET with a "rather modest" on-off ratio of 

~30 at room temperature [9]. In February 2010, researchers at IBM reported that they 

have been able to create graphene transistors with an on-and-off rate of 100 GHz, which 

is above the speed limit of silicon [15]. The graphene transistors from IBM were created 

using extant silicon-manufacturing equipment, suggesting for the first time that 

graphene transistors are a conceivable though still fanciful replacement for silicon [15]. 

The relatively high electrical conductivity and-optical transparency of graphene make it 

an ideal candidate for transparent eonducting electrodes, required for such applications 

as touch-screens, liquid crystal displays, organic photovoltaic cells, and organic light- 

emitting diodes [16-18]. As such, researchers at Stanford University have successfully 

developed a brand new concept of organic light-emitting diodes (OLEDs) using 

graphene of a few nanometres as transparent conductors [19].

ik ^ 0.5 nm
Fig. 10.1. Scanning electron microscopy (STM) image of the atomic stmcture of a single layer

of exfoliated graphene [20].
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Graphene can be obtained in many different ways. Existing methods for graphene 

synthesis include mechanical exfoliation of highly ordered pyrolytic graphite (HOPG) 

[4,9,21], elimination of Si from the surface of a single crystal SiC by ultrahigh vacuum 

(UHV) annealing [22,23], deposition of graphene at the surface of a single crystal [24] 

or polycrystalline metal [25], and various types of wet-chemistry based approaches 

[26,27]. However, up to now none of these methods have led to the delivery of good 

quality and uniform graphene with a sufficiently large area for application as a practical 

electronic material. Mechanical exfoliation is a convenient and inexpensive way of 

producing graphene but has the main drawback of having huge amounts of multi

layered graphitic pieces as side products. Graphene created on SiC substrates has 

relatively good carrier mobility, but it may be applicable to SiC-based devices only, 

since transfer to other types of substrates such as Si02/Si has not yet been proved 

feasible. There have been a number of reports on the growth of graphene on various 

types of metal substrates such as Ni, Co, Ru, Ir, Cu, etc., by chemical vapor deposition 

(CVD) [28-31] or UHV-CVD [30-32]. Because of their relatively low cost, grain size, 

good etch-ability, and their wide applicability in the semiconductor industry, Ni and Cu 

have received the most attention as a graphene substrate material [28-31]. Single- and 

multi-layered graphene have successfully been grown on polycrystalline Ni [28,29,31], 

while large-area graphene has successfully been grown on Cu [30] substrates by CVD.

Raman spectroscopy has historically played an important role in the structural 

characterisation of graphitic materials, and has also become the prevailing technique for 

structural studies of graphene. Results of a systematic Raman study of single- and 

multi-layered graphene at different excitation wavelengths are presented in this chapter. 

Raman area mapping technique was applied to study the uniformity and structural 

properties of CVD deposited graphene on Ni/Si02/Si and Cu substrates and after 

transfer onto Si02/Si. The Raman peak profiles of the 2D and G peak are also discussed 

in this chapter.
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10.2. Atomic structures of single layer- , few layers- graphene and 
graphite

Graphene consists of sp^ carbon hexagonal networks, in which strong covalent bonds 

are formed between carbon atoms. The unit cell of mono-layer graphene (1-LG) 

contains two carbon atoms, A and B, each alone forming a two-dimensional triangular 

network, but displaced from each other by the carbon-carbon distance ac-c= 0.142 nm, 

as illustrated in Fig 10.2 (a). The 3D graphite structure corresponds to a stacking of the 

hexagonal networks of individual graphene layers in the direction perpendicular to the 

layer plane (c-axis) with an AB (Bernal) stacking arrangement and with a weak van der 

Waals interaction between planes of layers. The two equivalent carbon networks, 

denoted by A and B in Fig. 10.2 (a), produce the two bands - jt and n*, which intersect 

in two in-equivalent points in the First Brillouin zone, K and K', justifying the name of 

graphene as "gapless semi-metal". The term “Bernal stacking” refers to an arrangement 

in which the vacant centres of the hexagons on one layer have carbon atoms on 

hexagonal comer sites on the two adjacent graphene layers, as shown in Fig. 10.2 (b). In 

graphite with AB stacking, the unit cell consists of four carbon atoms A|, A2, B|, and B2 

on the two layer planes shown in Fig. 10.2 (b). The in-plane and c-axis lattice constants 

for graphite are a = 0.246 nm and c = 0.670 nm, respectively. Under normal 

circumstances, bilayer of graphene obtained from mechanical exfoliation of graphite 

exhibits AB stacking arrangement, and therefore the number of atoms in the unit cell of 

bilayer graphene (2-LG) is the same as that for graphite, with four atoms per unit cell, 

as shown in Fig. 10.2 (b). In turbostratic graphite, denoted by 2D graphite, there is no 

stacking order between adjacent graphene layers and the interlayer spacing (>0.342 nm) 

is larger than that for crystalline graphite (c/2 = 0.335 nm) [32]. Another common form 

of crystalline graphite is the highly oriented pyrolytic graphite (HOPG), which is a 

synthetic AB stacked graphite obtained from carbon-based precursors, and annealed at 

high temperatures (typically over 3200 °C under pressure) [33]. Tri-layer graphene 

