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Kurzfassung
Die konfokale Raman-Spektroskopie ist eine leistungsfähige Methode zur Charakterisierung von Materialeigenschaften. Damit lassen sich mechanische Spannungen
in homogenen Proben sowie die Verteilung von Probenbestandteilen optisch bestimmen. Zudem ist es mit der konfokalen Raman-Mikroskopie möglich Spannungsfelder in Silizium und Siliziumkarbid darzustellen, welche z.B. während mechanischer Belastung oder beim Herstellungsprozess entstehen. Diese Informationen sind
für die Optimierung von Fertigungsprozessen und eine verbesserte Ausfallsicherheit
von Mikrosystemen von Bedeutung. Für eine präzise Bestimmung von Spannungsfeldern ist eine genaue Untersuchung von thermischen Verschiebungen der Ramanlinien wichtig. Um die Auswirkung auf die Ramanspektren (thermische Linienverschiebung und -verbreiterung) zu ermitteln, wurden Silizium und unterschiedliche
Siliziumkarbid Kristallmodifikationen kontrollierten Heizexperimenten unterzogen.
Diese Kalibrierungen wurden benötigt, um thermische von mechanischen Effekten
unterscheiden zu können, was an einem ausgelenkten Silizium-Cantilever gezeigt
wurde. Zusätzlich zum äußeren Erwärmen kann es während der Messung zu einer
lokalen Erhitzung der Proben durch den stark fokussierten Laserstrahl kommen.
Für verlässliche Spannungsmessungen in mikrostrukturierten Silizium muss eine
solche lokale Erwärmung berücksichtigt werden. Das Abbilden mittels Raman bietet hier die Möglichkeit Restspannungen sichtbar zu machen, die durch Eindrücke
in die Oberfläche entstanden sind. Ein Vergleich zwischen Abbildungen eines
Oberflächeneindruckes, welche mit einem Raman und einem optischen StreulichtNahfeldmikroskop (s-SNOM) aufgenommen wurden, deckte unterschiedliche Mechanismen bei der Bildentstehung auf. Während die Ramanstreuung Änderungen
unterhalb der Oberfläche darstellen kann, ist die optische Nahfeldmikroskopie für
oberflächennahe Verspannungen empfindlich.
Die Raman-Spektroskopie kann ebenfalls für die Bestimmung von Inhaltsstoffen in
heterogenen Proben und die Charakterisierung von Materialveränderungen verwendet werden. Ein intensiver UV-Laser kann zum Beispiel eine Umwandlung von
Kalziumfluorid eines Auskoppelspiegels zu Kalziumkarbonat (Kalzit) verursachen,
was sich mit der konfokalen Raman Spektoskopie veranschaulichen ließ. Eine Veränderung des Probenmaterials kann aber auch durch den Anregungslaser selbst erfolgen. So traten oxidative Prozesse an Titanomagnetiten, eingelagert in geologische Proben auf, die durch den fokussierten Laser bedingte lokale Aufheizung hervorgerufen wurden. Diese laserinduzierte Veränderung wurde genauer an geologischen und synthetischen Titanomagnetiten untersucht.
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Abstract
Confocal Raman spectroscopy is a powerful tool for material characterisation. It can
be used for the optical characterisation of mechanical stress in homogeneous samples,
for material identification, and for compositional mapping. In addition, confocal Raman microscopy is useful for the measurement of stress fields generated, for example,
by mechanical loading or residual stress after fabrication in silicon and silicon carbide. This information is important for optimising manufacturing processes and
increasing the reliability of micro devices. For precise stress measurements, the
thermally induced shift of Raman peaks must be characterised in detail. For that
purpose, silicon and different silicon carbide polytypes underwent controlled heating
experiments to determine the effect of heating on Raman spectra (thermal peak shift
and increasing line width). These calibrations are required to separate effects caused
by temperature changes from those caused by mechanical stress. The separation of
stress- and temperature-induced effects was demonstrated for the measurement of
stress fields in a deflected silicon cantilever. In addition to external heating, the measurement itself may affect the sample temperature because the focused, intense light
can locally heat the sample. Local heating must be taken into account to ensure
reliable stress measurements in silicon micro-structures. Raman mapping may also
be used to characterise residual stress fields caused by nanoindentation. A comparison between Raman mapping and scattering scanning near-field optical microscopy
(s-SNOM) of a nanoindentation imprint in silicon carbide revealed subtle differences
in the imaging mechanisms. Scattering-SNOM is sensitive to near surface stress,
whereas Raman scattering can reveal sub-surface changes.
Raman spectroscopy can also be used for compositional mapping of heterogeneous
specimens or for the characterisation of material alterations. For example, intense
UV-laser light may induce the alteration from calcium fluorite to calcium carbonate
(calcite) in outcoupling mirrors. These alterations can be visualised by confocal
Raman microscopy. Material alterations can also be caused by the excitation laser
itself. During the investigation of titanomagnetites that were embedded in geologic
samples, oxidative processes occurred and they were driven by local heating due
to the focused laser. The laser-induced alterations were investigated in detail on
geologic and synthetic titanomagnetite samples.
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Introduction

Compositional mapping or quantitative chemical analysis is important in micro- and
nanostructured materials. In addition to other techniques, including atomic force
microscopy (AFM) and scanning electron microscopy (SEM), Raman spectroscopy
is becoming an increasingly common analysis method. It offers fast and contact-free
measurements with easy sample preparation. Raman spectroscopy is a vibrational
spectroscopy method that is based on the analysis of inelastically scattered light.
The incident photons scatter off molecular vibrations (e.g., bending and rotational
vibrations) or, in the case of crystals, off phonons (e.g., different modes of lattice
vibration. As a result, specific spectral peak shifts occur, providing highly sensitive
measurements of the material. The spectra consist of peaks that are unique in
their position, shape and intensity. [1, 2] Usually, lasers are used as monochromatic
excitation sources and the so-called Raman shift, i.e., the energy loss (or gain) of
the scattered light, is given.
Raman spectroscopy can be used on a heterogeneous specimen to determine its composition. The spatial resolution is restricted only by the scattering volume. With
a confocal set-up, the scattering volume can be controlled, allowing compositional
mapping with sub-micrometer resolution. This sensitivity allows material composition questions to be answered with Raman spectroscopy. [1, 2]
In addition to sample composition, other parameters such as residual stress or temperature can be quantified with Raman spectroscopy. [3–5] Mechanical stress affects
the phonon frequencies, which can be recognised as additional shifts of the Raman
spectral peaks. With the continuing reduction of feature size in small devices such as
micro-electro-mechanical systems (MEMS), stress fields in devices are becoming increasingly important. [3] One result of this continuing miniaturisation is the increase
of mechanical stress in device structures. Different thermal expansion coefficients
of different materials may induce mechanical stresses along structural edges and at
corners during device operation. Monitoring these stresses is important to improve
device reliability and to increase fabrication yield. In addition to mechanical stresses,
temperature also affects a material’s phonon scattering properties. The population
of phonon modes increases with increasing temperature, and a variation in the pop3
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ulation is expressed as a change in the peak width. Analysing the peak width allows
one to measure the sample temperature optically.
Because confocal Raman spectroscopy uses a focused laser, the temperature in the
scattering volume may increase significantly. Depending on the thermal conductivity
and light reflectivity of the sample, it will be locally heated to some degree, which
can affect the phonons directly. This local heating effect must be compensated for
in stress measurements. The local laser heating may also induce material alterations
or even induce the destruction of the sample. [6, 7]
In the thesis, the following issues will be discussed. The thesis starts in chapter 2 with
the theoretical background of the Raman effect, explaining the selection rules for
the scattering process. The influences of mechanical stress and varying temperature
on Raman spectra are also briefly discussed. Chapter 3 describes the measurement
system and explains the components and their influences on measurements. The
spectroscopic characteristics of the materials are summarised in chapter 4. Important experimental results include the dependency of the spectra on mechanical stress
and temperature in silicon and silicon carbide single crystals. Compositional mapping is shown for the failure analysis of calcium fluoride resonator mirrors impaired
from high flux ultraviolet photons. Titanomagnetites particles, which are embedded
in a deep sea basalt specimen, are a further example for chemical analysis. A concluding summary is given in chapter 5. The results that were published in scientific
journals are provided in chapter 7.

2

Raman spectroscopy

Raman spectroscopy records the highly specific vibrational fingerprint of a material
by analysing inelastically scattered light. Raman spectroscopy is based on the Raman effect, which was named after the Indian physicist Chandrasekhara Venkata
Raman, who found in 1928 A new type of secondary radiation“. [8] Independently,
”
the same observation was reported by Landside and Mandelbaum. [9] With the development of intense single mode lasers as powerful monochromatic light sources,
the Raman effect became widely used in science and engineering. Confocal Raman
spectroscopy has an intrinsic nano-specificity“because it probes vibrations of chem”
ical bonds and the propagation phonons in a small sample volume, typically less
than 1 µm3 .
Vibrational stretching modes are highly characteristic for specific chemical bonds
and often allow for compositional identification. In general, vibrational bending
modes are more sensitive to the neighbouring entities and, hence, to the molecular
short-range order. Librational and external modes, which depend on the structure,
involve relative motions of entire units of molecules or atoms. Well-defined repetitive
structures in crystals typically give rise to Raman spectra with sharp and wellresolved peaks. Spectra with broad bands indicate that different configurations or
many electric or mass defects may exist in the crystal. Thus, if the proportion of
atoms belonging to the (near-) surface region of the probed volume is significant,
the disorder related to the various atomic arrangements contributes to the observed
Raman features. [10]

2.1

Interaction of light with matter

Various processes can occur when light interacts with matter. In a case where the
photon energy matches the difference between two real states of a molecule, the
molecule can be excited into a higher electronic state. The excited molecule can
relax to the ground state via a non-radiative process or via an additional luminous
process (fluorescence). This process is used in absorption spectroscopy techniques
such as infra-red (IR) spectroscopy. If the photon energy does not match the differ5
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ence between the current state and another real state, it can be scattered inelastically
(Brillouin and Raman scattering) or elastically (Rayleigh and Mie scattering). For
an elastically scattered photon, the photon energy (wavelength) is the same before
and after the scattering process. The process can be considered absorption of the
photon (excitation of matter into a virtual intermediate state), which is followed by
a prompt relaxation with re-emission of the photon. In contrast, inelastic Raman
scattering is a nonlinear scattering process, involving quasiparticles such as phonons
in a lattice or molecular vibrations (e.g., bending or rotation). [11–13] The amount
of energy change (either loss or gain) by a photon is characteristic for the nature
of vibration (phonon or chemical bond). Nevertheless, not all vibrations will be observable with Raman spectroscopy because Raman scattering depends on symmetry
and polarisability. Figure 2.1 shows a schematic of typically used configurations for
infrared and Raman spectroscopy. Whereas IR-spectroscopy analyses the absorbed
light of a broadband infra-red light source, Raman analyses inelastically scattered
laser light randomly emitted in each direction.

Figure 2.1: Typical configuration of IR and Raman spectroscopy.

2.2

The Raman effect

For a spectroscopic application of the Raman effect, the incident light has to be
monochromatic. More than 99% of scattered light still has the same wavelength
after scattering, and only a small amount of photons (10−6 %) are spectrally shifted
with respect to the incident ones due to inelastic scattering. The Raman shift is
given in (relative) wavenumbers with respect to the excitation. Despite blocking
the unshifted photons, the spectra always show a peak representing the Rayleigh
scattering together with the Raman shifted photons. These peaks are what give Raman spectra chemical and structural sensitivity. For Raman-scattered photons, the
matter is excited into a virtual intermediate state and then relaxes to a vibrational
state above the ground state. The photon transfers a certain amount of energy to
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the material, losing energy (Stokes shift). If the matter is already in a vibrationally
excited state, inelastically scattered photons may also gain energy. The incident
photon excites the material to a virtual intermediate state, which then can relax to
its ground state. The scattered photon gains the energy difference, having a higher
energy than before the scattering event (anti-Stokes shift). These three Raman scattering processes can be understood in a classical picture as a collision between the
incident photon with matter. The Jablonski diagram in Fig. 2.2 shows the processes
caused by incident photons. As in absorption spectroscopy (IR spectroscopy), the
photon is absorbed and the system is excited to a higher state (Fig. 2.2(a)). If there
is no state available that can be populated by the system, scattering occurs. Three
important scattering processes include:
1. elastic scattering without energy transfer (Rayleigh scattering, 0.01%, Fig.
2.2(b)), the scattered photon has the same energy as before (~ωi = ~ωR );
2. inelastic scattering with energy loss (Stokes shift, 10−6 %, Fig. 2.2(c)),
the scattered photon loses energy (~ωi > ~ωs ); and
3. inelastic scattering with energy gain (anti-Stokes shift, 10−6 %, Fig. 2.2(d)),
the scattered photon gains energy (~ωi < ~ωas ).

Figure 2.2: Jablonski energy diagram of the scattering processes of light
with Rayleigh scattering and Raman scattering (Stokes and anti-Stokes
shifts). For comparison, an IR spectroscopy scattering scheme is shown on
the left.
Thus, Raman spectroscopy measures the energy that is transferred due to inelastic
scattering. The energy transfer between both collision partners is equal to the difference between the two involved energy levels, ~ωj . With the energy ~ωj transferred
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during the scattering process and the energy ~ωi before scattering, the scattered
photon will have the energy
~ωs/as = ~ωi ∓ ~ωj .

(2.1)

The plus and minus in equation 2.1 stand for the energy gain (anti-Stokes shift) or
energy loss (Stokes) of the photon. The Stokes and anti-Stokes shifts are symmetric,
determined by the difference of energy between the ground state and the vibrational
state.
For scattering on molecules, the electric field of the photon affects the molecule’s
electrons, resulting in molecular distortion. The distorted molecule acquires a contribution to its dipole moment µ (even if initially non-polar):
µ = αE

(2.2)

where α is a proportional constant of molecule’s polarisability. The polarisability
corresponds to the ease with which the electron cloud around a molecule can be
distorted. The induced dipole can emit or scatter light at the optical frequency of
the incident light wave. Vibrational Raman scattering occurs because a molecular
vibration can change the polarisability. The change is described by the polarisability
derivative, ∂a/∂Q, where Q is the normal coordinate of the vibration. The polarisability is typically different if the field is applied parallel or perpendicular to the
molecular axis or in different directions relative to the molecule. Nevertheless, for
a small electric field, the polarisability is the same for the field oriented in opposite
directions along the same axis (µ(−E) = −µ(E)).
Thus, the distortion induced in a molecule by an applied electric field depends on the
relative orientation and returns to its initial value after a rotation of 180◦ . The selection rules for Raman-active vibrations are linked to molecular symmetry and identify vibrations that change a molecule’s polarisability. For scattering on anisotropic
crystals, with the propagating phonons dependent on the crystal axis, a similar dependence to the orientation of the light to the crystal axis is distinguishable. Raman
peaks were observable within the spectra, depending on the scattering geometry.
The features of one phonon contributing to Raman scattering, incipient next to
the Rayleigh peak, were followed by higher order scattered peaks in the spectra,
involving multiple phonons (in the second-ordered peaks, two phonons participate).
The peak intensity decreases with increasing number of participating phonons.
The population of present elementary oscillations gives the efficiency of the antiStokes process, proportional to the Boltzmann distribution. The stronger of the two
processes is by far Stokes scattering because the population state is dominated by
its vibrational state at room temperature. Most Raman techniques investigate the
Stokes photons only, while ignoring the anti-Stokes photons.

Selection rules and Raman line determination

2.3
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Selection rules and Raman line determination

Selection rules allow one to predict if a certain molecular or lattice vibration oscillation is Raman or IR active. The selection rules for Raman scattering are analogous
to those for infrared-active vibrations, which state that there must be a change in the
permanent dipole moment µ during the vibration. In contrast to IR spectroscopy, the
Raman active normal vibrations change the polarisability α. Group theory methods,
called nuclear site group analysis, show that for a molecular symmetry centre, the
Raman-active vibrations will be silent in the infrared and vice versa. [11, 12, 14, 15]
Because of the requirement of a conserved total angular momentum in the ground
state of the system, only certain transitions can be induced. A basic summary and
tables are given in the book by W. J. Miller. [15]
The IR intensity is proportional to the square of the variation of the dipole moment
µ, whereas the Raman intensity is proportional to the square of the change in the
polarisability α:

IIR ∝

∂µ
∂q

2


,

IRaman ∝

0

∂α
∂q

2
.

(2.3)

0

Here, q is the normal coordinate of the vibration.
In crystals, the interaction between the incident photon and a phonon is indirect.
The interaction is connected to electronic interband transitions, which determine the
dielectric susceptibility χ in the visible spectral range. [16] If these interband transitions are influenced by phonons, Raman scattering occurs. The normal coordinate
of a phonon can be expressed classically as
Qj = Aj e[±i(qj

· ·

r−Qj t)].