(3-LG) in turn contains three layers, two of which are like bilayer graphene and the 

third layer has atom A3 over A| and atom B3 over B| as shown in Fig. 10.2 (d).
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b) o • o o

d)

Fig. 10.2. (a) A top view of the real space unit cell of monolayer graphene showing the 

inequivalent atoms A and B and unit vectors ai and a2. (b) A top view of the real space of 

bilayer graphene (2-LG). (c) and (d) The unit cell and the x and y unit vectors of bilayer 

graphene and of trilayer graphene (3-LG).

10.3. Experimental

10.3.1. Sample growth

The substrate (11 l)Ni/Si02/Si is composed of a 500 nm thick nickel film deposited on 

Si02/Si substrates in an electron-beam evaporator. All samples undergo a process of 

post-deposition annealing for the purpose of promoting grain growths. The annealing 

was carried out at a temperature of 1000°C in a quartz tube furnace under a total 

pressure of 200 Torr and a flow of 200 seem H2 and 400 seem Ar. Figure 10.3 shows 

snapshots of the morphology of the nickel film at 30 min and 60 min of annealing time 

with the corresponding average grain sizes being 20 pm and 50 pm, respectively [31].
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a) 30min ■ b) 60 min

lOum lOpm

Fig. 10.3. Optical micrographs of the nickel film surface after (a) 30 min and (b) 60 min of

annealing [31].

Large nickel grain size and thus a minimum density of grain boundaries are preferable 

due to the well-known negative impact of grain boundaries on the control of the number 

of layers of graphene. CVD growth of graphene was carried out at a pressure of 200 

Torr under the flow of 50 seem of 5% diluted methane (CH4) in argon (Ar) together 

with 500 seem of H2. The growth temperature was varied from 900°C to 1000°C, and 

the growth time varies from 50s to 120s. Post-growth cooling was carried out under a 

flow of 2000 seem Ar and 500 seem H2. The cooling rate spanned from 7°C/min to 

25°C/min. Graphene also was grown on cupper foil. Cu foil was annealed at 1000°C for 

30 minutes under hydrogen environment. CVD growth of graphene on Cu was carried 

out at a pressure of 30 Torr under the flow of methane and hydrogen. The growth 

temperature was 1000°C, and the growth time 30 min. Next the samples were cooled 

down to the room temperature in hydrogen environment (the total hydrogen pressure 

was 1 Torr). Then, graphene layers were transferred onto Si02/Si surface using the 

polydimethylsiloxane (PDMS) wet-etching method. Figures 10.4 and 10.5 present 

schematic diagrams of two sets of samples investigated in this research. One of them 

consists of sample 1 with graphene deposited on Ni/Si02/Si and sample 2 with graphene 

transferred onto Si02/Si. The second set involves graphene deposited on cupper foil 

(sample 3) and graphene transferred onto Si02/Si (sample 4).
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a)

b)

Graphene

Ni (500nm)

Si02 (SOOnm)

Si

Graphene transfer
Graphene

Si02 (90nm)

Si

Fig. 10.4. Schematic cross-section view of sample 1: graphene on Ni/Si02/Si, and sample 2;

transferred graphene on Si02/Si.

a)

b)

Graphene

Cu

Graphene transfer
Graphene

Si02 (90nm)

Sr

Fig. 10.5. Schematic cross-section view of sample 3: graphene on Cu, and sample 4: transferred

graphene on Si02/Si.

10.3.2. Characterisation techniques

Optical microscopy in combination with micro-Raman spectroscopy were used as the 

main characterization methods. Raman measurements were carried out at room 

temperature in the backscattering geometry using RENISHAW 1000 micro-Raman 

system. An Ar^ laser at 457, 488, 514 and HeNe laser at 633 nm with power of 10-40 

mW were used as the excitation sources (high power of laser was applied for 

measurements of graphene on metals). But most of the study was done with an 

excitation wavelength of 488 nm as it was found that graphene has the highest Raman 

efficiently for this particular wavelength. Single spot Raman measurements and Raman 

area mapping were done for graphene on different substrates. The Raman spectra were
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taken in an extended mode. The laser spot was focused on the sample surface using a 

50x and lOOx magnification objectives with short-focus working distance. The Raman 

spectra were taken with 5 s exposure for graphene on Si02/Si and 40s exposure time for 

graphene on Ni. For graphene deposited on Cu and after transfer onto Si02/Si 

measurements were done for 10s at an excitation wavelength of 514 nm. The Raman 

spectra were fitted with a mixture of Gaussian and Lorentzian function for evaluating 

the position, intensity, and linewidth of the detected 2D, D and G peaks.

10.4. Results and discussion

10.4.1. Raman spectra of SLG, FLG and graphite

Figure 10.6 shows representative Raman spectra of graphene on Si02/Si measured with 

an excitation wavelength of 488 nm. The most prominent features corresponding to 

graphene are the so-called G band at ~ 1582 cm ' and the 2D band (also called G’ band) 

at about 2660 cm '. The defect-induced D band observed at about half of the frequency 

of the 2D peak (around 1330 cm ') indicates the presence of disorder in the measured 

graphene layer [34]. The G peak originates from in-plan vibrational E2g phonon mode at 

the Brillouin zone centre [34], and it is coming from the first order Raman scattering. 

The 2D band originates from the second order Raman scattering. The presence of the D 

peak is due to the breathing modes of sp^ atoms and requires a defect for its activation. 

If the peak intensity ratio of the D band to the G band I(D)/I(G) is <0.1, it indicates that 

the amount of disorder within the graphene sample is negligible [35]. From the shape, 

intensity, linewidth, and position of the 2D peak, one could distinguish between various 

numbers of graphene layers and bulk graphite [32]. For mono-layer of graphene (1-LG), 

the 2D band is a single sharp Lorentzian peak, while in graphite it consists of two 

components 2Di and 2D2, roughly 14 and V2 the height of the G peak, respectively (see 

Fig. 10.8 (a)). For multi-layer of graphene layers (2-, 3-, 5-LG) deconvolution of 2D 

peak is more complicated and is presented in Fig. 10.9 [32]. As one can see from Fig. 

10.9 (b), the 2D band for a bilayer of graphene is much broader and up-shifted with 

respect to the graphene. It has four components, two of which have higher relative 

intensities than the other two. Figures 10.9 (c) and 10.9 (d) presents the 2D band
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evaluation with a further increase in the number of graphene layers. For more than 5 

layers of graphene the Raman spectrum is no longer distinguishable from those of bulk 

graphite.

Fig. 10.6. Raman spectra of monolayer of graphene measured with an excitation wavelength of

488 nm.
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Fig. 10.7. Optical microscopy image of graphene on Si02/Si. Points 1, 2 and 3 correspond to 

Raman spectra presented in Fig. 10.8 (a) and (b).

Figure 10.7 presents an optical microscopy image of graphene grown by CVD on Ni 

Si02/Si and then transferred onto Si02/Si substrate. The graphene sheets exhibit 

different contrast regions, which correspond to different thicknesses of graphene. The 

origin of such a contrast can be understood from the set of Fresnel’s equations based on 

the refraction and reflection of light from the Air/Graphene, Graphene/Si02 and Si02/Si 

interfaces [36]. The silver/grey colour spots correspond to multi-layered graphene with
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more than 5 layers of graphene or even graphite (see point 1 in Fig 10.7). The region of 

mono-layer of graphene is almost transparent and ean hardly be identified due to the 

thickness of the silicon oxide layer of ~90 nm (see point 2). The highest contrast 

between single-layer of graphene and silicon oxide was obtained for a thickness of Si02 

around 300 nm, and this chosen thickness of Si02 has been widely reported in the 

literature [36,37].

Fig. 10.8. (a) Comparison of Raman spectra at 457 nm for bulk graphite (black line) and 

graphene (red line), (b) Raman spectrum of disordered graphene.

Fig. 10.9. Evaluation of 2D Raman band measured with 514 nm excitation wavelength for (a) 1- 

LG, (b) 2-LG, (c) 3-LG, (d) 4-LG and (e) HOPG [32].
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Point 3 in Fig. 10.7 corresponds to a region of disordered single- or bi-layer of 

graphene. Figure 10.8 (b) presents Raman spectra of graphene measured for point 3 in 

Fig. 10.7. A strong D peak at ~1360 cm ' was observed indicating the presence of strong 

structural defects in graphene or defect-like graphene edges. The D’ peak was observed 

at ~1600 cm ', which was also observed for defected graphite. The 2D’ peak at -2950 

cm ' is associated with a D -i- 2D combination mode and also is induced by disorder. 

Data of the peak position, linewidth and peak intensity of the G and 2D bands from the 

Raman spectra in Fig 10.8 (a) and (b) are shown in Table 10.1.

Table 10.1. The data of the peak position, intensity, and linewidth of the G and 2D bands for 

mono-layer of graphene measured with an excitation wavelength of 457 nm.

Spectra
G peak 2D peak

Position,
cm'^

Intensity, 
a. u.