(2.4)

The vibrational influence on the susceptibility tensor can be described by expanding
χ into a Taylor series with respect to the normal coordinate of the vibration Qj :
(0)

χ=χ

+

X
j

X  ∂χ 
Qj + ...
χ Qj + ... = χ0 +
∂Q
j
0
j
(1)

(2.5)

The summation runs over the 3N − 3 vibrational modes, with N as the number
of atoms in the unit cell. [16] For example, for the diatomic base of silicon, the
summation runs over the three optical phonons; for SiC, the summation depends on
the individual polytype.
If monochromatic light with the frequency ωi illuminates a sample in the direction
ki , the associated electric field E induces an electric moment P according to
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P = ε0 χE = ε0 χE0 e[i(ki

·

r−ωi t)]

.

(2.6)

Combining equation (2.4) and (2.6) results in
P = ε0 χ 0 E +

X


ε 0 A j E0

j

∂χ
∂Qj



e[i(ki ±qj )

·

r−i(ωi ±ωj )t].

(2.7)

0

The first term represents Rayleigh scattering. The second term corresponds to Stokes
and anti-Stokes scattering with the frequencies ωi ± ωj . This second term can only
be observed if there is a change in dielectric susceptibility (∂χ/∂ωj )0 = χ(1) 6= 0.
Higher order terms in the Taylor expansion describe multi-phonon processes leading
to higher order Raman scattering. The elements of χ(1) are often referred to as
components of the Raman tensor determining a normal vibration Qj as Raman
active or not. [3, 16] The exact form of the Raman tensor depends on the crystal
symmetry as described by W. Hayes [17] and Rousseau et al. [18] For example, in
the orthonormal coordinate system x = [100], y = [010] and z = [001], the Raman
tensors for silicon have the form: [3, 16]







0 0 0
0 0 d
0 d 0
Rx =  0 0 d  , Ry =  0 0 0  , Rz =  d 0 0 
0 d 0
d 0 0
0 0 0

(2.8)

The entire Raman scattering efficiency I is then given by
I=C

· X |e R e |
i

j s

2

(2.9)

j

where ei and es are the polarization vectors of the incident and scattered light,
respectively, C is a constant. [3, 16]

2.4

Influence of stress and temperature on Raman spectra

Mechanical and residual stress in semiconductor materials plays an important role in
the design and reliability of devices. For example, stress can increase the probability
of device failure after fabrication or during operation. Devices are often made of different materials, usually with different thermal expansion coefficients. Mechanical
stress can develop in thin films and substrates, especially at the material interfaces
of embedded structures. [19] Bi- and uniaxial stresses inside the material may be
caused for various reasons: lattice mismatch at the interface of different materials,
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thermal mismatch due to different thermal expansion coefficients, or volume expansion or internal stress of different material layers deposited or grown on the substrate
during device processing. Stress may directly trigger the nucleation and propagation
of dislocations, generated at points with very high local stress, and the formation
of cracks and voids. [20] Furthermore, stress has an important influence on dopant
diffusion. Stress can cause hot carrier degradation and boron segregation into areas with dislocation loops. [3, 21] Controlling residual strain by strain engineering,
however, allows the manipulation of free carrier mobility in semiconductors. For
example, hole mobility may be increased by 200%. [22] In general, strain engineering may enable manipulation of electronic properties at the nanoscale, leading to
custom and specialised devices. [22]
For crystalline materials, Raman spectra depend on the phonon band structure
of the lattice. [3, 12, 14, 16, 17] Direct measurement of the phonon band structure
can be provided by Raman spectroscopy, e.g., for silicon and silicon carbide single
crystals. [3, 16, 23, 24] The phonon frequencies change with external influences, such
as mechanical stress and strain. The resultant displacement of atoms changes the
phonon frequencies, as indicated by shifted Raman peak centres. [3,5,16,25,26] The
relation between strain ε and stress σ is given by Hooke’s law, σ = cε where the
elastic modulus c, represents the stiffness of the system. The strain is proportional
to the applied stress and implies that the system can be treated as a harmonic
oscillator. [26] The effect of strain on the Raman-active optical phonons of crystalline
materials has been studied quite extensively since the 1970s. For a given stress,
the difference ωj between each Raman frequency ω0 can be calculated from the
eigenvalues λj
2
λj = ωj2 − ωj0

or

∆ωj = ωj − ωj0 ≈

λj
2ωj0

(2.10)

with j = 1, 2, 3 for the given stress and j = 0 without stress. [3] Each of the split
phonons exhibits its own frequency, which varies linearly with the components in
the elastic regime. Observation of a shift may therefore be attributed to a tensile
or compressive strain present in the scattering volume for moderate changes. In
summary, the relation between the measured Raman shift and uniaxial stress is
then obtained to be
∆ω =

1
(pS12 + q(S11 + S12 )) σ0 .
ω0

(2.11)

The elastic constant Sij is a matrix element of the elastic compliance tensor S, and
p and q come from the phonon deformation potentials (PDPs), all of which are
material properties. [16,26] Optical phonons are influenced by strain in the material
via the phonon deformation potentials. The amount of stress σ is determined via
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the elasticity constants from external or internal stress according to Hooke’s law
ij = Sij σ (where εij is the strain tensor component). Compressive stress (σ < 0)
leads to a positive shift (∆ω > 0), whereas tensile stress (σ > 0) shifts to lower
wavenumbers (∆ω < 0).
The theoretical background of the influence of mechanical stress on optical phonon
modes in silicon is described in detail in the dissertation of Dombrowski [16] and the
review of De Wolf. [3] The morphic effects of stress on the optical phonon modes
of silicon were addressed by Ganesan [27] and Anastassakis [28]. In the presence
of a symmetric strain, the triple degeneracy of the k = 0 optical silicon phonon
with frequency is lifted due to anisotropic changes in the lattice constants. [3] For
uniaxial or biaxial stress, the shift can be obtained theoretically. [29] According to
the literature, the value of the constant in Eq. 2.12 was determined to be -434
or -518. [19, 30] As result, the relation measured on a (110) silicon surface can be
written as follows

·

σ (MPa) ≈ C ∆ω (cm−1 )

σ (MPa) = −434∆ω (cm−1 ) uniaxial (2.12)
σxx + σyy (MPa) = −434∆ω (cm−1 ) biaxial.

Mechanical stress leads to a change in the phonon frequency but should not influence
the phonon lifetime (no peak broadening). [31] Line broadening due to mechanical
stress is negligible because the phonon population density remains approximately
static for moderate stresses. [26, 32, 33] However, high mechanical stress can slightly
influence the phonon occupation. [34–36] The line width is expected to reveal the
influence of the phonon dispersion on decay processes due to the changes in the
phonon frequency throughout the Brillouin zone. [26] The mechanical component of
the measured peak shift correlates with the elastic deformation of the crystal lattice
and is mainly independent of temperature. [32] The transverse optical phonons, in
contrast, remain unchanged with increasing pressure. [34, 37–40]
The Raman peak centre (frequency) not only depends on mechanical stress (σ)
or strain (ε) but also depends on the local sample temperature (T) because the
interatomic distance changes due to thermal expansion. With a linear expansion
of the equilibrium position of the atoms caused by thermal expansion, the effective
bond strength changes, modifying the phonon frequencies. As a result, the Raman
peak position is a function of strain and stress as well as temperature. The influence
of temperature on the Raman spectra of wurtzite-type crystals was investigated
in 1977 by Mead et al. [4] The temperature-dependent function for the phonon
confinement can be given as
ω(q, T ) = ω(q) + ∆ω1 (T ) + ∆ω2 (T ).

(2.13)
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Here, ∆ω1 (T ) corresponds to the frequency shift due to phonon decay processes of
phonon-phonon coupling and ∆ω2 (T ) indicates the frequency shift due to thermal
expansion of the crystal lattice. [41] For example, investigations of the thermal expansion anisotropy of SiC show nonlinear changes in thermal expansion with temperature, thereby causing variation of the lattice parameter in different directions. [42]
Following general temperature behaviour, for processes in which one phonon i is
destroyed and two phonons j are generated or two phonons i are destroyed and one
phonon j is created, one obtains:
ωi (T ) = ωi (T = 0) −

X

Bij Nj (T ),

with

j

Nj =

1
~ω
exp( kB Tj )

−1

(2.14)

with Nj as the phonon occupation of the j-th mode. The term Bij contains phonon
frequencies and anharmonic coefficients for mode i, mode j and i−j cross terms. [43]
The temperature dependence of optical phonons can be distinguished between two
ways. First, the phonon frequencies become altered due to thermal expansion, resulting in what is called an ’implicit effect’ (∆ω2 (T ) in Eq. 2.13), obtained from
the volume dependence of the phonon frequencies. [43, 44] Second, there are also
shifts in phonon frequencies arising from higher order terms (e.g., cubic, quadratic,
etc.) in the crystal potential, causing an ’explicit effect’ (∆ω1 (T ) in Eq. 2.13), associated with the anharmonic interaction of the phonons. [43, 44] Anharmonic terms
contribute to quantitative and qualitative corrections to the physical properties of
a crystal, even though they may be small. [44] The implicit contribution due to
the change in the equilibrium interatomic spacing by means of temperature may be
expressed with the Grüneisen parameter for the i-th mode and the volume thermal
expansion coefficient. [44] The explicit effect, in contrast, may be evaluated for the
long-wavelength phonon modes through a perturbative approach. [43, 45]
Not only are the phonon frequencies influenced by temperature, but also the Raman
spectral peak shape is affected. The peak shape depends on the population of
the phonon modes. An increase in temperature results in changed phonon branches,
leading to additional peak broadening. [46] This temperature dependence is governed
by changes in the phonon occupation given by the Boltzmann distribution. [26] The
temperature dependence of the half width Γ can be obtained from the following
equation:


2
Γ(T ) = Γ(0) 1 + x
e −1


with

x=

~ω0
.
2kB T

(2.15)

Γ(0) is the half-width at zero Kelvin, ω0 is the phonon frequency, and kB is the
Boltzmann constant. [5] The line width of phonons is finite due to the anharmonic
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decay of a phonon into phonons of lower energy, even in a perfect crystal at zero
Kelvin. [39]
In a three-phonon process, the decay of an optical phonon with frequency Ω leads
to two phonons whose frequency sums to Ω, due to energy conservation. [39] Following the quasi-momentum conservation, only phonons of opposite wave vector q are
allowed as final states. [39] For a perfect crystal at zero Kelvin, the full width at half
maximum (FWHM, 2Γ) of the optical phonon can be described to be leading order
in the anharmonic expansion as
2Γ(Ω) =

π X
|V3 (q, j1 , j2 )|2 δ(Ω − ωj1 (q) − ωj2 (−q)),
~2 q,j ,j
1

(2.16)

2

where the indices j1 , j2 run over the different phonon branches, and the anharmonic
matrix element V3 is essentially the Fourier transform of the third derivative of the
total energy per unit cell volume with respect to the phonon displacements. [39]
A systematic measurement of the line width and peak shift of an optical phonon in
silicon over a temperature range of 5-1400 K is shown in Balkanski et al. [47] The
line width and the frequency shift exhibit a quadratic dependence on temperature at
high temperatures, indicating the necessity of including higher-order terms. Temperature affected peak widths in SiC have been also discussed in the literature. [48–50]
At elevated temperatures, a distortion of the crystal lattice causes a change in the
occupations of the phonon bands, i.e., via a decrement of the phonon decay. [46, 51]
The relative intensity of the Stokes or anti-Stokes shift of the optical phonon deviates significantly from the value involving only the phonon occupation number,
in particular at high temperatures. [52] The surface temperature of a Raman spectroscopy sample influenced by laser heating should provide an unambiguous phonon
decrease. [52] An asymmetric broadening of the Raman peak can occur for a nonuniform local temperature distribution. [31,41,53] For example, such a broadening is
the case for a non-perpendicular incident laser beam, resulting in non-circular local
heat heating.
For the sake of completeness, it should be mentioned that, except for the resonant
Raman scattering processes, the temperature can be deduced from the ratio of Stokes
and anti-Stokes shifts where intensity strongly depends on temperature. Because the
Stokes and anti-Stokes shifts correspond to a generation and absorption of a phonon,
respectively, the ratio of their intensities within a spectrum is given by
IAS
N0
=
,
IS
N0 + 1

with

N0 =

1
0
exp( k~ω
)
BT

−1

.

(2.17)
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N0 is the equilibrium occupation of the q = 0 optical phonon of frequency ω0 . [5]
Also, it should be mentioned that the measured line width Γ is always a convolution
of the natural FWHM line width Γ0 with the intrinsic instrumentation broadening
Γi , [4] given by
s
Γ = Γ0 +

Γ0
2

2
+ Γ2i .

(2.18)

Peak shifts caused by temperature and mechanical effects can be separated because
temperature causes a distortion of the lattice and changes the phonon population,
whereas mechanical effects only alter the lattice without changing the phonon population. Depending on the direction of mechanical stress (compressive or tensile),
thermally and mechanically induced peak shifts can compensate or intensify each
other. The following table shows a principle cause/effect diagram, neglecting additional impacts due to possible nonlinear effects.
variation
tensile stress (strain)
compressive stress (strain)
increasing temperature
decreasing temperature

peak centre position ω

peak width Γ

⇓
⇑
⇓
⇑

⇒
⇒
⇑
⇓

Note that the precise calculation of the local strain from the shift of the phonon frequencies depends in many cases on crystal orientation. Although the excitation laser
has a polarisation ratio of 100:1, all measurements discussed in the following were
taken unpolarised (no analyser was used), and the inferred local strain corresponds
to a scalar average rather than exact components of the strain tensor.
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Methods

3.1

The confocal Raman microscope set up
Confocal microscopy offers several advantages in
comparison to conventional wide field optical microscopy. The axial focus (focal depth) can be
controlled directly, thus reducing background signals from outside the confocal volume. A pinhole
in the optical pathway blocks out of focus photons (Fig. 3.1). The confocal images are generated by scanning the sample and recording a full
Raman spectrum at each image point. A commercial confocal Raman microscope (alpha 300 R by
WITec; Ulm, Germany; www.witec.de) was used
for all measurements. With a standard 100× objective (working distance: 0.26 mm; NA = 0.90), a
diffraction-limited focusing of the excitation laser
(Nd:YAG, SHG 532 nm, Pmax = 22.5 mW) is realised. The confocal set up in backscattering ge-

Figure 3.1: Schematic of the
confocal setup. Shown are the
principal optical components and
the blocking of out-of-focus photons.

ometry was achieved using the core of a multimode fibre as a pinhole that transmits the light
to the spectrometer. The fibre is mounted in the
image plane of the microscope and can be later-

ally adjusted for maximum collection efficiency. The focal depth can be adjusted by
exchanging the fibre with one of smaller or larger core diameter.
Elastically scattered photons and reflexions were blocked by a sharp edge filter. Full
spectra were acquired on each image point with a lens-based spectrometer with a
back-thinned CCD camera (1024 × 128 pixels, cooled to -65 ◦ C) with a 19 ms minimum integration time. With an 1800 mm−1 grating, the spectral resolution was
1.17 cm−1 per CCD-pixel. Sub-pixel spectral resolution was achieved by fitting a
Lorentz function to the Raman peaks. The samples were scanned with a piezodriven scan stage (100 × 100 × 20 µm3 ) below the objective.
17
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3.1.1

Pinhole influence and light suppression

The choice of the pinhole size is crucial because the signal should be intense, implying
a large diameter, but the image resolution should be as high as possible, implying a
smaller diameter.
The response of an imaging system to a point source is given with the point spread
function (PSF). Here, the PSF is mainly determined by the microscope objective.
The effective PSF for the detection is a convolution of the optical PSF (coming
from the optical components) with the detector function of a real two-dimensional
detector with radius vP . Figure 3.2 shows the lateral resolution of a scattering point
vFWHM as a function of detector size vP .

Figure 3.2: Lateral resolution of a scattering point vF W HM as a function
of detector size vP , taken from [54], reproduced with permission.

The size of the pinhole, in optical coordinates, should not exceed vPmax = 2.5 to
avoid a loss of depth resolution. To obtain the highest lateral resolution, the pinhole
size should be below vPmax = 0.5. [54] In practice, the pinhole size can be up to
vPmax = 4 without significantly changing depth resolution and up to vPmax = 2 without
significantly changing lateral resolution. The relationship listed below,
πd0
M
≥
NA
vPmax λ

(3.1)

must be satisfied, where M is the magnification, d0 is the pinhole diameter and NA
is the numerical aperture of the objective. Beam path and objective specify the
left side of the equation. The parameter M/NA calculated for several objectives is
shown in the following table (taken with permission from [54]).