Linewidth,
cm‘^ Position, cm'^ Intensity, 

a. u.
Linewidth,

cm

1 1577.8 11352 19 (2Di)2710 
(2D2) 2747.5

2454
3524

60.5
40.7

2 (1-LG) 1579.8 2302 15.8 2715 9377 28.3
3 1590 4545 19.4 2709.3 6853 40.6

2840-
'e
0
c
0

2800-

Cfl
0
Q.

2760-

TO0)
Q.

2720-

Q
CN 2680-

2640-

V Graphene on Ni (this work)
A A Graphene on SiO^ [37]

0 Graphene on SiOj, (this work)
-I- Graphene on SiO^ [38]

S u
+

+

300 350 400 450 500 550 600 650
Excitation wavelength, nm

Fig. 10.10. Dispersion of the 2D peak for graphene on Ni/Si02/Si and Si02/Si compared with
the results published elsewhere [37, 38].

Figure 10.10 presents a plot of the frequency of the 2D band against the excitation 

wavelength. The results obtained were compared with those published in the literature
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[37,38]. Graphene samples reported in Refs [37,38] were obtained by a mechanical 

cleavage of graphite and then transferred onto a Si02/Si wafer. As shown in Fig. 10.10, 

the 2D peak shifts to lower frequency for increasing excitation wavelength. A linear 

dispersion of the 2D band was observed in this work for the visible range of the 

excitation light, which is also confirmed by others groups [37,38]. However a different 

behaviour of the peak shift was observed in the UV range by Calizo group [37]. In this 

region, the observed dispersion of the 2D peak is nonlinear. Calizo attributes this feature 

to contributions from the optical transitions involving electrons with the momentum 

away tfom the K point when the excitation wavelength is smaller than 400 nm [37]. The 

2D band exhibits a strong dispersive behaviour: for visible excitation light the peak 

position change from -2640 cm ' at 633 nm excitation wavelength to -2715 cm ' at 457 

nm. For the first time, dispersion of 2D band for graphene on Ni/Si02/Si is presented. 

The results for graphene on Ni are in good agreement with those obtained after a 

transfer of the graphene sample onto a Si02/Si substrate. The origin and the dispersive 

behaviour in the frequency of the 2D band as well as D band can be explained in term 

of a double resonance (DR) Raman process [39,40]. In this process, the wave-vector q 

of the phonon associated with 2D and D bands (measured from the Dirac point K) 

would couple preferentially to the electronic states with wave-vectors k, such that q~2k. 

The double-resonance (DR) process is presented in Fig. 10.11 (b,d,e) and it begins with 

an electron of wave-vector k around K point absorbing a photon of energy Eiaser (with 

wave-vector q). The electron is inelastically scattered by a phonon or defect of wave- 

vector q and energy Ephonon to a circle around K’ point with wave-vector k+q. The K’ 

point is related to K by time reversal symmetry. Next, the electron is scattered back to a 

k state and emits a photon by recombining with a hole at a A: state. In the case of the D 

band, the two scattering processes consist of one elastic scattering by defects of the 

crystal and one inelastic scattering by emitting or absorbing a phonon, as shown in Fig. 

10.11 (b). In the case of the 2D-band, both scattering processes are inelastic and only 

two phonons are involved. This double resonance mechanism is called an inter-valley 

process because it connects two high symmetry points K and K’ of the first Brillouin 

zone of graphene. When the double resonance process connects two points belonging to 

the same circle around the K point (or the K’ point), as it is in the case of the D’ band 

(-1600 cm''), the process is called an intra-valley process [40]. When EiaseA^ increased 

relative to the Dirac point, the resonance k vector for the electron moves away from the 

A point. In the DR process, the corresponding q vector for the phonon increases with
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increasing k, as measured from the K point. Thus by changing the laser energy, we can 

observe a dispersion of the phonon energy as a function of Eiaser [32]. Sometimes, the 

Raman process can also occur by scattering of holes. In the special case of graphene, 

where the valence and conduction bands are almost mirror bands of one another relative 

to the Fermi energy, this can lead to an important effect called the triple resonance (TR) 

Raman process [41]. As one can see in Fig. 10.11 (e), instead of the electron being 

scattered back by a phonon with wave-vector -q, the hole is scattered by a wave-vector 

+q. In this case, the electron-hole generation is a resonant process, in which both the 

electron and hole scattering processes are resonant, and finally the electron-hole 

recombination at the opposite side with respect to the K point also occurs near the K’ 

point between an electron and a hole in resonance states. Therefore, for the triple 

resonance process all steps in the usual double resonanee process now become resonant. 

This triple-resonance condition might explain why the 2D band is much more intense 

than the G-band in mono-layer graphene [32].

Fig. 10.11. (a) First-order G-band process and one-phonon second-order DR process (b) for the 

D-band (inter-valley process) and (c) for the D’-band (intra-valley process) and two-phonon 

second-order resonance Raman spectral processes (d) for the double resonance 2D (G’) process, 

and (e) for the triple resonance 2D (G’) band process (TR) for monolayer graphene [32]. 

Resonance points are shown as open circles near the K point (left) and the K' point (right).
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10.4.2. Investigation of structural uniformity of graphene using Raman area 
mapping technique

The main challenge of graphene technology is to fabricate a large and uniform 

monolayer of graphene. Raman area mapping is only one easy and precise technique for 

investigating the uniformity of graphene, as it allows for the mapping all peaks in the 

same time. From this we can interpret the differences in the Raman maps for the 

intensity of the G and 2D peaks and the full width a half maximum (FWHM) of the 2D 

peak. In this work the peak profiles of the 2D and G peak are discussed for graphene 

samples grown on Ni and Cu and transferred onto Si02/Si.

Figures 10.12 (a) and (b) show the optical microscopy images of the scanned 

areas of the samples. Graphene on Ni was scanned in the area of 5 pm and graphene 

after transfer was mapped in the region of 6 pm x 7 pm. The Raman mapping results for 

these samples are presented in Figs. 10.13 and 10.14, respectively.

y(0: Mapping
area

x(0,6)

8 |ini

Fig. 10.12. Optical microscopy image of (a) graphene on Ni (red square shows mapped region 

of 5pm X 5pm) and (b) graphene on Si02/Si (6pm x 7pm).

Figures 10.13 (a) - (f) show Raman maps of the intensity, linewidth and peak position 

of the G and 2D peak for graphene on Ni measured at 488 nm of excitation wavelength 

and high laser power of 50 mW. The high level of structural non-uniformity was 

observed for graphene on Ni due to the Ni substrate itself being a metal surface that 

reflects light strongly and leads to a strong background signal in the Raman spectra. 

There is also interaction between graphene and Ni atoms, which influences on weak 

Raman signal. That is why a high laser power is required to detect signal from graphene

193



deposited on metal. The regions of single-layer of graphene are marked with red circles. 

We regard a graphene sample to be mono-layer if the intensity ratio of the 2D peak to 

the G peak is I2d/Ig~3 or 4, and if the linewidth of the 2D peak is around ~30 cm '. In 

our case the linewidth of the 2D peak from the map in Fig 10.13 (d) is much larger, i.e. 

~40-50 cm'' for single-layer of graphene. This increase in linewidth can be explained by 

a metal-graphene interaction which affects graphene properties. Based on results 

described above, it can be concluded that flakes with an area of ~1 pm^ of mono-layer 

were observed for graphene deposited on Ni. Figure 10.14 shows representative Raman 

spectra taken from the point 1, 2 and 3 in Fig. 10.13 (b). As can be seen from Fig. 

10.14, a strong D peak at -1270 cm ' was observed which indicates the presence of 

large structural disorder in graphene or corresponds to the edge of a graphene flake.

Figures 10.16 (a) to 10.16 (f) present the Raman maps for the same graphene but 

after transfer onto Si02/Si wafer. Based on the intensity ratio of 2D peak to the G peak 

(I2d/Io), we can regard the green and red region in Fig. 10.16 (b) as a monolayer of 

graphene. The intensity of the 2D peak in this area is three, four times higher than 

intensity of the G peak. The linewidth of the 2D peak in this region varies from 28 to 35 

cm'', while the peak position of 2D band varies from 2706 cm ' to 2716 cm'' in this 

region. After graphene transfer we observed larger graphene uniformity. Single-layer of 

graphene was detected in the area of 2 pm x 6 pm for this map. This leads to the 

conclusion that graphene of the same good quality can be obtained after CVD 

deposition on Ni. However, in this case, the detected Raman signal is much weaker 

compare to graphene on Si02/Si due to due to interaction of Ni with C atoms and the 

absence of Raman enhancement effect described in the following paragraph.
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Fig. 10.13. Raman area maps of graphene grown Ni/Si02/Si. (a), (c), (e) Raman maps of the 

intensity, linewidth and peak position of the G peak, respectively, (b), (d), (f) Raman maps of 

the intensity, linewidth and peak position of the 2D peak, respectively.

Figures 10.14 and 10.15 show Raman spectra from the marked points in the map images 

of graphene on Ni and on Si02/Si, respectively. As one can see, the signal from 

graphene on Si02/Si is much stronger than for graphene on Ni, even if a much shorter 

time of accumulation and a four times lower power were applied. Raman signal of
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graphene was significantly enhanced for measurements on Si02/Si substrate. This can 

be attributed to the lack of the interactive metal background and to the presence of 

multi-reflection and multi-interference in graphene as described by the Fresnel 

equations [42]. This enhancement of electric field depends also on the thickness of the 

silicon oxide beneath the graphene layer as it was demonstrated in Ref [42] (see section 

7.4.3 for more details).

Raman shift, cm'^
Fig. 10.14. Raman spectra from different spots of graphene on Ni measured at 488 nm of 

excitation wavelength. The spectra 1-3 correspond to spots of the sample presented in Fig. 10.13 

(b).