The confocal Raman microscope set up
objective
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10/0.25 20/0.40 40/0.6 60/0.80 100/0.90 100/1.25 100/1.40

M/NA

53

50

67

75

111

80

71

Calculating the right side of equation 3.1 using vPmax = 2.5 and a wavelength of
532 nm, the value is 59 for the fibre with a core diameter of d0 = 25 µm, 118 for
50 µm and 236 for 100 µm. [54] As result, for the 100×, NA = 0.90 objective, the
fibre with the 50 µm core diameter has the best compromise between resolution and
light efficiency.

3.1.2

Gaussian laser focusing and beam parameters

When measuring anisotropic samples such as silicon carbide, where the Raman spectra depend on the orientation of the incident laser to the crystal axis, a small amount
of Raman scattering can occur with phonon modes propagating along a different axis
than the chosen one. A non-zero angle between the crystal axis and the incident
photons may occur due to an imperfect alignment of the sample to the laser. This
systematic error can be minimised by careful adjustment. An additional source
of intrinsic error may occur as well: depending on the pinhole diameter, scattered
light may be recorded, which comes from phonon modes propagating in non-chosen
directions.
Laser beams can often be described with a Gaussian function (fundamental or Gaussian modes with TEM00 intensity distributions within the beam profile). Gaussian
beams are usually considered in situations where the beam divergence is relatively
small, so the paraxial approximation can be applied. This approximation allows one
to disregard the term with the second-order derivative in the propagation equation
(as derived from Maxwell’s equations), so that a first-order differential equation results. For a monochromatic beam propagating in the z direction with the wavelength
λ, the complex electric field amplitude is


 

w0
r2
z
kr2
E(r, z) = E0
exp −i kz − arctan
exp −
+
w(z)
w(z)2
zR 2R(z)

(3.2)

where |E0 | is the peak amplitude, w0 is the smallest beam radius (beam waist),
k = 2π/λ is the wavenumber, ZR is the Rayleigh length, and R(z) is the radius
of curvature of the wavefronts. The oscillating real electric field is obtained by
multiplying the phasor with exp(i2πct/λ) and taking the real part. A plane wave
front of the light can be assumed in the range of the Rayleigh length ZR around
the beam waist w0 . The Rayleigh length is defined as the distance from the beam
waist in the propagation direction, where the beam radius is increased by a factor
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√

2. For a circular beam, the cross sectional area is doubled at this point. The

field distribution around the focus of a Gaussian beam is shown in Fig. 3.3.

Figure 3.3: Illustrated Gaussian beam of a focused laser beam with the
parameters of beam waist w0 and Rayleigh length ZR .
The Rayleigh length is determined by the waist radius w0 and wavelength λ:
ZR =

πw02
λ

(3.3)

where the wavelength λ is the vacuum wavelength divided by the refractive index n
of the material. For beams with imperfect beam quality and a given waist radius,
the Rayleigh length is effectively decreased by the beam quality factor (M2 ).
The beam radius varies along the propagation direction according to
s
w(z) = w0


1+

z
ZR

2
.

(3.4)

The Rayleigh length ZR , as show in equation 3.3, determines the length over which
the beam can propagate without diverging significantly. The achievable focal spot
w(f ), when a collimated Gaussian beam is focused by a lens with focal length f ,
can be calculated with the equation
w(f ) =

λf
πw

(3.5)

where it is assumed that the beam radius at the focus is much smaller than the initial
beam radius w. This condition is violated for beams with an overly small incident
diameter; the focus is then enlarged. [55] Also, it is assumed that the beam radius
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before focusing is significantly larger than the wavelength λ, so that the paraxial
approximation is valid.
Here, the commonly used fibre with the 50µm core diameter results in a confocal
depth of 1 µm. With a Rayleigh length of about 0.5 µm when using the (100×,
NA = 0.90) objective, additional peaks arising from other crystal orientations may
be present in the spectra.

3.2

Local heating due to the focused laser beam

Using the 100× objective, the very strong focused laser reaches power densities
of a few MW/cm2 within the focal spot. This high power density may affect the
specimen directly. Heating of silicon by pulsed and continuous wave (cw) lasers was
demonstrated in the 1980s. [56, 57]
Light absorbed by the material can lead to an increase in the local temperature
distribution, depending on the thermal conductivity. This results in a local heating
effect, which can be very large at small free-standing structures or at edges. The
energy absorbed in the sample material is
r2
Q(r, t) = I0 (1 − R) exp − 2
ω0



(3.6)

where R=R(T,λ) is the reflectivity, I0 is the intensity and ω0 is the radius of the
focused laser. [29]
The recorded Raman scattering originates mostly from the boundary area of the
beam profile, which does not usually correspond to the area of maximal temperature
but to an area of maximal scattering efficiency. [31] Thus, the spectra represent an
average over the whole laser spot.
With increasing local temperature, thermally induced mechanical stress may appear
in the sample. Either an additional line shift due to the locally heated matter (in
the case of silicon and silicon carbide) or, in the case of titanomagnetites, even an
alteration due to heat-induced local oxidation may occur.

3.3

Image generation

Two filtering methods were used for image generation from Raman spectra. Spectra
were measured on each image point, for example in a 100 × 100 point matrix. By
integrating the counts in a selected range of wavenumbers around a prominent peak
in each spectrum, compositional images can be created. In a more sophisticated approach, a Lorentzian peak fit is applied to each spectrum to identify changes in peak
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centre and peak width due to, for example, temperature variation or mechanical
stress. By plotting the peak centre, the resulting image represents the stress distribution qualitatively, whereas using the relative variation of the peak width reflects
the temperature distribution. Figure 3.4 shows marked regions in a typical spectrum
for sum filtering (I and II) and for a Lorentz fit (III). The filters result in a compositional image of titanomagnetite with varying titanium content in a geological
sample (Fig. 3.4 right), described in section 4.4.

Figure 3.4: Raman spectra and compositional images of titanomagnetite
with filtered regions for sum filtering (light grey, I and II) and for Lorentz
fits (dark grey, III). The inset highlights the line shift between spectra. The
compositional images are generated with filters I, II and III.

4

Spectroscopic characterisation

4.1

Silicon

Silicon is by far the most used and best investigated of the semiconductor materials.
It has the same diamond cubic crystal structure as diamond, with each silicon atom
covalently bonded in between four neighbours. Positively or negatively doped silicon
(p- and n-type silicon) is used in electronic devices such as transistors for integrated
circuits (ICs), flash memory and microprocessors. Because the properties and manufacturing methods of silicon are well known, silicon is used not only in electronic
circuits but also in micro-electro-mechanical systems (MEMS) for sensor technology
applications as a cheap and easy-to-use substrate material.
Raman spectroscopy can provide information about stress and local temperatures
in a device during operation and residual stress after fabrication. These parameters
are important to optimise manufacturing and increase reliability of the device.

4.1.1

Phonon dispersion curve and band structure

Raman scattering in silicon occurs on phonons propagating in the crystal. Figure
4.1 shows the electronic band structure (left) and phonon dispersion curves (right)
of silicon, which were calculated in 1979. [58] The conduction band minimum is at
85% of the distance between the Γ-point, the centre of the first Brillouin zone and
the X-point, the intercept point of the body diagonal with the first Brillouin zone in
the ∆ direction. The smallest direct band gap of EG1 = 3.4 eV (corresponding to a
wavelength of ∼370 nm) is between the valence band Γ’25 and the conduction band
Γ15 . Another direct energy level transition is located at EG2 = 4.2 eV (∼300 nm).
The indirect band transition is at Eg = 1.1 eV and is important for absorbing light.
Information about the band structure can be also obtained from the wavelengthdependent complex refraction index and extinction index (Fig. 4.2). The direct
energy level transitions can be distinguished as an increase in the extinction coefficient. Interactions between the incident laser light and the propagating phonons in
silicon during Raman scattering were mediated via the electronic system. [16]
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Figure 4.1: Electronic band structure (left). The unoccupied areas are in
grey. Phonon dispersion curves (right) of silicon. The red circle indicates the
Γ-point of the phonons on which scattering occurs, taken from [59] and [16],
reproduced with permission.
The penetration depth of light in silicon depends on the wavelength of the photon,
as shown in Fig. 4.2. Both the penetration depth and the absorption coefficient vary
with the photon energy. At the direct band gap at 3.4 eV (∼370 nm), the absorption
increases, which results in a decreased penetration depth.

Figure 4.2: Complex refraction index (red curve) and extinction index
(green curve) of silicon at room temperature. The blue curve shows the
penetration depth in silicon and the black curve gives the corresponding absorption coefficient, adapted from [59] and [60], reproduced with permission.
Copyright 1983 by The American Physical Society.
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The penetration depth and absorption coefficient determine the local heating of the
material under the focused laser. For near-surface investigations, the scattering region can be limited to the area of interest by choosing an adequate laser wavelength.

4.1.2

Raman scattering in silicon

Because of the cubic symmetry of silicon, the optical phonon branches are triply
degenerate at the Γ-point, corresponding to about 521 cm−1 at room temperature
with F2g symmetry (marked with a red circle in Fig. 4.1), regarding the conversion
factors of
8.0655 cm−1 , 1 meV , 0.2418 THz

(4.1)

where the Γ-point is at 15.5 THz. [16] The triple degeneracy of the silicon phonon
can be lifted by mechanical stress. [1, 28]
Three Raman tensors exist for silicon, given as x = [100], y = [010] and z = [001] in
the crystal coordinate system (see Eq. 2.8). A phonon can be considered longitudinal
or transversal depending on the surface from which the scattering is observed. Rx
and Ry correspond to the transverse optical phonons (TO) polarised along x and
y. Rz corresponds to the longitudinal optical phonon (LO) polarised along z in
(001) backscattering, whereas Rx corresponds to the LO phonon for (100) back
scattering. [3,16] This influence of crystallographic orientation on the Raman spectra
was investigated by means of polarisation measurements. [61]
The following table gives the polarisation selection rules for backscattering from
a (001) and (110) silicon surface as indicated in equation 2.8 and 2.9, taken with
permission from [3].

ei

Polarization
es

Backscattering from (001)
(100)
(100)
(100)
(010)
(1-10)
(1-10)
(110)
(1-10)
Backscattering from (110)
(1-10)
(001)
(1-10)
(1-10)
(001)
(001)

Rx
×
-

Visible
Ry
Rz
×
-

×
×
×
×
-

Only two polarisation configurations permit Raman scattering for (001) backscattering: [3, 16]
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1. ei and es are perpendicular: z(x,y)-z with x parallel to (100)
2. ei and es are parallel: z(x,x)-z with x parallel to (110).

In both cases, only the LO phonons can be observed. To observe the TO phonons,
a different scattering geometry, such as 90◦ scattering, or backscattering from (110),
would be needed.

4.1.3

Local heating

·

The absorption coefficient is approximately 9 103 cm−1 for silicon at 532 nm, which
implies a penetration depth of approximately 1 µm (Fig. 4.2). In such a small
absorbing volume, the temperature increases and may affect the spectra. To clarify
the influence of heating on peak centre and peak width, a piece of silicon wafer was
scanned while increasing the laser power stepwise as shown in Fig. 4.3.

Figure 4.3: Variation of peak centre and peak width determined with a
Lorentzian fit. Data were obtained in a lateral scan with stepwise increasing
laser power. The fit was performed on the average spectrum for each step.
Given the possibly non-uniform local heating and spectral averaging, the peak shift
alone cannot be used to estimate the maximal surface temperature because the
maximum detected shift is 10 times less than expected from the centre temperature.
[31] Because stress can be imposed on the crystal lattice by both mechanical loading
and thermal heating, pure mechanical stress cannot be measured directly with a
focused laser beam that simultaneously heats the sample. [31, 33] The inset in Fig.
4.3 shows the calculated peak centre obtained from a Lorentzian fit on each spectrum.
The cross-sections show the corresponding peak centre shift and peak width. As
discussed in Section 2.4, the results may be corrected from the local heating effect
for a moderate laser power.

Silicon carbide
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Experimental results

It was possible to visualise the dynamic bending stresses in a silicon micro-cantilever,
which was driven at its flexural eigenmode. For the stress measurement, the data
were corrected for the local heating caused by the focused laser beam. Figure 4.4
shows the uncorrected shifts with corresponding peak width. The corrected stress
distribution in the cantilever with and without excited oscillation is shown below in
Fig. 4.4(c).

Figure 4.4: Measurements of a silicon AFM cantilever driven at its first
eigenfrequency, taken from [62], reproduced with permission from Elsevier.
The results clearly indicate that the characterisation of the stress distribution in a
vibrating micro structure is accessible by micro Raman spectroscopy. This demonstrates the usability of confocal Raman to visualise appearing stress fields even while
a device is operating and the measurement correction of local heating.

4.2

Silicon carbide

Silicon carbide (SiC), a robust semiconductor, is used in applications with heavily
demanding working conditions. SiC can be used for devices with high operating
temperatures and high voltages or in optical applications into the ultraviolet region.
This universal utility leads to a high interest in its physical properties. [38,63,64] Its
very high thermal conductivity (∼5.0 W/cm), high saturated electron drift velocity
(∼2.7 107 cm/s) and high breakdown electric field strength (∼3 MV/cm) makes SiC
a material of choice. [64,65] The strong Si-C bonding makes SiC resistant to chemical
attack and radiation.
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For example, SiC is used in insulated-gate bipolar transistors as a semiconductor for
pulsed power applications, switching several megawatts of electrical power in several
nanoseconds. [64] As a sensor material, SiC is able to work reliably in conditions
where other materials may malfunction. These electronic devices will offer more
efficient and cheaper systems and open a new generation of electronic equipment
not requiring cooling and transformers. As with silicon, Raman spectroscopy can
provide information for improved manufacturing parameters giving reduced residual
stress or optimisation of the device during operation.

4.2.1

Crystal structure and polytypes

Silicon carbide forms long-range ordered polytypes that are stable or metastable at
room temperature. So far, more than 250 polytypes of SiC are known that have
the same chemical composition, but show a different unit cell structure, with the
variation of three stacking layers, labelled A, B, and C. The unit cell structure can be
cubic (C, zincblende structure), hexagonal (H, wurtzite structure) or rhombohedral
(R). SiC has a tetrahedral bonding of silicon with four nearest carbon neighbours.
The most basic SiC structure is the cubic 3C-SiC (also named as β-type; for historic
reasons any non-cubic polytype is called α-type). The crystal polytypes are designated according to the number of double layers in the unit cell and the letter of the
lattice type. Figure 4.5 shows the layer stacking for some SiC polytypes. For each,
the length of the unit cell along the c-axis is n times larger than of the basic 3CSiC, resulting in the nomenclature of nH-SiC and 3nR-SiC polytypes. For example,
the common polytype 4H-SiC (with ABCB stacking) consists of four units in the c
direction with the lattice parameters a = 0.30806 nm and c = 1.0087 nm. [66]
Four hexagonal Miller indices were used, describing the directions in all SiC polytypes except for the 3C polytype, where the normal cubic notation is used. The last
hexagonal index refers to the c-direction, whereas the three first describe directions
in the basal plane with a 120◦ angle between the axes.
By observing the SiC crystal from the side, the stacking sequence can be projected
as in Fig. 4.5, revealing a zig-zag pattern. However, the surrounding lattice does
not look the same for each position. The A position has a different surrounding
lattice than the B and C positions. The other two positions (B and C) are called
cubic, k1 and k2 . In 3C-SiC there is of course only one cubic site and in 2H-SiC
only one hexagonal site. Thus, the 6H-SiC polytype can be characterised as 33%
hexagonal, whereas the 4H- and 2H-SiC polytypes are 50% and 100% hexagonal,
respectively. [67]
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Figure 4.5: Illustration of the [112̄0] plane and layer stacking (ABC) of
silicon carbide for the polytypes 3C, 2H, 4H and 6H; adapted from [67, 68]]
and reproduced with permission.