Raman shift, cm
Fig. 10.15. Raman spectra from different spots of graphene on Si02/Si. The spectra 1-4 

correspond to spots of the sample presented in Fig. 10.16 (b).
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Fig. 10.16. Raman area maps of graphene transferred from Ni/Si02/Si onto Si02/Si. (a), (c), (e) 

Raman maps of the intensity, linewidth and peak position of the G peak, respectively, (b), (d), 

(f) Raman maps of the intensity, linewidth and peak position of the 2D peak, respectively.

In the following paragraph, further results for graphene deposited on Cu films with 

improved CVD growth conditions are presented. Figure 10.17 presents the optical 

microscopy images of mapped area from graphene on Cu foil and after transfer onto 

Si02/Si substrate. The arrows indicate the direction and mapped area (50 pm^). Figure
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10.19 and 10.20 show the Raman area maps of the G and 2D peak for graphene on Cu 

and Si02/Si respectively. A higher structural uniformity for graphene on Cu was 

achieved after improving the growth conditions. In this case, a single-layer graphene 

was detected on an area of 20 pm x 40 pm. The linewidth of the 2D peak for mono- 

layer of graphene is relatively large, i.e. ~60 cm ' due to the background signal from Cu 

and due to interaction of metal-graphene. In addition, it has to be noted that the Cu foil 

was not smooth but was bended in many places. An evolution of the Raman spectra for 

graphene on Cu with mapping distance is shown in Fig. 10.18. The existence of single

layer of graphene after transfer onto the Si02/Si substrate was detected on a twice 

bigger area 40 pm x 50 pm (see Fig. 10.20). Linewidths of the 2D peak in this area are 

from 30 to 45 cm ', while the peak position is in the range from 2678 to 2690 cm '. 

Raman spectra of uniform monolayer of graphene on Si02/Si are shown in Fig. 10.21.
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Fig. 10.17. Optical microscopy image of (a) graphene deposited on Cu and (b) graphene 

transferred onto Si02/Si (black arrows shows direction of mapping). In circle (b) - the grain of 

Cu remained after PDMS transfer.
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Fig. 10. 18. Evolution of the 2D and G peaks for graphene on Cu with scanning distance.
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Fig. 10.19. Raman area maps of graphene deposited on Cu. (a), (c), (e) Raman maps of the 

intensity, linewidth and peak position of the G peak, respectively, (b), (d), (f) Raman maps of 

the intensity, linewidth and peak position of the 2D peak, respectively. Red circles indicate the 

flakes of graphene mono-layer.
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Fig. 10.20. Raman area maps of graphene transferred from Cu onto Si02/Si. (a), (c), (e) Raman 

maps of the intensity, linewidth and peak position of the G peak, respectively, (b), (d), (f) 

Raman maps of the intensity, linewidth and peak position of the 2D peak, respectively. Red 

circle indicates the flake of graphene mono-layer.
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Fig. 10.21. Evolution of the 2D and G peaks for graphene on Cu with scanning distance.

10.5. Conclusions

In this chapter, the Raman spectra of mono-layer, multi-layer and disorder graphene as 

well as those of graphite are presented and discussed. The spectra were measured using 

different excitation energies in the visible range. A linear dispersion of the 2D band was 

observed for different excitation wavelengths, which is in agreement with results 

published earlier [37,38]. It was shown that the Raman area mapping technique can be 

used to distinguish graphene flakes of different thicknesses. In particular, the Raman 

maps of the intensity of 2D and G peaks and FWHM of the 2D peak clearly highlight 

the contribution from single-layered graphene. The Raman results were compared 

between the graphene samples on different substrates (metal and Si02/Si). The highest 

structural uniformity was observed for graphene grown on Cu after transfer on Si02/Si 

substrate. A single-layer of graphene was detected in the area of 40p,m x SOpm. An 

enhancement of Raman signal was observed for graphene on Si02/Si due to the effects 

of multi-reflection and interference as described by the Fresnel equations [42]. This 

depends on the thickness of the silicon oxide layer as it was reported in Ref [42]. 

Results presented in this chapter indicate that single-layered graphene with a large area
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and uniform thickness can be fabricated by CVD deposition on Cu and transfer onto 

Si02/Si.
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11. Conclusions and suggestions for future work

11.1. Conclusions

In this work a number of Si/Ge based materials and carbon related materials were 

examined using micro-Raman spectroscopy developed for applications in 

nanotechnology. It was shown that micro-Raman spectroscopy can be used as a non

destructive and highly accurate tool for direct analysis of different properties of the very 

thin layers. The investigation of the following materials were undertaken: ion implanted 

Ge and Ge On Sapphire, SiGe and s-Si layers, SiGeC thin films, SiC layers. Diamond 

Like Carbon, a-C:Pt and graphene.