4.2.2

Phonon structure and mode folding

Group theory analysis shows that the Raman active modes of the basic structure
are the A1 , E1 and E2 modes. [2, 17] Phonons caused by atomic motion parallel
to the c-axis are called axial (longitudinal, L), perpendicular to the c-axis planar
(transversal, T) having an acoustic (A) or optical (O) origin.
For polytypes of higher order than 3C-SiC, the increased unit cell size results in a
decreased Brillouin zone Γ (q = 0) in the Γ-L direction to 1/n of its basic size with
a reduced wave vector (x = q/qB ) of the phonon mode, as shown in Fig. 4.6. The
dispersion curves of the propagating phonons are folded back into the basic zone,
illustrated in Fig. 4.7. [2, 69] These folded curves create new phonon modes at the
Γ-point and emerge corresponding to the phonons inside or at the edge of the basic
Brillouin zone. These additional modes are referred to as ”folded modes”, labelled
with ”F”. The symmetry of these peaks can also be assigned by group theory. [69] The
lattice dynamics and phonon dispersion curves of SiC were modelled and compared
with experimental data, resulting in an analytical model (bond-charge model) [70]
supplemented with thermal processes like thermal vibrations and the displacement
of atoms in the lattice.
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Figure 4.6: Phonon dispersion curve of 3C-SiC (left). The Γ-L region is
marked in red with corresponding density of states (DOS). Right: combined
dispersion curves for different polytypes, reprinted with permission from [23,
70]. Copyright 1968, 1994 by The American Physical Society.
The A1 and E1 phonons are split into longitudinal optical (LO) and transverse
optical (TO) modes. [69] This splitting originates from an additional force on the
permanent dipole moment, for the longitudinal displacement only. Folded optical
modes exhibited less splitting than acoustic modes. [2, 23] The polarisation and
geometry of the laser light to the c-axis (back- or right-angle scattering, for the
a-axis swapped direction) change the measured Raman spectra, showing varying
features, e.g., the E1 (LO) line is only present in one direction. [2, 23, 49]

Figure 4.7: Mode folding for 3C, 2H and 6H SiC, taken from [2]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Raman line shift

The Raman spectra show different features for each polytype and depend on the
orientation of the incident laser beam to the crystal axis (Fig. 4.8). Raman spectra
of undoped 6H-SiC, undoped and nitrogen doped 4H-SiC polytypes with the laser
beam oriented parallel and perpendicular to the c-axis are illustrated.

Figure 4.8: Raman spectra of undoped 6H-SiC (top), and undoped and nitrogen doped 4H-SiC (middle, bottom respectively) polytypes oriented parallel
and perpendicular to the c-axis.
The thermal expansion anisotropy of SiC was discussed previously, exhibiting different values for the c and a axes and a nonlinear expansion coefficient with increasing
temperature, varying multiple lattice parameters and unit cell vectors. [42, 71] The
Raman peak shift with varying temperature can be used for temperature measurements. The temperature dependent Raman peak frequency can be modelled with
the following equation (taken from [72]):

ω(T ) = ω0 − C 1 +

2
x
e −1




−D 1+

3
3
+ y
y
e − 1 (e − 1)2
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~ω0
,
2kB T
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~ω0
.
3kB T

(4.3)
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The constants C and D are fitting parameters. In ~ω0 , the anharmonic interaction is
neglected, and kB T is the thermal energy. The term starting with D can be neglected
for moderate temperatures (less than 500 ◦ C), resulting in a linear dependency of
frequency on temperature. For temperatures up to 1000 ◦ C, four anharmonic terms
must be considered in the Hamiltonian model and an additional peak shift must
be taken in account, as well stresses inside the bulk material. [33] The shift of the
E2 (FTO) Raman peak of undoped 6H-SiC with increasing temperature was used for
temperature measurements inside a light emitting diode made from SiC. [72]
The dependence of the Raman spectra of SiC on isotropic pressure has been investigated experimentally and theoretically. [35, 36, 40, 42, 66, 71, 73] It is possible with
ab initio and group theory methods to calculate this dependence. [69, 70, 74]
With nitrogen doping as an electron donor, the spectral shape and width as well as
the peak position of the A1 phonon (LO) vary with concentration. This effect can
be assigned to a plasmon-phonon coupling. [69,74] The plasmon-coupled LO phonon
(LOPC) was used to characterise ion-implanted SiC for different annealing temperatures. [75] Harima et al. investigated the plasmon frequency, carrier and phonon
damping deduced from line shape by means of Raman scattering from anisotropic
LO phonon plasmon coupling in n-type 4H- and 6H-SiC. [49] Owing to the major
effect of the LO damping, the LOPC line shape can be used to obtain the carrier
density and mobility. [49] Previous experimental and theoretical studies describe the
isotropic pressure dependence shift of the Raman lines in SiC. Carrier mobility and
concentration deduced from Raman spectroscopy show a reasonable agreement with
those found by electrical measurements. [49]

4.2.4

Local heating

In contrast to silicon, the local heating effect in silicon carbide can be neglected
due to the minimal influence of the laser. The change in peak centre position is in
the same range for the investigated polytypes 6H-SiC (LO peak, 0.005 cm−1 /mW)
and 4H-SiC (LO peak, 0.006 cm−1 /mW). For comparison, the shift in silicon is
0.03 cm−1 /mW, more than five times that of the shift in SiC. Figure 4.9 shows the
peak shift and increasing peak width of silicon in comparison with the silicon carbide
polytypes due to increasing laser power, from 0.1 mW to a maximum of 22.2 mW.
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Figure 4.9: Temperature-induced peak shift and increasing peak width of
silicon in comparison to SiC polytypes. The influence of local laser heating
for SiC is much smaller than for silicon.

4.2.5

Experimental results

The peak positions of the Raman lines in silicon carbide vary linearly with temperature. The slope of the temperature shift increases with increased energy transfer
due to inelastic scattering, showing a linear dependence with temperature in the
temperature range of about ∆T = 110 K. Figure 4.10 left, shows the slope of the
temperature shift for all Raman peaks and orientations of the investigated samples,
which were used for temperature calibration purposes. Although the peak centre
position is typically shifted to lower wavenumbers with increasing temperature, the
nitrogen-doped plasmon-coupled longitudinal optical phonon mode (LOPC) moved
to higher values. For accurate stress and temperature measurements in silicon carbide devices, the linearity of the temperature shift within the typical operation
temperatures simplifies spectroscopic temperature measurements

Figure 4.10: Temperature-dependent shifting of peak centres (left) and
stress fields around a nanoindentation in (0001) 6H-SiC, (right), taken from
[76, 77]. Reproduced with permission,
2009 Optical Society of America,
Inc.

©
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The stress fields in silicon carbide caused by nanoindentations show the stress distribution in the material (Fig. 4.10, right). A comparison with s-SNOM (scattering
scanning near-field optical microscope) measurements reveal a similar qualitative
contrast of the strain fields around nanoindentation sites, corresponding in their
spatial distribution and their qualitative sign (compressive/tensile). The Raman
frequency shifts can be directly related to local strain, in much the same way as was
observed with s-SNOM. The magnitude of the phonon line shift agrees well with
the shift of the phonon-polariton near-field resonance. Thus, s-SNOM allows for
the resolution of the smallest features of the indent down to nanocracks, whereas
diffraction limited confocal Raman spectroscopy gives full spectral information for
the changes in phonon dispersion. Scattering-SNOM is sensitive to the strain distribution near the surface, whereas far-field Raman scattering also occurs beneath the
surface and can reveal changes in sub-surface strain distributions.

4.3

Alteration of calcium fluoride caused by UVlight

Intense ultraviolet laser radiation may cause surface damage in optical components.
[78] Depending on the substrate material and coatings, optical components in a laser
will start to degrade at a certain power level. [6, 79–84] The damage first appears
at the exterior surface before intracavity damage occurs. The effect is proportional
to the square of the field and disappears if there is a perfect antireflection coating
on the surface, as first mentioned by Boling in 1973. [6] Working with deep UV
light (DUV) limits the number of substrate materials that are transmissive in this
spectral range. The most common UV lasers are excimer lasers, which are very
intense ultraviolet light sources, generating laser pulses in the nanosecond range
with high power densities. Common lasers are krypton fluoride (KrF, 248 nm) and
argon fluoride (ArF, 193 nm), used for optical lithography, medical and industrial
applications and in metrology. The active media are the so-called excimer (excited
dimer) molecules, which represent a bound state of their noble gas and halogen
constituents only in the excited electronic state, but not in the ground state.
The preferred material for excimer laser optical components is metal-fluoride crystals,
due to their excellent optical properties, large band gap energies and resistance to
the fluorine-containing laser gas. High reflective and outcoupling resonator mirrors
are usually dielectric mirrors. The reflective coatings are made of an alternating
sequence of λ/4 metal-fluoride layers with high and low refractive indices, commonly
deposited on the internal face of the resonator. Figure 4.11 outline suitable materials
for UV applications.
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Figure 4.11: Metal-fluoride and metal-oxide materials used in ultraviolet
optical components.

Oxide materials are not a good choice because they either absorb at the wavelength
of interest or have low band gap energies and are more vulnerable to colour centre
formation. However, specialised oxide materials such as high purity fused silicon
dioxide (fused silica) have been shown to be useful at wavelengths below 200 nm.
The only two materials that offer a desirable combination of optical, mechanical and
chemical characteristics are UV grade fused silica, which transmits down to about
190 nm but is attacked by the fluorine in an excimer laser gas, and calcium fluoride
(CaF2 ), which can be used at wavelengths as short as 130 nm. Magnesium fluoride
(MgF2 ) has a similar transmission window but is transparent deeper into the UV
and is harder (and thus more mechanically durable) than CaF2 . In contrast, MgF2
is more birefringent, with a higher tendency for colour centre formation, which significantly limits its utility for transmissive optics. Nevertheless, magnesium fluoride
can be used as a thin film coating in dielectric mirrors or as a protective coating.
The high power density and narrow wavelength range of lasers create problems
not found in other optical systems. Nowadays, calcium fluoride is considered the
preferred material for transmitting optical components in ArF laser systems. CaF2 is
available in different quality levels (IR, UV, VUV-laser grade). Excimer grade CaF2
provides the combination of deep ultraviolet transmission, high damage threshold,
resistance to colour centre formation, low fluorescence, high homogeneity, and low
stress-birefringence characteristics required for the most demanding deep ultraviolet
applications and therefore the best long term stability of the optical components.
Even though the material can be produced in a high purity grade and polished to
surface roughness values well below 0.5 nmrms , degradation of CaF2 optical elements
is often observed for laser operation conditions with high energy doses and pulse
repetition rates. In most cases, deterioration effects start after irradiation with a
certain number of laser pulses, leading to a continuous increase of optical losses.
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In many applications using excimer lasers, a specific degradation effect is observed
for the CaF2 outcoupling windows, which starts at the rear surface and results in
characteristic damage morphology. Until now, this damage has not been investigated
in detail. Confocal Raman spectroscopy can provide spatially resolved information
about the chemical composition of the exterior resonator surface. The high reflective
(HR) mirror, however, shows a significantly longer optical lifetime of several billion
pulses.

4.3.1

Material properties of calcium fluoride

Exposure to 100% relative humidity at room temperature does not fog polished
surfaces even after one month. In normal working conditions, polished surfaces will
not degrade. In dry environments, calcium fluoride can be used up to 1000 ◦ C. In
the presence of moisture, calcium fluoride surfaces will degrade for temperatures
exceeding 600 ◦ C. Calcium fluoride is inert to organic chemicals and many acids
(including HF), but it will slowly dissolve in nitric acid.
A list of the CaF2 material properties is shown in the following table; taken with
permission from [85].
transmission range
refractive index
reflective loss
Reststrahlen
density
melting point
molecular weight
thermal conductivity
specific heat
thermal expansion
Knoop hardness
Moh’s hardness
Young’s modulus
shear modulus
bulk modulus
rupture modulus
elastic coefficient
dielectric constant
solubility in water
cleavage planes
crystal structure

0.13 - 12 µm
1.501830 @0.193 µm; 1.40568 @4.4 µm
5,6% @4 µm
35 µm
3.18 g/cm3
1418 ◦ C
78.08
9.71 W/(mK)
854 J/(kgK)
18.87 - 20.16 ( 10−6 /◦ C (25◦ C))
158.3
4
75.8 GPa
33.77 GPa
82.71 GPa
36.5 MPa
C11 = 164 GPa; C12 = 53 GPa; C44 = 33.7 GPa
6.76 @27 ◦ C; f = 100 kHz
0.0017 g/100g @20 ◦ C
{111}
cubic, CaF2 type structure, fluoride or fluorite type
structure, Fm3m Oh 5 , a0 = 5,4623

·
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Even in well purged environments, however, it has been shown that metal-fluoride
optical coatings and uncoated metal-fluoride surfaces degrade by reactions with atmospheric moisture and carbon dioxide. [86,87] Current research has confirmed that
uncoated CaF2 surfaces degrade after only a few million pulses when irradiated
with pulse energies above ∼40 mJ/cm2 using 193 nm laser light. [88] Excimer lasers
typically do not have a Gaussian single mode TEM00 beam profile, showing local nonuniformities that are 2 - 3 times the average value, thus exceeding the ∼40 mJ/cm2
threshold for damage formation easily. As a result, either excimer lasers must operate below their maximum power levels or shorter optical component lifetimes must
be accepted if the lasers are operated at higher power levels.

4.3.2

Identification of kerogeneous carbon

Raman imaging of damaged optical structures revealed the spectroscopic fingerprint
of kerogeneous carbon. Raman spectroscopy has been used since the early 1970s to
study carbon materials, analysing their chemical and structural composition. [89–93]
A quantification of the graphitisation of organic matter (kerogeneous carbon) with
Raman spectroscopy was done by Beyssac. [91] The Raman spectrum of kerogeneous
carbon is split into two characteristic regions consisting of first-order Raman peaks
(1100 - 1800 cm−1 ) and second-order Raman peaks (2200 - 3400 cm−1 ), as shown in
Fig. 4.12.

Figure 4.12: Typical Raman spectra with first- and second-order regions
of kerogeneous carbon showing the most specific features (D1, G, S1 and S2
band). The upper spectrum was taken on a damaged UV optical component
and, the lower on a fossilized algae.
The first Raman peak corresponds to a relative vibration perpendicular to the aromatic layers and appears at very low frequencies (about 42 cm−1 , E2g1 mode) and can
hardly be distinguished from the Rayleigh peak. [92] The second mode (E2g2 ) corresponds to a stretching in the aromatic layer with high frequency (about 1580 cm−1 )
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normally labelled the G-band. [92] In perfect crystals such as graphite, only the Gband will appear in the first order region. For poorly organised carbon, additional
bands appear around 1150 cm−1 , 1350 cm−1 (D1 band and a defect band with A1g
symmetry from in-plane defects and heteroatoms, [94]), 1500 cm−1 (D3 band) and
1620 cm−1 (D2 band). [92] The most important features are the D1 and G bands,
with the D2 and D3 band appearing as shoulders in the G band. The D2 and D1
bands are always present together and their intensities decrease with an increasing
degree of organisation. The peaks in the second-order region come from overtones or
combination scattering appearing near 2400 cm−1 , 2700 cm−1 (S1 band), 2900 cm−1
(S2 band) and 3300 cm−1 . [90, 92]
The degree of organization can be determined by the peak position, peak width
and the D1/G intensity ratio (R1 ratio) with the D1/(G+D1+D2) area ratio (R2
ratio) used for describing the carbonisation process. [90–92] Present temperatures
and pressure levels can be derived by analysing the R1 and R2 ratios of the kerogen
Raman spectra.

4.3.3

Experimental results

UV irradiation with high energy densities of 80 mJ/cm2 and 193 nm wavelength
causes surface damage within several hundred million pulses. Portions of the mirror’s
exterior surface are altered from the CaF2 bulk material into CaCO3 (calcite). The
surface roughens and increases scattering losses in addition to the absorption losses
of the altered material. The deterioration is driven by temperature and the photoinduced chemistry caused by the UV laser light. The alteration starts at the edge
of the beam profile where the highest temperature gradients occur. The CaCO3
crystals, which are a few micrometers in size, are embedded in a variety of organic
material. Highly energetic photons induce photochemical reactions of imperfections
located at the interface between the substrate and coating or with contaminants from
the environment. Figure 4.13 shows the surface damage of a mirror irradiated with
250 million pulses (a) and (d) and 100 million pulses (b), (c) and (e), respectively.
The lateral scan in Fig. 4.13(a) outlines the CaF2 intensity, and (d) shows the
CaCO3 intensity in yellow and organics in bright blue at the same position. Figure
4.13(b) illustrate CaCO3 in red and organic matter in green, and (c) kerogeneous
carbon in yellow. The vertical slice in Fig. 4.13(e) illustrates CaF2 in greyscale,
CaCO3 in red and organic matter in green.
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Figure 4.13: Damage structure due to UV photon irradiation, taken from
[95,96]; reproduced with permission, 2009 Optical Society of America, Inc.
Further irradiation results in increasing absorption and, consequently, in strong thermal stress. Thus, cracks and cleavage occur at the crystallographic planes of the
substrate. In summary, the failure of the resonator optics can be attributed to the
influence of the flux of high energy photons on defects located at the interface between the substrate and the coating. A simple model was developed considering
the initial contaminations, the emerging thermal gradient and the further migration
of cracks and ruptures in conjunction with photochemical reactions. [97] The significantly longer lifetime of the HR mirror is only explainable by the assumption of
equilibrium between contamination and desorption of chemical compounds. With respect to the durability of the HR mirror, the interface between substrate and coated
layers seems to be the most critical part of the component.

4.4

Titanomagnetites

The alteration of titanomagnetites due to laser irradiation is another example of laser
light-induced material degradation. The scientific definition of a titanomagnetite is
a titanium-rich magnetite, in which Ti4+ replaces some of the Fe2+ ions. [98] Magnetite, as the base material for titanomagnetites, is a special case of ferrite with

·

the general formula F e2+ F e3+
2 O4 corresponding to F eO F e2 O3 (simplified F e3 O4 )
with an inverse spinel structure. [99] Titanomagnetite (Fe(Fe,Ti)2 O4 ) occurs strictly
as a microlitic phase. Magnetite is strongly ferromagnetic, and natural magnetite
usually shows intergrowth with ulvöspinel (Fe2 TiO4 , titanomagnetite with up to 6%
TiO2 ) and ilmenite (FeTiO3 ). The mineral structure may have some substitutional
defects, where atoms in the lattice are replaced with some other atomic species. [100]
The synthesis of stoichiometric synthetic titanomagnetites (Fe3−x Tix O4 ) is demon-
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strated, ranging from x = 0 (TM00; magnetite) to x = 0.72 (TM72) with a novel
kind of magnetic interaction. [101, 102] For example, TM60 represents the idealised
titanomagnetite with the composition Fe2.4 Ti0.6 O4 . Raman spectroscopy can help to
quantify inhomogeneous samples by lateral compositional mapping and to classify
individual minerals or varying titanium content. [103]
The identification of titanomagnetite can provide information on the conditions of
rock genesis and alteration. [100] The magnetic properties of titanomagnetite, which
are the principal carriers of magnetic remanence in nature, increase systematically
with pressure. [104] The titanomagnetite series serves as an important carrier of the
paleomagnetic record. [104, 105] Commonly, Curie points are used to determine the
composition of these magnetic phases. In multi-domain titanomagnetite, the saturation of the remnant magnetisation increases as a function of titanium concentration
and pressure. [106] Above about 20% titanium (TM20, Fe2.8 Ti0.2 O4 ), magnetic coercivity also rises steeply with titanium content and pressure. Hence, titanomagnetites
can be a useful magnetic thermobarometer in terrestrial investigations. [104] A discrepancy between the theoretical model and experimental data of the cation and
vacancy distributions in TM60 and of the magnetic and electrical properties was
shown in 1994. [107] A Raman analysis of TM60 gives some possible explanations
of these differences. [108]
With Raman spectroscopy, the titanium content in mineral samples can be identified. Normalised Raman spectra of synthetic magnetite and titanomagnetites with
increasing titanium content are shown in Fig. 4.14.

Figure 4.14: Normalised Raman spectra taken on synthetic magnetite
(TM00) and titanomagnetites with different titanium contents.
The following table lists the measured Raman peaks of synthetic magnetite and
titanomagnetites obtained by a Lorentzian fit, compared with reported peaks from
different studies. [108]
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Raman peak cm−1

Ti/(Fe+Ti)
Mode
TM00 (magnetite) [108]
TM00 (magnetite)
TM20
TM40
TM60
TM86

T2g (1)

Eg

192
197.8
193.2
155.8
155.7
154.4

306
304.4
309.0
309.2
318.2
-

T2g (2) T2g (3)
455.1
464.2
477.7

538
536.8
540.7
549.7
-

A1g
668
664.9
664.1
658.7
647.5
654.3

Measuring titanomagnetites (Fe3−x Tix O4 ) with Raman spectroscopy is complicated
due to the strong influence of local heating. [7] For the measurements, the laser power
must be carefully chosen. For a laser-induced oxidation of magnetite to haematite, a
temperature of about 240 ◦ C with a temperature-induced peak shift was reported. [7]
A series of Raman spectra, taken on natural samples and synthetic titanomagnetites,
beginning with x = 0 titanium content (TM00, magnetite, Fe3 O4 ) to 86% titanium
(TM86, Fe2.14 Ti0.86 O4 ) shows the incipient oxidation when a certain laser power is
reached. The synthetic titanomagnetite samples were produced using the Wanamaker’s floating zone technique. [107] The titanium concentration was verified by
thermomagnetic analysis. [104] An oxidation of magnetite to haematite by means
of thermal effects from the laser beam was reported by Shebanova et al. [7] With
increasing titanium concentration, the laser power density threshold decreases (Fig.
4.15(a)). Figure 4.15(b) shows the series of the natural sample.

Figure 4.15: Plot of titanium concentration against laser power threshold
where material alteration begins.
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Due to the non-uniform local heating, the Raman spectra represent the features of
both the oxidised centre and the unaffected surrounding material. Raman scattering,
however, occurs in the entire area and contains the oxidised centre and the unchanged
surrounding region. As a result, the measured Raman spectrum is a blend of the
altered and the unaltered titanomagnetites. This is observable in Fig. 4.15(b) for a
laser power of 15 mW, corresponding to about 1.1 MW/cm2 (100× objective).
Natural titanomagnetites from a basalt sea bed and synthetic generated titanomagnetites with varying titanium content ranging from 0 (magnetite) to 86% were investigated. In the geologic samples, alternating layers with different titanium concentrations could be identified on the scale of some micrometers for the individual
layers (Fig. 4.16(d)). A change in the direction of these stripes could be found on
a crack in the mineral (Fig. 4.16(c)). The optical image is shown in Figure 4.16(a)
and Raman spectra from the individual stripes are shown in 4.16(b). Magnetic force
microscopy measurements revealed a similar striped structure.

Figure 4.16: Stripes of different titanomagnetites in a geologic sample.
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Summary

Confocal Raman spectroscopy is well-suited for the determination of stress fields
generated in the material by means of external applied loading. By analysing the
Raman peaks by means of centre position and width, additional information is accessible. For this purpose, the peaks were fitted with a Lorentzian curve. Stress causes
a peak shift due to affected phonon frequencies. Through the direction of this shift,
compressive and tensile stress can be distinguished. The phonon frequencies vary
not only with stress, but also with changing temperatures. The population of the
phonon branches is mainly influenced by temperature, which leads to an increased
peak width with increased temperature. Due to the diverse impact of mechanical
stress and temperature on the Raman spectra, a separation of both effects is possible.
Depending on light absorption and thermal conductivity, the sample is locally heated
to some degree by the excitation laser, thus introducing additional spectral shifts,
which may require compensation for more precise results. For thermal calibration
purposes, spectral variations were analysed with controlled heating experiments on
single crystals of silicon and different silicon carbide polytypes.
The characterisation of heterogeneous specimens was carried out on outcoupling
resonator mirrors used in excimer lasers that show a UV photon-induced damage at
the exterior surface when a certain energy level is exceeded. The damage structure
was characterised and the components were identified, revealing an alteration of
calcium fluoride bulk material to calcium carbonate (calcite). The particle size was
in the range of a few micrometers in diameter with a depth of about one micrometer
beneath the surface. Little filaments found on samples with the start of surface
damage act as a nucleation point for further damage. The filaments were composed
of organic matter and kerogeneous carbon with small embedded calcite particles.
In addition, geologic samples from a basaltic sea bed with embedded titanomagnetites were characterised for their composition. Alternating layers with different
titanium ion concentrations could be identified. Synthetic titanomagnetite samples
with known titanium concentrations were used as references to identify the materials.
Significant local heating was observed for all magnetite and titanomagnetite samples.
Above a certain threshold, laser-induced oxidation occurs, which depends on the ti43
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tanium content. The laser power threshold for the oxidation decreases linearly with
increasing titanium content.
In summary, confocal Raman spectroscopy has great potential to identify substances
and to determine their spatial distribution within a sample. The visualisation of
residual stress fields is another valuable asset. Together with the simple sample
preparation and the possibility for contact-free measurement, confocal Raman spectroscopy is a valuable tool for material analysis.
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[90] O. Beyssac, J.-N. Rouzaud, B. Goffé, F. Brunet, and C. Chopin. Graphitization in a high-pressure, low-temperature metamorphic gradient: a Raman microspectroscopy and HRTEM study. Contributions to Mineralogy and Petrology, 143(1):19–31, 2002. doi:10.1007/s00410-001-0324-7.
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Temperature-depending Raman line-shift
of silicon carbide
Michael Bauer,a,b Alexander M. Gigler,a,b Andreas J. Huber,b,c
Rainer Hillenbrandb,c and Robert W. Starka,b∗
Silicon carbide (SiC) is often used for electronic devices operating at elevated temperatures. Spectroscopic temperature
measurements are of high interest for device monitoring because confocal Raman microscopy provides a very high spatial
resolution. To this end, calibration data are needed that relate Raman line-shift and temperature. The shift of the phonon
wavenumbers of single crystal SiC was investigated by Raman spectroscopy in the temperature range from 3 to 112 ◦ C. Spectra
were obtained in undoped 6H–SiC as well as in undoped and nitrogen-doped 4H–SiC. All spectra were acquired with the
incident laser beam oriented parallel as well as perpendicular to the c-axis to account for the anisotropy of the phonon
dispersion. Nearly all individual peak centers were shifting linearly towards smaller wavenumbers with increasing temperature.
Only the peak of the longitudinal optical phonon A1 (LO) in nitrogen-doped 4H–SiC was shifting to larger wavenumbers. For all
phonons, a linear dependence of the Raman peaks on both parameters, temperature and phonon frequency, was found in the
given temperature range. The linearity of the temperature shift allows for precise spectroscopic temperature measurements.
Temperature correction of Raman line-shifts also provides the ability to separate thermal shifts from mechanically induced
c 2009 John Wiley & Sons, Ltd.
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Silicon carbide (SiC) is a semiconductor that can be used for hightemperature and high-voltage applications. Local temperature
and stress measurements are needed for the optimization of
fabrication processes and to monitor the devices during operation.
Raman spectroscopy is a powerful tool for such measurements
in crystalline materials by analyzing line-shift and shape of the
Raman peaks.[1,2] A shift of the phonon peaks can be induced
by temperature changes or mechanical stress. Thus, a precise
temperature calibration allows one to separate both effects and
to achieve compensated values for local temperature and stress
measurements under typical operational conditions of about −20
to +120 ◦ C.
Raman spectra of crystalline materials depend on the inelastic
scattering of light at phonons and consequently on the phonon
band structure of the lattice.[3] This relationship can give direct
access to the phonon band structure of SiC single crystals.[4,5] SiC
polytypes are named according to the number n of double layers
in their unit cell followed by the lattice type (C, H, R) with cubic
3C–SiC being the most basic structure. For each polytype, the
length of the unit cell along the c-axis is n times larger than that of
the basic 3C–SiC type. Due to this increased unit cell, the Brillouin
zone is decreased in the  –L direction to 1/n coinciding with a
reduced wavevector (x = q/qB ) of the phonon mode in the basic
Brillouin zone (q = 0). For higher order polytypes, the dispersion
curves of the propagating phonons are folded backwards into the
basic zone creating additional phonon modes, usually referred to
as folded modes.[6,7]
Raman spectroscopy can also be used to measure the
distribution of dopants within polar semiconductors.[6] Depending
on the nitrogen concentration in SiC, width, spectral shape,
and peak position of the longitudinal optical phonon A1 (LO)

phonon change. These variations have been attributed to
plasmon–phonon coupling.[6,8] Nitrogen doping of SiC generates
free carriers in the semiconductor. Light can excite oscillations of
these free carriers (plasmons) that can couple to the longitudinal
optical phonons leading to a plasmon–phonon coupled LO mode
(LOPC). The frequency and line-shape of the LOPC peak can
be described analytically based on the dielectric function.[6,9] The
LOPC line allows one to measure carrier density and mobility.[10 – 13]
Its line-shift can be used to characterize ion-implanted SiC
with different annealing temperatures to deduce the free-carrier
density[13,14] and the spatial distribution of the dopants.[6]
Increasing temperature causes a distortion of the lattice and
thus, a change in population of the phonon bands that results
in relative line-shifts and line-broadening.[15,16] Due to the linear
expansion of the equilibrium position of the atoms, the bond
strength changes for moderate temperatures.[17] This modifies the
phonon wavenumbers and leads to a shift of the corresponding
Raman peaks. The anisotropy of thermal expansion of SiC shows
a non-linear behavior for high temperatures giving rise to varying
lattice parameters as well as unit cell vectors.[18,19]
The temperature-induced shift of the peak position in Raman
spectra can be used for local temperature measurements as it was

M. Bauer et al.

Figure 1. Raman spectra of 6H–SiC. (a) Spectrum measured with the incident beam parallel and (b) perpendicular to the c-axis. This figure is available in
colour online at www.interscience.wiley.com/journal/jrs.

demonstrated for a light-emitting SiC diode using the shift of the
E2 Folded Transversal Optical (FTO) Raman peak of 6H–SiC.[2] For
this peak, the temperature-dependent Raman peak center was
approximated by the following:

ω(T) = ω0 − C 1 +
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Here, kB T is the thermal energy. In hω0 , the anharmonic interaction
is neglected. C and D are free fitting parameters. For temperatures
less than 500 ◦ C, the third term in Eqn (1) is negligible which leads

www.interscience.wiley.com/journal/jrs

to a linear temperature dependence. At higher temperatures (up
to 1000 ◦ C), four anharmonic terms have to be considered in a
Hamiltonian model to describe the phonon correctly.[2]
In addition to temperature, mechanical stress can influence the
peak position due to lattice distortion. This effect was investigated
in both experiment and theory.[20] In silicon devices, for example,
a similar dependence of the peak center and peak width on
stress and temperature has been observed. In silicon, the incident
photons are scattered at the optical phonons near the center of
the Brillouin zone at a frequency of 15.5 THz corresponding to the
first-order Raman line at 521 cm−1 . The temperature dependence
of this Raman peak is well documented in literature.[15,21,22] A linear
relation with temperature has been reported for both peak position
and line-width.[23] This linearity can be used for temperature and
stress measurements in silicon microdevices.[1] However, due to
the high absorption coefficient of 8.24 × 103 per cm−1 in silicon
at 532 nm, the laser beam used for the temperature measurement

c 2009 John Wiley & Sons, Ltd.
Copyright 
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Figure 2. Raman spectra of undoped 4H–SiC. (a) Spectrum measured with the incident beam parallel to the c-axis and (b) perpendicular to the c-axis.
This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

J. Raman Spectrosc. 2009, 40, 1867–1874

line-width. Thus, temperature correction factors can be calculated
from an experiment with controlled temperature. Based on this
calibration, Raman data can be used for non-contact temperature
measurements. In the following, we report on measurements of
the temperature shift of Raman peaks for the polytypes 6H–SiC
(undoped) and 4H–SiC (doped and undoped). We used the fit
parameters of Eqn (1) to determine the thermal dependency of
the Raman shifts.