Various applications of spectroscopic technique for nano-materials 

characterisation are presented. It was shown that micro-Raman spectroscopy provides 

information on strain, composition, crystalline quality, structural defects, a number of 

monolayers, polytypism and clustering.

For the first time a structural damage in the bevelled, ion implanted Ge was 

investigated using micro-Raman mapping technique. It was shown that the bevelling 

process allows for Raman probing with nano-scale depth profile. A comparison and 

correlation of the electrical and structural properties of implant-related defects has been 

performed for “smart-cut type” doses of hydrogen and helium in Ge. Spreading 

Resistance Profiling (SRP) results show the maximum of the carrier concentration at the 

middle of projected range (-300 nm) for Ge samples implanted with a dose of 

~3X lo'^ atoms/cm^ and annealed at 450°C. The maximum structural damage detected 

with Raman line mapping corresponds exactly to the maximum carrier concentration. 

This was also confirmed by presented SRIM simulations. Using SRP, it has been found 

that, for both ion species, a quantity of 1X10 defects/cm electrically active defects 

still remain after annealing at 600°C. Raman data shows that at 600°C, the crystal 

damage have been fully repaired, which suggests that these remaining acceptor states 

are due to point defects.

In Chapter 5, the application of micro-Raman spectroscopy for determination of 

Ge content, x, and relaxation factor, r, of SiGe buffers layers is presented. The x and r 

were estimated from the set of equations for Si-Si, Si-Ge and Ge-Ge Raman vibrational 

modes modified in this work for thin SiGe layers. The Ge content in SiGe layers was
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calculated using both frequency and intensity methods. It was shown that even for very 

thin SiGe films micro-Raman spectroscopy is a very valuable and enough accurate 

characterisation tool. It was also presented that visible light Raman spectroscopy can be 

reliably used for the characterisation of strained Si on ultra-thin SiGe virtual substrates.

A detailed study of Raman and infrared spectra of the Sii-x-yGexCy layers with 

different Ge and C content was performed in Chapter 6 in order to gain a better 

understanding of carbon incorporation and its influence on SiGeC structures. This is the 

first investigation on SiGeC layers which was undertaken for a range of samples with 

different Ge content and in a wide range of possible for these structures C content. An 

increase of the linewidth and intensity of the Si-C peaks with the carbon content was 

observed in both the infrared and the Raman spectra. FTIR analysis shows that the 

integrated intensity of the Si-C peak increases linearly with the C concentration and is 

independent of the Ge content up to 16%. The linear dependence of the relative Raman 

intensity I(Ciocai)/I(Si-Siiayer) versus C content of the SiGeC samples was also obtained. 

The relative Raman intensities increase linearly with C content and are independent of 

the Ge content up to 16%. Therefore, both FTIR and Raman spectroscopy can be used 

as non-destructive analytical methods for the determination of the amount of 

substitutional carbon in SiGeC layers, which influence the electrical performance of 

SiGe devices. The established relationship of Infrared and Raman intensities of Si-C 

peak versus C content are important in semiconductor engineering as these 

spectroscopic methods allows for a non-destructive and relatively fast estimation of the 

substitutional carbon content in SiGeC layers.

The thin SiC layers grown by a new method of solid-gas phase epitaxy were 

investigated using MRS, SEM, AFM and EDX techniques. It is shown that the SiC 

layer on Si (111) investigated here is composed of a cubic polytype of SiC with a small 

amount of 6H-SiC. The presence of the voids has been experimentally confirmed by 

micro-Raman spectroscopy and scanning electron microscopy. The strong enhancement 

in the peak intensity of the TO and LO modes is observed for the Raman signal 

measured in the void area. The intensity of TO Si-C peak increases with void depth. The 

enhancement of the electromagnetic field at the voids was also confirmed by theoretical 

calculation based on Fresnel’s equation. This enhancement of the Raman signal is 

advantageous as it allows micro-Raman measurements to be used for the detection of 

different polytypes in ultra thin SiC layers.
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A systematic UV and visible Raman analysis of very thin a-C films with sp^ 

content varying from -20% to -90% were presented in Chapter 8. It was shown that the 

UV Raman spectra can provide direct evidence for the presence of sp^ bonds, while 

visible Raman spectra present a powerful way to follow the evolution and ordering of
2 2 3the sp sites. A sharp transition between sp -rich and sp -rich forms of a-C films was

observed. This observation provides strong evidence that stress is the driving force 

behind the formation of the sp -rich ta-C phase. The dispersion of the G peak is a 

crucial parameter to distinguish between different structures of amorphous carbon. It 

was confirmed that the bigger dispersion of G peak observed for ta-C films with high 
sp^ content indicates the larger disorder in these films. The a-C films with Pt content 

were also investigated using Raman and Rutherford backscattering spectroscopy. An 

understanding of Pt interaction with a-C matrix is important for a catalyst in fuel cell 

applications. It was found that the graphene clusters increase in size as the Pt 
concentration increases to -0.5X 10^^ at/cm'^. As the platinum concentration increases 

further, size of graphene clusters decreases. A comparison between the Raman spectra 

for Pt-free a-C and a-C:Pt films confirms that the presence of Pt in the a-C matrix leads

to an increase in the fraction of the sp^ phase within the matrix.