Materials and Methods
Pieces of polished SiC wafers with a size of about 1 × 1 cm2
and 1 mm thickness were analyzed. The samples were cut
from undoped 6H–SiC and 4H–SiC single crystals as well as
from a nitrogen-doped 4H–SiC wafer (doping concentration:
5 × 1018 cm−3 ).

c 2009 John Wiley & Sons, Ltd.
Copyright 
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causes changes in the Raman spectra by local heating, which have
to be taken into consideration.[1,24]
The spectral position and line-width of the longitudinal optical
phonons in SiC increase with pressure, whereas the transverse
optical (TO) phonons remain unchanged.[25] Temperature and
stress effects are relevant for the design and operation of
SiC microdevices, which are usually fabricated out of several
different materials, thus, introducing different thermal expansion
coefficients into the compound. As a consequence, mechanical
stress can occur within a semiconductor device on temperature
change. Depending on the direction of mechanical stress
(compressive or tensile), thermally and mechanically induced peak
shifts may compensate or intensify each other.[26] However, both
effects can be separated because they have disparate influences
on the phonons. Moderate mechanical stress only influences the
peak position, whereas temperature affects both peak position and

M. Bauer et al.

Figure 3. Raman spectra of nitrogen-doped 4H–SiC. (a) Spectrum measured with the incident beam parallel to the c-axis and (b) perpendicular to the
c-axis. In both, details illustrate weaker Raman peaks. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.
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The spectra were measured with a confocal Raman microscope
(alpha300 R; WITec GmbH, Ulm, Germany). This system employed
the 50 µm core of a multimode fiber as pinhole in backscattering
geometry. For excitation, a Nd : YAG SHG 532 nm laser with a
maximum power output of 22.5 mW was used together with
a 100× objective with a working distance of 0.26 mm and a
numerical aperture of 0.90. With this setup, the focal depth was
limited to 1 µm. Elastically scattered photons (Rayleigh scattering
and reflexion) were rejected by a sharp edge filter. Spectra
were acquired by a lens-based spectrometer with a CCD-camera
(1024 × 128 pixel cooled to −65 ◦ C). The spectral resolution of the
setup was 1.17 cm−1 per CCD-pixel for a 1800 mm−1 grating. Using
a Lorentzian to fit Raman peaks, a nominal sub-pixel resolution of
0.02 cm−1 could be achieved. The Raman scattering process for SiC

www.interscience.wiley.com/journal/jrs

was non-resonant due to the band gap of 3.3 eV for 4H–SiC and
3.0 eV for 6H–SiC with respect to the photon energy of 2.33 eV.
Temperature control was realized by Peltier elements for cooling
and heating (Conrad TEC1-1703, 3.9 W). The temperature sensor
(PTC element, accuracy: ±0.1 K) was located directly beneath the
sample. For the experiments, the SiC samples were first cooled to
the lowest achievable temperature (3 ◦ C) and then heated in steps
of 5 K (±1 K) up to 112 ◦ C.
A single spectrum with an integration time of 7 s was recorded
at each temperature step. The optical system was refocused for
each measurement to compensate for thermal expansion or drift
of the measurement system. To account for the anisotropy of
Raman scattering, all samples were oriented with the laser parallel
to the c- and a-axis (perpendicular to the c-axis) of the SiC crystal.
Peak center position and full width at half maximum (FWHM) of

c 2009 John Wiley & Sons, Ltd.
Copyright 
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Figure 4. Absolute temperature shifts ω = (ωc − ωc0 ) of the Raman lines. Raman peaks of 6H–SiC measured with the laser oriented (a) parallel and
(b) perpendicular to the c-axis. (c and d) Raman peaks of undoped 4H–SiC in parallel and perpendicular orientation and (e and f) nitrogen-doped 4H–SiC
in both orientations. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

prominent Raman lines were obtained from a Lorentzian curve fit
using Microcal origin.

Results and Discussion
Raman spectra of the polytypes

J. Raman Spectrosc. 2009, 40, 1867–1874

c 2009 John Wiley & Sons, Ltd.
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The laser power was changed stepwise from 0.1 mW to a maximum
power of 22.5 mW to quantify the local heating of the SiC samples
by the incident beam. For each temperature step, a single spectrum
was acquired by averaging over five accumulations, with 7 s
integration time each. All Raman peaks were fitted by a Lorentzian
curve. The change in peak center position due to laser heating
was on the same order of magnitude for all polytypes and peaks

(5.3 cm−1 /W for 6H–SiC and 6.1 cm−1 /W for 4H–SiC). Because – for
6H–SiC and 4H–SiC – the absorption coefficient (α = 1.59 per
cm at 532 nm) is very small and thus, the penetration depth[11]
(δ ∼ 3 mm) is much larger than the focal depth of 1 µm, only a
very small fraction of the laser energy is absorbed in the material.
For this reason, heating effects by the laser can be neglected
in confocal Raman microscopy of SiC. For comparison, a similar
measurement on silicon revealed a much larger peak shift of
30 cm−1 /W, which made compensation strategies necessary.[26]
Raman spectra for different crystal orientations are shown in
Figs 1–3. The spectra were measured at 10 ◦ C sample temperature.
Insets show details of selected peaks. Depending on the orientation between the crystal and the laser beam, the Raman peaks
showed splitting, changed in scattering intensity, or occurred

M. Bauer et al.

Table 1. Peak center positions of the Raman peaks measured in undoped 4H–SiC and 6H–SiC and nitrogen-doped 4H–SiCa
FTA, transversal (planar) acoustic
Polytype
4H undoped

4H doped

6H undoped

x = q/qb
0
2/4
4/4
0
2/4
4/4
0
2/6
4/6
6/6

|| (cm−1 )
–
199.1, 207.2
268.1
–
200.0, 208.1
269.5
–
148.5, 154.2
244.8
270.3

FLA, longitudinal (axial) acoustic

⊥ (cm−1 )
E2
E2
E2
E1
E2
E2
E1

–
206.6
268.1
–
196.8, 204.6
266.4
–
153.9
239.4, 244.3
270.2

|| (cm−1 )
–
–
612.5
–
–
613.9
–
–
508.5, 517.6
–

E2
E1
E2
E2
E2
E1
E2

FTO, transversal (planar) optic
Polytype
4H undoped

4H doped

6H undoped

a

|| (cm−1 )

x = q/qb
0
2/4
4/4
0
2/4
4/4
0
2/6
4/6
6/6

799.4
779.4
–
801.2
780.9
–
800.7
792.7
–
771.0

E1
E2
E1
E2
E2

800.3
785.4
–
798.9
777.5, 783.1
–
801.4
792.2
–
770.9

A1

A1

A1

–
–
612.2
–
–
610.6
–
481.8
509.2, 516.8
–

A1

A1
B1
A1

FLO, longitudinal (axial) optic

⊥ (cm−1 )
E2
E2

⊥ (cm−1 )

|| (cm−1 )
E1
E2
E1
E2
E1
E2
E2

968.3
–
–
999.2
–
–
970.4
–
893.2
–

⊥ (cm−1 )
A1

A1

A1
A1

974.6
–
840.9
–
–
839.4
976.4
–
–
–

A1
A1

A1
A1

The assignment of the Raman peaks with phonon modes and symmetries follows Ref. [7] .

exclusively in one orientation. Due to the finite angle between
the crystal axis and the direction of the incident photons, Raman
scattering also occurred at phonons corresponding to other crystal
orientations. This explains small additional peaks in the spectra.
The assignment and origin of the Raman lines are given in Table 1.
Undoped 6H–SiC
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The Raman spectrum of 6H–SiC with the laser beam oriented in
parallel alignment with the c-axis is shown in Fig. 1(a). Figure 1(b)
shows the Raman spectrum of the same sample, measured with
the incident laser perpendicular to the c-axis. Both measurements
were acquired at about 10 ◦ C. The major peaks were nearly at the
same spectral position for both orientations. The single peak at
154 cm−1 (Folded Transversal Acoustic (FTA) mode, E2 symmetry)
measured for parallel orientation, however, was split into two
peaks in the spectrum recorded in perpendicular orientation. In
parallel orientation, the peaks at 240 cm−1 (split FTA mode, E1
symmetry) were not as intense as in the perpendicular orientation.
For 509 cm−1 (Folded Longitudinal Acoustic (FLA), A1 symmetry)
and 517 cm−1 (FLA, A1 symmetry) in the 6H–SiC spectra – present
in both orientations – an origin from Si-Si nearest neighbors could
be assumed.[6] This effect will be discussed later. Note that the
Si–Si Raman band appears at 521 cm−1 for unstressed silicon
crystals. For the folded longitudinal acoustic phonon peaks in
6H–SiC, the origin was determined in the acoustic branch of
the second-order Raman scattering as supported by theoretical
calculations reported in literature.[6,27] The TO peak (801 cm−1 )
was more intense in the perpendicular orientation, whereas the
LO peak (970 cm−1 ) was stronger in the parallel alignment.

www.interscience.wiley.com/journal/jrs

Undoped 4H–SiC
Raman spectra were obtained for undoped 4H–SiC with the
incident laser oriented parallel (Fig. 2(a)) and perpendicular
(Fig. 2(b)) to the c-axis. Both spectra were recorded at about 10 ◦ C
sample temperature. The peaks at 200 cm−1 (split FTA, E2 ) were
more intense in the parallel than in the perpendicular orientation.
The peak at 268 cm−1 (FTA, E2 ), however, was more intense in
perpendicular orientation. The FLA peak (610 cm−1 ), FTO peak
(780 cm−1 ) and the LO peak (970 cm−1 ) showed no dependency
on orientation.

Nitrogen-doped 4H–SiC
The Raman spectrum in Fig. 3(a) was obtained for the nitrogendoped 4H–SiC sample (approx. 5 × 1018 cm−3 ) with the incident
laser oriented parallel to the c-axis. Figure 3(b) illustrates the
results for the same sample in perpendicular orientation (both
measurements at about 10 ◦ C). Here, the FTA peak at 200 cm−1
was similar in both spectra. The peak at 269 cm−1 (FTA, E1 ) was
stronger in perpendicular orientation. The folded TO peak (FTO, E2 )
at 781 cm−1 was split into a doublet with 777 cm−1 and 783 cm−1
in perpendicular orientation. The undoped 4H–SiC sample did not
show any splitting. In the perpendicular geometry, an additional
peak appeared at 839 cm−1 (FLO, A1 ) while the LOPC line at
999 cm−1 vanished. The FLO peak at 841 cm−1 – only present in
perpendicular geometry – was not affected by doping. The FLO
peak showed the same appearance for the doped and undoped
SiC samples.

c 2009 John Wiley & Sons, Ltd.
Copyright 

J. Raman Spectrosc. 2009, 40, 1867–1874

Temperature-depending Raman line-shift of silicon carbide

Table 2. Slopes of the Raman peaks shift in the temperature range 3–112 ◦ C for SiCa
Undoped 4H parallel

Doped 4H parallel

Undoped 6H parallel

Peak

Slope (cm−1 /K)

Peak

Slope (cm−1 /K)

Peak

Slope (cm−1 /K)

207.2
268.1
612.5
797.4
799.4
968.3

−0.0034
−0.0018
−0.0086
−0.0164
−0.0164
−0.0182

208.1
269.5
614.1
781.1
801.2
999.2

−0.0023
−0.0032
−0.0107
−0.0166
−0.0155
+0.0148

154.2
270.3
508.6
517.7
771.2
792.8
970.7

−0.0012
−0.0057
−0.0057
−0.0048
−0.0151
−0.0160
−0.0207

Undoped 4H perpendicular

Doped 4H perpendicular

Undoped 6H perpendicular

Peak

Slope (cm−1 /K)

Peak

Slope (cm−1 /K)

Peak

Slope (cm−1 /K)

268.1
612.2
785.4
800.3
840.9
974.6

−7.45E-4
−0.0056
−0.0157
−0.0144
−0.0131
−0.0157

204.7
266.6
610.6
777.7
798.9
798.9
839.3

−0.0038
−0.0070
−0.0111
−0.0144
−0.0146
−0.0164
−0.0136

153.9
244.3
270.3
509.3
516.8
771.2
792.5
801.6
976.7

−0.0030
−0.0011
−0.0044
−0.0058
−0.0056
−0.0152
−0.0174
−0.0158
−0.0120

a The slopes are given for peaks measured in a parallel and perpendicular orientation of the incident laser to the c-axis. The numerical values can be
used to calibrate spectroscopic temperature measurements.

Temperature shift
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Figure 5. Slopes of the temperature shift for all peaks. This figure is
available in colour online at www.interscience.wiley.com/journal/jrs.

temperatures for differently doped samples revealed that with
increasing free carrier concentration, the LOPC peak position
shifts to higher wavenumbers.[6,14] In our measurements, we
detected that the peak center of the LOPC mode in doped 4H–SiC
shifted linearly to higher values with increasing temperature
(ω = 1.6 cm−1 for T = 110 K). The asymmetry of the peak
shape did not vary significantly with temperature. For p- and ntype 4H–SiC, an increase of the free electron concentration for
increasing temperature has been reported.[14,16] This suggests
that in our measurements, the increasing temperature can
lead to a higher concentration of free carriers. Thus, the
increase of the concentration shifts the LOPC mode to higher

c 2009 John Wiley & Sons, Ltd.
Copyright 
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Using Eqn (1), the shift of a Raman peak center can be reproduced.
For each peak in the spectra, the fitting constants C and D have
to be calculated. C and D increase with higher wavenumbers of
the Raman peaks. Parameter D can be neglected for temperatures
below 500 ◦ C, where its contribution to the temperature shift
is negligible.[2] Thus, by expanding C to a linear function of ω0
within this temperature range, the equation can be used for all
Raman peaks. The equation describes the characteristics of the
temperature shift of all peaks of the spectra very well.
Figure 4 shows the absolute shift ω = ω − ω0 of the peak
centers induced by temperature for all samples and orientations.
The peak centers showed a strictly linear dependence on
temperature. From the Raman spectra recorded for increasing
sample temperature, we determined a shift of all phonon peaks to
smaller values. An exception to this dependence is the A1 (LOPC)
line in the nitrogen-doped 4H–SiC sample, which was shifted
to higher wavenumbers. The shift of the Raman lines depended
linearly on the actual peak center position. Thus, a linear fit was
performed on these data and the resulting slopes are shown
in Table 2. For comparison, the slope of the linear temperature
shift of the first-order Raman peak in silicon (−0.025 cm−1 /K at
521 cm−1 ) is even stronger than the maximum slope measured for
SiC (−0.021 cm−1 /K at 970 cm−1 ).
It is striking that for the 6H–SiC sample, the slope values of the
509 and 517 cm−1 peaks are also located on the same straight
line as all other coefficients for SiC samples (Fig. 5). Therefore, an
origin from Si–Si bonds, appearing at 521 cm−1 for silicon, can be
excluded. In the case of Si–Si bonds, the slope values should be
far off this straight line (−0.025 cm−1 /K at 521 cm−1 ).
The spectral position and line-shape of the A1 (LOPC) mode are
known to be determined by the concentration and mobility of free
carriers in doped SiC.[6,11 – 13,28] Raman measurements at constant

M. Bauer et al.
wavenumbers, overcompensating the temperature-induced shift
to lower wavenumbers.
Focusing on the position of the Raman peak center (ω0 ) within
the spectra and the corresponding slope of the temperature shift,
the slope is increasing with higher peak center position. This curve
shows a nearly linear behavior as well (illustrated in Fig. 5). The
energy transfer during the inelastic scattering increases. From
our data, we derive the coefficient for the temperature-induced
line-shift: C(ω0 ) = −2.188 × 10−5 ω0 + 0.002 cm−1 .

Conclusion
The peak positions of the Raman lines in SiC change with varying
temperature. We have investigated their temperature dependence
in the range from 3 to 112 ◦ C. We observed a linear relation
between line-shift and temperature. The slope of the temperature
shift increases with increased energy transfer due to inelastic
scattering showing a linear dependency with temperature in the
temperature range of about T = 110 K. Although the peak center
position is typically shifted to lower wavenumbers with increasing
temperature, the nitrogen-doped plasmon-coupled longitudinal
optical phonon mode (LOPC) showed a contrary behavior, moving
to higher values.
For accurate stress and temperature measurements in SiC
devices, the linearity of the temperature shift within the typical
operation temperatures simplifies spectroscopic temperature
measurements. We found that, in contrast to silicon, the effect of
local heating by the laser at 532 nm wavelength can be neglected
in confocal Raman spectroscopy due to the small absorption
coefficient of SiC. Our results provide calibration data for spectral
temperature measurements in SiC that simplify the spectroscopic
characterization of electrical properties, mechanical stress and
local temperatures.
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,C12M12@5592OPQRSRTUVWXSYSPWSPUWZ[\]^S_Ẁ[T^\Rab^a[cWaQWdSR\eWfS\TR]S_b2 578252 2
8%892&2!2 62*252 25!9785 2"7952= 52@ 5% 212
0''472312!"=27*787727*2,29912,'0&(6,12
,?12:12D7789 212D72127821258212@8**& 782128872!12 78 212+1285E52
!12"g8782 12D12"h6782 2:12; 5782$4%2789272*27 82-95252!8+2F59782478$252
ijOOWOP\TRPS\]aPS_ẀcY[ab]kYWaPWlSbWm_anWSPUWoeTY]^S_WpSbTRbWqWr]seWtanTRWpSbTRbWuvvw2,66?722

x
Kyxz{|}~|~{x
728756552 2886552*29525889725259572627852829 %72*272
9529972 295287227825885520&C1282725*8772*2=325%2
2952997252*2%872877# 72*8258852995528225%89 2
978%2 2975572?2'12)2985882779288&#5725=3727829 %725892
*885725 +,7252*782875#72827F988725972,12729 %729978222
572*5922727F7858288*725272872*272679298*57127299552 285%52
*2525729 7852522*8287812!267782878 5%2*2729 %729877252
77722%8572727#79972*25998#72=3295252587725*759712
885%2722*7278299552*2779288&#5725=372 2#889288&#572
53=3728552#725727F9 7127288872972*2782978525252952
8 %72*8922725%89278278727295299728729785%28782
727*572 27285%255222778%2755720620012)28272
9785%25525297529955297958 2958&9 78529 55%2
978% 2825*72577287272727*57242C20,&0312)2772 5%892
99552729529828525%782778%275572529827*5727#589712
8279 5%299552599297 52789 2 27952872272952
 ¡¢££¤¢££¥¦§¨©¢£