Finally, it was demonstrated that Raman area mapping technique can be used to 

distinguish between various numbers of monolayers of graphene and to investigate 

structural uniformity of graphene flakes.

11.2. Future work

The miniaturization in microelectronics, allowing more efficient and less energy

consuming devices, has been mainly relied on the continuous decrease of MOS features, 

usually based on Si. Since we are reaching the physical limits of Si technology, new 

structures and compatible materials are considered for improving devices performances 

in the near future. I believe, germanium appears as the most promising candidate, 

because of its similarities with Si and of the higher charge carrier mobility. Therefore, 

the scientific efforts are going to be required for improving the Ge based solutions such 

as advanced doping methods (new implantation methods or novel annealing strategies). 

Micro-Raman spectroscopy is a promising technique for further investigation of dopant-
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defect interactions underlying diffusion and precipitation phenomena in Ge. The relative 

softness of Ge leads to heavier radiation damage than for Si and causes problems when 

both materials are used within the same device. This structural damage can be 

monitored by Raman mapping technique with combination of sample bevelling. The 

great possibilities are opened also for GeSn alloys, which offer a promising perspective 

of becoming a direct band gap semiconductor for modest Sn concentration. One of the 

important applications of GeSn would be the embedded source/drain stressors for Ge 

channels in future pMOS devices. For this purpose, the information on the composition 

and stress of grown GeSn alloys is required. This opens the door for future application 

of micro-Raman spectroscopy as a non-destructive and accurate characterisation 

technique.

The future work includes investigation of promising materials for ‘post-silicon 

electronics’ such as Ge, GeSn and graphene. The origin of the observed amorphization 

in hydrogen implanted Ge after layer transfer is going to be further studied. The deeper 

understanding of the Raman enhancement process for monolayer of graphene is needed. 

For this purpose, the reflection measurements are going to be conducted for graphene 

samples. Future work involves also the improvement of the performance and 

applications of the experimental technique. Raman spectroscopy has been significantly 

improved for the last decades to be an effective method for the investigation of 

nanostructures in the form of thin layers, quantum dots and quantum rods. This was 

achieved thanks to development of tuneable laser sources and the laser sources of 

different excitation wavelengths as well as sensitive detectors (CCD cameras) for 

advanced micro-Raman systems. However, the technique can be further modified to 

give greater sensitivity and higher resolution using a specific method of the sample 

preparation as well as new approach for system configuration. The two improvement of 

Raman spectroscopy were presented in this work. Firstly, it was shown that bevelling 

process of samples allows for nano-scale Raman depth profiling. Secondly, the 

enhancement of Raman signal due to interference and multi-reflection of laser light 

allows for quick and high resolution measurement of ultra thin layers. Other 

development of Raman spectroscopy can be investigated in the future work related to 

Tip-Enhanced Raman spectroscopy (TERS), which allows for spectroscopic 

measurements of single nano-structures such as single carbon nanotube or single 

quantum dot. Micro-Raman signal is relatively weak compared to techniques such as 

fluorescence. Surface enhanced Raman scattering (SERS) has helped overcome this

209



problem, offering signal enhancements of several orders of magnitude over 

conventional Raman scattering. However, the heterogeneity of metallic SERS substrates 

creates variable electromagnetic field enhancement across the surface. This limits the 

utility of the technique and renders quantitative measurements unreliable. As an 

alternative to conventional SERS, apertureless scanning near-field optical microscopy 

can be employed, in which a modified with metal AFM tip can be brought into contact 

with a sample surface. This approach utilizes highly localized enhancement providing 

spatial resolution of <50 nm (compares with resolution of ~1 pm micro-Raman 

spectroscopy) and offers more uniform enhancement up to several orders of magnitude 

when scanning the sample. All these achievements placed Raman spectroscopy to a 

unique position of becoming an advanced characterisation technique for investigation of 

nanostructures.
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Appendix I

Surface profiler results
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Fig. I.l. Surface profile results of the sample GeOS annealed at 600°C. (a) Optical image of the 

comer bevel of the sample, (b) Position of extracted profile, (c) Extracted cross-sectional

profile.

The angle of bevel was calculated based on the following trigonometrie function:

V
tgcc = -

JC

The angles of -0.002 rad and -0.0016 rad were obtained for sample Ge600 and GeSOO, 

respectively.

2i:
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Fig. 1.2. Surface profile results of the sample GeOS annealed at 800°C. (a) Optical image of the 

comer edge of the sample, (b) Position of extracted profile, (c) Extracted cross-sectional profile.
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