ª«¬®¯¯°±²³

´´µ¶·®¯¯°¸¹º»¼´½¾¿º¼´¯¸±ÀÁÂ«²ÃÄÀÅÃ²²Æ®ÇÈ

01234516789 5 843 62858693484 2865382503882389428137823801523138288
2516803281028288882382216828952582384156528 7865325038
53412584823825 80 285638341381218825801234516818258560 858
1053285258
334168334503281383381445382828143 82582583328443 858238
1451258861011 523825168258560 81825!812584861348165125818
23548 141234525 81438 00145"3858#$%78$&'8 38504213886528 12234588
0 6256134812585856523858#$('8 38341238162341258)355125*88 38
565181 38818+5034861348),4-78$./80*891853251238283421823833288
65286337863828180123451684138#$0'8 3853251258810138243 6848
12865281823831548853632458258560 8 98333388 241237825!3 8
1861348012345168#$.3$'84528 122345880 625613481258581683485042128#$('8
 38 538865 5841381328238516528812380328,832234865 58
413854313823812 61348)$./8081864-783080*810138243 68871-38#$37833'8
 5801350864538)8-3*8560 835238871-38$#3/'883632431083141258
4538183485812 6134810138243 688.89:0 8) 38308086134*811238
71-38265825 8 9381013882383233416814288238613484312489 38
33828334835253880438218%809:0 8823824105225814318,85056148
101388238584363253805444789334783348183384334238,834112588
 38565181871-3895286385823841384083828809:0 891843423858#3'8 38
30516832156882381015843 843015863148823866958938 982128238
162341258871-38528717;/86181801<484638582381013803 1508
=>?@ABCDEAFG?AHI?JCBKLIG?
83234053823865325038818265805444789381383440380141286134
544151258232848534328258 2412381825856081258 381063893438
3382812865284081891234 6381486453835034861348),4-78$./807828
3348&38327873432788 5 78M3401*895281865 212386389348952 789 5 8
18338215643828438 380150 086134863833488.8098918431 389528238
3486505288238 1458621388$%8289528180150168 56386384353388
38!N"818638412588128$388)-ON8*8O528183108456388$8P8/%800 7818
33483528804382183809:03868381 5338,668031 43032893438144538
285818334 21565"38038128$8!N"85825 8341253789 34382385862138
9184361238281822863833488308098)0809:0 *8 386383348918
031 438323416688189348032348)Q88$%%7873432781,*8,824310885623438
613481805505"38238352588 28212891833412384083632438141583828
23858621385 143882384312485234168538
 382658232825 8)51032348/0$80078%800825!3 *8934386138528238
0544480284831 8334503281831638115282381203438818; 458 3825168
02891835382816698482381 3 828238 1063848543282303412438
031 4303288238054448128521388$80078/8007818&8008408238613483108 38
334125883841516818"3858428823825891805505"3886 58238
32341682516812895285 452852438,668032893438013840821563 8
233687210512589184332388143668165803281825 858186318
3540328 385363245843632581258)R.088482385843632538054448183%88
48238265805444*893438823843124S8523416853895282128282386458
6134818;383484538166823865 3871-38 241238 382516812588238
241238934381451238853432801124348T 3828238145328812584 3478
2381258534385861348358184 258
2145 8212323142825 8934382323825683%80566586134863893438431 3848
10138 4438818383288334503278238031 4303289343843312389528
5043825 789 5 8934384 389528504380112458141032348482585608
UVWXYVZ[\[]VZ^WW[_`a bcdcefcg[Z[hij[kWWlm[jcfencg[o[pqj[kWWlm[iddcqrcg[VW[pqj[kWWlm[qstuenvcg[wW[pqj[kWWl

xyz{|}}~{

{{|}}~{{{{{{}{{y{{{|

012345653789 190145789709 4692354579141953491194612541961461097659
0 193 10961919461289619363219 495742161093265 970961961469 49
37657109596119 4973945793961 6537936154196190 19 495714656109
1941099373 9  795343219 29918989 1 7!939  79
141176491944619410994670 09"#953432193$%16519589&9'9(89
3)5790546719*+989&5)3789,-44103891 7!93905 6537955610934579709
3 16579619466110956991.17903$109&0/0 91*97!9 419 49410939
125665379194661109569 497 410956991749$410942163161891.52210956979
"39571449 6579
571905421451967 94216343295,6!895761 6109579 96 745445379116379
53432195849589:587"89:5;<!9 494109639 615=1911176493796329709
$1396190 109539419639 5961915 930556537939619$)9 6159
195,691411764911942236109$965173756941370 95379 4494216316 9
3>7989?9;&;>9;>98917!9 7454453795163798534329589@8*89
A5524!9 494109639 615=1961946619394$4190 1091537499341095379
$19>B89&C5453789D599!96175.19 494109395894219212 653797094$419
,93191374665379
EFGHIJKLMJGNOPGPQJRKJJQSOG
TUVWXYZY[\W]^_ZYà^bW
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The exterior sides of calcium fluoride 共CaF2兲 outcoupling mirrors are damaged by ArF laser light irradiation
with high pulse-energy densities 共80 mJ/ cm2兲. The damage is generated by a partial alteration of the CaF2
substrate to calcite. The CaF2 decomposition is driven by photochemical processes due to the UV light and
the presence of water vapor and is supported by elevated temperatures within the laser beam transmitting
area. Small filaments act as starting points for the decomposition process, where kerogenous carbon and
calcite can occur. © 2009 Optical Society of America
OCIS codes: 140.3330, 230.4040, 140.2180, 260.7200.

Intense ultraviolet (UV) laser light used in various
areas such as lithography, metrology, medicine, and
high-power industrial applications can degrade optical components [1–4]. In particular, high-flux
deep-UV (DUV) lasers generate damage structures
on calcium fluoride 共CaF2兲 windows already after
rather short exposure times [3]. Within the surface
area of the transmitted laser beam a white film forms
on the exterior surface [5]. The high-energy photon
flux induces photochemical reactions at imperfections or of contaminants from the environment with
the window material [6]. Controlled studies on the influence of contaminants and the presence of water
show that uncoated CaF2 is attacked by water within
several hours [2,7]. Thus, a precise knowledge of the
early stages of material alteration is required to develop optics and protective coatings with increased
lifetime.
Recent investigations showed that a partial decomposition of the CaF2 bulk material into crystalline
calcium carbonate (CaCO3, calcite) is responsible for
the damage [6,8]. The decomposition is mainly driven
by photochemical processes in the presence of water
vapor. The main parameters are high-UV photon
energy (6.42 eV, 193 nm), short pulse duration
共 ⬃ 12 ns兲, high pulse power density, and elevated
temperatures. The temperature of the mirror rises
shortly before the material alteration becomes visually evident. An increase from about 70° C to more
than 150° C was measured at 1 mm distance from
the irradiated surface area. Chemical surface analysis revealed oxygen-rich phases within the damage
area including calcium oxide (CaO), which is very
likely a precursor for the alteration to CaCO3. Both
CaO and CaCO3 adsorb in the UV region and thus
may expedite the damage process. In addition, a variety of organic materials could be observed such as
nitrogen- and oxygen-bearing hydrocarbons and triglyceride. The first stages of the degradation process,
however, are not yet understood.
0146-9592/09/243815-3/$15.00

In the following we show that the damage process
is initiated by small dendritic filaments growing on
the exterior surface within the surface area of the
transmitted laser beam. To investigate this process,
CaF2 outcoupling test mirrors (diameter 38.1 mm,
thickness 5 mm, no protective coating) were loaded
into the mirror mount and sealed with an O-ring. The
deposition of dust produced by electrode abrasion
during discharge was minimized with a stream of filtered laser gas on the resonator’s internal side. To
prevent the generation of oxygen radicals and ozone
in front of the optics, the external optical path was
flushed with high-purity nitrogen. All components
were made from stainless steel. Contaminations were
avoided by carefully handling the components in a
clean environment. The samples were exposed to UV
light from an argon fluoride excimer laser [ArF,
193 nm, 6.42 eV, 12 ns pulse duration (FWHM), Coherent, Munich, Germany]. All measurements were
carried out in an energy-stabilized mode at 1 kHz in
continuous operation at an output pulse energy of
28 mJ (80 mJ/ cm2, ⬎6 MW/ cm2 pulse peak power).
The laser emission was stopped after approximately 100 million laser pulses, and the outcoupling
mirror was examined. A visual inspection revealed
damage structures smaller than those found after an
exposure to more than 250 million laser pulses [8].
Small individual filament structures as well as filaments that were connected to damage structures occurred after 100 million pulses. To clarify the damage
mechanism we inspected these structures in more detail.
For compositional mapping the surface was imaged
with a confocal Raman microscope, alpha300 R
(WITec, Ulm, Germany). The system used a standard
100⫻ microscope objective (Air, NA= 0.90, working
distance 0.26 mm, Nikon, Düsseldorf, Germany) for
diffraction-limited focusing and collecting the scattered light from a frequency-doubled Nd:YAG
(532 nm, 22 mW) laser. The inelastically scattered
© 2009 Optical Society of America
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light was analyzed with a lens-based spectrometer
equipped with an 1800 lines/ mm grating. At each image point, a full spectrum was recorded with an integration time of 1 s if not stated otherwise. Compositional maps were calculated by integrating the
counts over a defined spectral range.
An optical micrograph of a more advanced damage
with protruding filaments is shown in Fig. 1. Two of
the filaments were crossing each other, with a small
particle at the intersection point. Confocal Raman
maps were acquired in this region of interest (not
shown). The white arrows mark the positions where
typical spectra with a signature of CaF2, calcite, or
kerogenous carbon were selected for presentation.
Figure 2 shows spectra of (a) CaF2, calcite, and kerogenous carbon; (b) CaF2 and calcite only; and (c)
CaF2 and organics. The spectra were obtained each
with 10 s integration time. In more detail, the spectrum (a) consists of the Raman bands of CaF2 (lattice
mode at 330 cm−1) and calcite (lattice mode at
155 cm−1 and 284 cm−1, in-plane bend at 713 cm−1,
and CO3 symmetric stretch mode at 1089 cm−1). The
weaker CO3 asymmetric stretch mode at 1435 cm−1
is masked. In addition to these assigned peaks, Raman peaks at around 1350 cm−1, 1600 cm−1,
2700 cm−1, and 3000 cm−1 were present. These peaks
can be attributed to the kerogenous carbon bands D1,
G, S1, and S2. Kerogenous carbon is often found in
organic remains in geological sediments [9,10]. The
local temperature during kerogen formation can be
deduced from the peak shape and height of the D and
G (R2 ratio) [9]. Here, the analysis indicates a temperature of about 300° C to 350° C within the beam
transmitting area, which is compatible with the measured temperature increase at 1 mm distance. In the
spectrum taken on the particle [Fig. 1(b)], the D1 and
S1 bands of kerogen are absent and the individual
peaks are weaker than in (a). The particle material
can be identified as calcite. Spectrum (c) is dominated
by fluorescence from organic matter, schematically
indicated by the lower curve (red online). Two additional peaks were present at 330 cm−1 (CaF2 lattice

Fig. 1. Optical micrograph of an advanced damage with
filaments and calcite particles on top. The arrows mark the
position of the spectra in Fig. 2.

Fig. 2. (Color online) Raman spectra on the positions
marked in Fig. 1. They were obtained with an integration
time of 10 s per spectrum. (a) CaCO3 (calcite), CaF2, and
kerogenous carbon Raman peaks (D1, G, S1, S2 band). (b)
Spectrum obtained on the calcite particle located on the
filament. (c) Spectrum dominated by fluorescence. Fluorescence of organic matter is indicated by the lower curve (red
online).

mode) and 147 cm−1. The absence of an intense CO3
symmetric stretch suggests that the peak at 147 cm−1
cannot be assigned to the CO3 lattice mode
共155 cm−1兲. This fact in turn implies that calcite was
absent at this location.
The optical micrograph in Fig. 3(a) shows another
typical filament with small particles within the structure. Figure 3(b) was generated by integration of the
most intense calcite peak (CO3 symmetric stretch) in
the range from 1040 cm−1 to 1110 cm−1. The image is
an overlay of the CO3 distribution in dark gray (II,
red online) with the distribution of organics in light
gray (I, green online). It is obvious that the filaments
consisted of organic material with some calcite constituents. Figure 3(c) shows an image calculated by a
sum filter for the range from 1280 cm−1 to 1420 cm−1
corresponding to the D1 band of kerogenous carbon
(yellow online). In the map, the kerogenous material
is located near the position where the signal of the
calcite CO3 symmetric stretch peak prevails. The
growth orientation follows the filament structure as
evident in the optical image. The vertical slice in Fig.
3(d) was obtained at the positions marked with the
white line in Fig. 3(a). The signal from the CaF2 sub-
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ment overgrown by the damage in Fig. 1 suggest a
damage growth that started on the filaments and
then followed the structure.
In summary, our data indicate that the decomposition of CaF2 substrate starts at filamentlike structures on the exterior surface that grow to a distinctive damage. Raman scattering at kerogenous
carbon, likely formed by altered organic contaminations, indicates a maximum local mirror temperature
of more than 300° C within the laser beam transmitting surface area during irradiation. The alteration of
CaF2 seems to progress as a dendritic growth sprouting on the filaments and propagating along them.
Calcite particles emerge at the filaments, which act
as starting points for the subsequent degradation
process. This process is supported by an increased
light absorption and increased scattering caused by
the roughened surface.
We gratefully acknowledge financial support by the
German Federal Ministry of Education and Research
(BMBF) for founding the cooperative project FLUX
(FKZ: 13N8937).
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Abstract: Titanomagnetites are important carriers of magnetic remanence in nature and can
track redox conditions in magma. The titanium concentration in magnetite bears heavily on its
magnetic properties, such as saturation moment and Curie temperature. On land and in the deep
ocean, however, these minerals are prone to alteration which can mask the primary magnetic
signals they once recorded. Thus, it is essential to characterize the cation composition and
oxidation state of titanomagnetites that record the paleomagnetic field. Raman spectroscopy
provides a unique tool for both purposes. Nonetheless, the heat generated by the Raman laser
can itself induce oxidation. We show that the laser power threshold to produce oxidation
decreases with increasing titanium content. With confocal Raman spectroscopy and magnetic
force microscopy on natural and synthetic titanomagnetites, non-destructive Raman imaging
protocol was established. We applied this protocol to map out the composition and
magnetization state within a single ex-solved titanomagnetite grain in a deep sea basalt.
Keywords: titanomagnetite, alterations, local heating, MFM, confocal Raman

1. Introduction
The composition of magnetic minerals provides information on the conditions of rock genesis
and alteration.[1] Minerals from the titanomagnetite solid solution series (Fe3-xTixO4, 0 < x < 1)
are of particular relevance because they carry the remanent magnetization of oceanic basalts.[2, 3]
The composition of titanomagnetite is close to x = 0.6 with a Curie temperature of 140 °C when
formed at a spreading ridge.[1] Their equilibrium oxygen fugacity is on the order of 10-7 atm,
implying a strong tendency to oxidize under sea-floor conditions.[4] To characterize the
composition and oxidation state of titanomagnetite Raman imaging techniques are valuable
tools.[5] Raman spectroscopic characterization and compositional analysis of rock-forming
minerals will also be an important tool in future planetary missions.[6, 7] Iron oxides, however,
are poor Raman scatterers that strongly absorb in the range of the wavelengths of typical
excitation lasers and high laser intensities are required to obtain an adequate signal.[1, 8] Thus,
the heat generated by the strongly focussed Raman laser may lead to alteration. To obtain
reliable Raman data on titanomagnetite, the measurement conditions need to be optimized to
reduce the measurement time without altering of the specimen.
Stoichiometric titanomagnetites (Fe3-xTixO4) can be synthesized in a wide range of
compositions.[9] Magnetite, i.e. x = 0, also referred to as TM00, is a special case of ferrite with
the general formula Fe2+Fe23+O4 corresponding to FeO⋅Fe2O3 (simplified Fe3O4) with an inverse
spinel structure.[10] TM60 (x = 0.6) represents an idealized natural titanomagnetite with the
composition Fe2.4Ti0.6O4. The long range order in synthetic TM60 single crystals is a function of
nonstoichiometry with higher cation vacancy concentrations producing a more random cation
distribution.[11] The magnetic stability of synthetic titanomagnetite can be increased by oxidation
and subsequent annealing in vacuum.[12] Natural titanomagnetite often intergrows with ilmenite
1

(FeTiO3). Atoms in the titanomagnetite lattice can also be replaced by other atoms Such as
magnesium, aluminium, nickel, zinc, chromium, and vanadium.[1] Confocal Raman microscopy
has the potential to provide compositional information with high spatial resolution and to reveal
the key properties of titanomagnetite grains in rocks. To avoid laser induced alteration
processes, we determined the laser power threshold for the oxidation of minerals from the
titanomagnetite solid solution series. With the optimized settings, we have characterised single
titanomagnetite grains in deep see basalts.

2. Materials and methods
To determine the laser power threshold we investigated synthetic magnetite (TM00) and
titanomagnetites produced using the floating zone technique.[11] The titanium concentration of
the synthetic samples ranged from 0 % to 86 %. Their titanium concentration was verified by
thermomagnetic analysis.[2] To demonstrate compositional mapping we studied titanomagnetites
in late Cretaceous sea floor basalt, drilled in the middle South Atlantic Ocean during the deep
sea drilling project 73 (DSDP/ODP Leg 73, hole 524, core 33) in a water depth of 4796 m,
330 m below the sea floor.
Raman spectra were measured with a confocal Raman microscope (alpha300 R; WITec GmbH,
Ulm, Germany). For excitation, we used the second-harmonic-generation (SHG, 532 nm,
Pmax = 22.5 mW) of a Nd:YAG laser, focused with a 100× objective (Nikon NA=0.90, 0.26 mm
working distance). The objective was also applied for collection in backscattering geometry.
The light was guided with a multimode optical fibre to the spectrometer, using the 50 µm
diameter fibre core as a pinhole for the confocal setup. The diffraction-limited focus resulted in
a lateral resolution of about 400 nm, and a focal depth of about 1 µm. The power distribution
within the laser beam profile was Gaussian due to the TEM00 laser mode. Therefore, the energy
input in the centre region was higher than at the rim of the laser spot.
A sharp edge filter rejected elastically scattered photons (Rayleigh scattering). Raman spectra
were acquired with a lens-based spectrometer with the CCD-camera (1024 × 128 pixel, cooled
to -65 °C) on each point with a spectral resolution of 3.51 cm-1 per CCD-pixel for the 600 mm-1
grating. The compositional maps were generated either by integrating the counts in the range of
wavenumbers (sum filter) of characteristic Raman peaks or by using peak centre and peak width
obtained by a Lorentzian fit.
The magnetic force microscope (MFM) was equipped with NanoScope IV controller (Veeco
Metrology Inc., Santa Barbara, CA) using force sensors with a thin magnetic coating on the tip
side of the cantilever (Multi75M-G, BudgetSensors, Sofia, Bulgaria). The sensors were
magnetised shortly before use by placing them on one pole of a strong permanent magnet. For
magnetic imaging, an atomic force microscope (AFM) was operated in tapping mode. The phase
shift was recorded in lift mode after each topographic line scan (interleave mode).
An electron microprobe (cameca SX100) was used to measure the elemental composition of a
similar titanomagnetite grain in the same thin section located a few millimetres away from the
grain analysed by Raman spectroscopy. Operating parameters were 15 kV accelerating voltage,
20 nA beam current with a beam diameter of 1 µm. Counting rates of 30 s where used for Al,
Ni, Ca, 100 s for Ti and 20 s for all other elements. Synthetic minerals and oxides were taken
into account for calibration and a PAP (Pouchou and Pichoir) correction was applied to the raw
data.[13]

3. Results
3.1 Laser induced oxidation
Reference spectra of the different titanomagnetites were obtained at a laser power of 1.5 mW.
The Raman spectra were normalised to the A1g peak and are shown in fig. 1. The Raman spectra
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did not depend on the orientation of the samples TM00 to TM86 (data not shown). Table 1
summarizes the Raman peak centres of the synthetic specimen as obtained by a Lorentzian fit.
Confocal Raman microscopy on titanomagnetite is affected by laser absorption that leads to
local heating. One can quantify the onset of oxidation with a series of Raman spectra measured
with different laser intensities (fig. 2). The titanium content of the samples varied from x = 0
(TM00, magnetite, Fe3O4) to 86 % titanium (TM86, Fe2.14Ti0.86O4). Each spectrum was
integrated for 30 s. A progressive oxidation of titanomagnetite occurred as a function of the
laser power. In an intermediate laser power range, the measured Raman spectra show features of
both titanomagnetite and hematite. Both signatures were observed in the Raman spectra of the
geologic titanomagnetite measured at a laser power of 14.9 mW (~1.1 MW/cm2).
The threshold for initiating oxidation as a function of the titanium concentration was explored as
illustrated in Fig. 3. A series of Raman spectra was taken by stepwise increasing laser power
(see fig. 2). All spectra were recorded with a 30 s integration time. To detect spectral changes,
the spectra were normalised to the A1g peak, and then the spectrum taken at the previous power
step was subtracted. Variations were considered significant if the differences exceeded 10% of
the intensity in the range from 100 cm-1 to 3600 cm-1 (Fig. 3 inset).
Another important parameter is the irradiation time. To investigate the time dependence of the
oxidation, a series of Raman spectra were recorded at the same position for the synthetic TM60
sample. The laser power was set at 2.2 mW (0.183 MW/cm2), which is slightly below the
threshold for oxidation at a 30 s irradiation time. Spectra were recorded continuously with an
integration time of 30 s and normalised to the Rayleigh peak. After two minutes of irradiation,
the spectrum began to show signs of alteration (fig. 4). Peaks at about 220 cm-1 and 290 cm-1
developed, which correspond to the spectral signature of hematite (A1g and Eg respectively).
AFM and MFM measurements were taken after the laser irradiation to inspect whether the
titanomagnetite surface was altered. Figure 5 shows the topography and the magnetic image of a
locally oxidised surface of the natural titanomagnetite. The surface was irradiated for 5 s with
laser powers of 5, 10, 15, and 20 mW respectively. Circular oxidation-craters with diameters of
a few micrometers were generated (fig. 5(c)). The oxidation leads to a progressively deformed
surface (fig. 5(a)). The same circular structure prevails in the MFM phase image (fig. 5(b)).
Figures 5(d) and 5(e) show an oxidation crater directly after a laser irradiation with 20 mW.
After 26 days, further changes of the deformed surface could be observed (fig. 5(f) and 5(g)).
The small depression that was formed directly after laser irradiation in the centre (fig. 5(d)),
likely underwent a process akin to an isostatic rebound 26 days later (fig. 5(f)).

3.2 Compositional mapping
Composition and structural characteristics of a titanomagnetite grain from an ocean floor basalt
were determined using the Raman imaging procedure explained above. The optical micrograph
revealed a striped pattern with varying reflectivity (Fig. 6(a)). The blue rectangle marks an area
of 7×5 µm2 (60 × 80 points) that was analysed with Raman spectroscopy using 10 s integration
time at a laser power of 2 mW. The compositional map fig. 6(b) was calculated with a sum filter
that integrates the counts from 210 cm-1 to 260 cm-1. Sum filtering from 500 cm-1 to 580 cm-1
(fig. 6(d)) results in an inverted contrast. Two distinct materials were found as seen in the
average spectra for the individual stripes (fig. 6(c)). The filter ranges for sum filtering are
indicated by the light grey regions within the spectrum. The region used for the Lorentz fit of
the A1g peak is marked in dark grey. This peak was also taken into account for a more detailed
analysis regarding peak position and peak width.
Lamellae with a width of a few micrometers in parallel two large cracks were observed in the
optical micrograph (fig. 6(a)). In the following, we will refer to the material as “bright lamella”
(red curve) and “dark lamella” (black curve) as they appearing in fig. 6(b). Average spectra of
both regions were compared with reference spectra obtained on the synthetic samples (fig. 7).
The inset outlines the A1g Raman peak at about 660 cm-1, which is characteristic for
titanomagnetite. All spectra show the characteristic A1g peak; other peaks change in position
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(T2g(1), from ~190 cm-1 to ~150 cm-1), appear (T2g(2), 480 cm-1) or vanish (Eg, 310 cm-1; T2g(3),
540 cm-1 and the peak at 850 cm-1) with increasing titanium content.
Figure 8 correlates the chemical information of the Raman spectra with information determined
by AFM and MFM measurements on the geologic sample. The topography image in fig. 8(a)
also reveals a striped pattern, which implies differences in material hardness. The magnetic
image in fig. 8(b), show a clear stripe pattern alternating between magnetic and non-magnetic
phases. The Raman map in fig. 8(c) was obtained from the peak centre position of a Lorentz fit
on the A1g peak and also shows these stripes. The Lorentz fit results in better contrast with
decreased noise level as compared to the images calculated with the simple sum filter (fig. 6).
All images clearly show the identical lamellar pattern. The structures in the MFM image
correlate to the same structures as visible in the titanomagnetite distribution determined with
Raman spectroscopy. An elemental microprobe analysis of a similar natural titanomagnetite
revealed a slight exchange of magnesium against iron and a titanium and aluminium content that
fluctuated (data not shown).

4 Discussion
4.1. Laser power
The alteration threshold decreases with increasing titanium concentration. Depending on the
laser power, a partial oxidation could be observed within a certain range. Local temperatures
towards the centre of the laser spot induced alteration whereas oxidation did not occur near the
rim. In the spectrometer, however, scattered light from the centre and the surrounding region is
averaged. When analysing titanomagnetites of unknown composition, the laser power should be
limited to 1.5 mW (0.08 MW/cm2) with integration times of several minutes. At laser powers
<1.5 mW a safe mode of operation could be verified for the geologic and synthetic samples.
Only spectra taken at laser powers below this threshold should be used for an uncompromised
compositional analysis.
The results clearly show that laser-induced oxidation should be taken into account for a
spectroscopic characterization of (titano-)magnetites. In addition, one also might adjust the
oxygen fugacity during the measurement. Magnetite and titanomagnetite oxidise above ~240 °C
in a normal atmosphere.[8, 14, 15] Raman measurements in an oxygen-free atmosphere might help
reduce the tendency to oxidise. It should be mentioned, however, that noble gases can diffuse
into synthetic magnetite above 500 °C during growth.[16] At about 600 °C, a phase transition
from magnetite to other iron oxides can occur.[16-18] Such high temperatures may be achieved at
high laser powers or strong focusing. For practical measurements under ambient conditions one
has to balance measurement time and laser power to avoid alteration.

4.2. Deep sea basalt
With these optimized settings the composition of a natural titanomagnetite was mapped
spectroscopically and two distinct phases was observed. A comparison with the reference
spectra obtained on the synthetic specimen revealed subtle differences, which makes the
identification of the mineral phases difficult. The peaks in the Raman spectra of the dark lamella
(black curve) match best to the TM20 reference spectrum (fig. 7). The peak centre (665 cm-1) of
the A1g, also better agrees with that of TM20 (664 cm-1). The peak width (74 cm-1), however,
better matches to the width of the TM40 (76 cm-1). The MFM measurements show that the dark
lamella is a magnetic phase. Thus, it is reasonable to assume that the dark lamella correspond to
a titanomagnetite with a titanium content around 20 % to 40 %.
The identification of the bright phase in fig. 6(b) is ambiguous. The relative intensities of the
T2g(2) and T2g(3) peaks match to the TM40 spectrum . The peak width (66 cm-1) is between the
values for TM20 (54 cm-1) and TM40 value. However, the peak at 235 cm-1 is missing in the
reference spectra of the synthetic minerals. Also the A1g peak position (673 cm-1) does not fit
4

well to the respective peak position of the synthetic titanomagnetites. These results indicate that
the phase is most likely not a pure titanomagnetite phase but another iron oxide mineral. Various
Raman spectra are available in the literature for chemically related iron oxides. For example,
Faria et al. reported similar Raman spectra for a laser heated wüstite, where decomposition leads
to α-Fe and Fe3O4, and assumed that Fe3O4 has been transformed into hematite (α-Fe2O3).[14]
Raman spectra of maghemite (γ-Fe2O3), which can be seen as iron-deficient form of magnetite,
also coincide with that of the bright lamella.[19-21] Ilmenite is another candidate because the
peaks at 235 cm-1 bright lamella and 229 cm-1 ilmenite match. However, there are discrepancies
for the A1g peak position (680 cm-1 for ilmenite) and in particular the peak at ~480 cm-1, which
is not present in ilmenite. The bright lamella is not ferromagnetic because in MFM the bright
lamella does not show a signal (fig. 8(b)). Titanomagnetites with x = ~0.75 are paramagnetic at
room temperature, therefore such a titanomagnetite phase cannot be excluded with the MFM
measurements. However maghemite and ilmenite were disproved with MFM, given that both
phases are magnetic.
Microprobe data provides additional insights into the composition of the mineral phases. Also
the elemental composition showed an alternating exchange of ions. The variations may be
caused by growth-zoning in natural magnetite. It is reasonable to assume that the variation
observed by the microprobe measurement also affects the Raman spectra. The exchange of iron
and magnesium ions could explain the deviation of the spectrum of the bright lamella from a
pure mineral phase. The composition of that phase, however, remains an open question to
further study.

5. Conclusion
Titanomagnetite Raman spectra vary in peak position, intensity and width as a function of
titanium concentration and degree of oxidation. Hence, Raman spectroscopy can identify the
composition and oxidation state of minerals of the magnetite-ülvospinel solid solution series.
Depending on the titanium content, the mineral starts to oxidise above a certain laser power
threshold. Adjusting the laser power just below the threshold for immediate oxidation is
insufficient because time-dependent oxidation processes can still occur. The laser heating causes
an altered spot on the surface whose diameter and height depends on the laser power and
irradiation time. Oxidation continues weeks after laser application. Laser power should be
maintained well under the threshold to avoid oxidation.
Based on these findings, we investigated a natural basalt collected from the deep ocean floor.
Compositional Raman mapping revealed a lamellar structure. One mineral phase can be
attributed to a titanomagnetite with a titanium content of about 20 % - 40 %. The other phase
could not be unambiguously identified.
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Tables
Table 1: Raman peak centres of the synthetic specimen as obtained by a Lorentzian fit together
with literature values for magnetite. (a) A. Wanget al., Am. Miner. 2004, 89, 665.
Ti/(Fe+Ti)
Mode
TM00a
TM00
TM20
TM40
TM60
TM86

Raman peak centre (cm-1)
T2g(1) Eg T2g(2) T2g(3) A1g
192 306
538 668
197.8 304.4
536.8 664.9
193.2 309.0
540.7 664.1
155.8 309.2 455.1 549.7 647.5
155.7 318.2 464.2
647.5
154.4
477.7
654.3
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Figures

Fig. 1. Raman spectra of synthetic titanomagnetite normalized to the A1g peak.

Fig. 2. Laser induced oxidation of natural and synthetic titanomagnetite. Above a certain
laser power threshold the Raman spectra a hematite signature occurred.

8

Fig. 3. Laser power threshold for the oxidation of titanomagnetite. The inset shows
spectra differences.

Fig. 4. Time dependence of the laser induced oxidation of TM60. The spectra were taken
with a laser power of 2.2 mW. After two minutes of irradiation hematite peaks occurred at
220 cm-1 (A1g) and 290 cm-1 (Eg).
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Fig. 5. MFM and AFM images of a laser irradiated natural titanomagnetite surface.
Oxidation was achieved by means of 5 s laser irradiation with 5, 10, 15 and 20 mW (top
to bottom). (a) topography, (b) corresponding phase image (lift height 100 nm) and (c)
optical micrograph. (d,e) Topography and MFM images of the oxidation spot generated
with 20 mW were measured directly after the laser irradiation (lift height 40 nm). (f,g)
The same spot after 26 days storage at ambient lab conditions. The inset at the lower left
shows the topographic cross section of (d) and (f). The central depression disappeared
after 26 days.
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Fig. 6. Compositional mapping of a natural titanomagnetite grain from a mid-oceanic
ridge basalt. (a) Optical micrograph. The region of the Raman maps was located close to
a shrinkage crack and is marked with a blue rectangle. (b) Compositional map calculated
with a sum filter from 210 cm-1 - 260 cm-1. (c) Average spectra obtained from both types
of stripes. The red curve is an average over the bright lamella in (b), the black curve over
the dark ones. (d) Compositional map calculated with sum filter from 500 cm-1 - 580 cm-1.
Both sum filter regions were marked in light grey, the region used for the Lorentz fit of
the A1g peak is marked in dark grey.

Fig 7: Reference spectra of synthetic titanomagnetite and average spectra taken on the
geologic sample. All spectra were normalized to the A1g. The inset shows the A1g peak in
detail.
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Fig. 8: AFM, MFM and Raman maps of a titanomagnetite from a sea floor basalt. (a)
topographic overview. (b) The MFM phase shift with 50 nm lift height was taken in the region of
interest indicated in (a). (c) Raman map acquired in the region indicated in (b). The Raman
image was derived from the peak centre position of the A1g peak determined with a Lorentz fit.
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