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We show, through several selected case studies, the potential benefits that can be obtained
by controlling the polarization states of the exciting and scattered radiations in a Raman
scattering experiment. When coupled with polarization control, Raman spectroscopy is
thus capable of providing extra information on the structural properties of the materials
under investigation. The experimental examples presented in this work are taken from the
area of both conventional, i.e., far-field, as well as from near-field Raman spectroscopy. They
cover topics such as the stress tensor measurement in strained semiconductor structures,
the vibration mode assignment in pentacene thin films and the Raman scattering tensor
determination from near-field measurements on azobenzene monolayers. The basic theory
necessary for modelling the far- and near-field polarized Raman responses is also given
and the model efficiency is illustrated on the experimental data.
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r é s u m é

A travers quelques cas d’étude choisis, nous mettons en évidence les bénéfices potentiels
qui peuvent être tirés en contrôlant les états de polarisation des radiations excitatrice et
diffusée dans une expérience de diffusion Raman. Couplée à un contrôle de la polarisation,
la spectroscopie Raman est ainsi capable de fournir des informations supplémentaires sur
les propriétés structurelles des matériaux étudiés. Les exemples d’expériences présentés
dans ce travail proviennent à la fois du domaine de la spectroscopie Raman conventionnelle
(c.-à-d., en champ lointain) et de celui de la spectroscopie en champ proche. Ils couvrent
des sujets tels que la mesure du tenseur des efforts dans une structure semiconductrice
contrainte, l’attribution des modes de vibration dans des couches minces de pentacène et la
détermination du tenseur de diffusion Raman à partir de mesures en champ proche sur des
monocouches d’azobenzène. La théorie de base nécessaire à la modélisation des réponses
Raman polarisé en champs proche et lointain est également présentée et l’efficacité des
modèles est illustrée sur les données expérimentales.
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1. Introduction

Over the past forty years Raman spectroscopy has become a standard characterization technique in various areas of
science and technology such as chemistry, geology, material science, biology, medicine, forensics and microelectronics, owing
to its non-destructive nature, ease of use and absence of sample preparation [1–3]. As a simple “classic” example, Raman
spectroscopy is capable, for the purposes of qualitative and quantitative chemical analysis, of supplying “fingerprint” spectra
of any molecular species, providing in this way valuable information about its structure through an appropriate vibrational
band assignment. Furthermore, the polarized nature of the Raman scattering phenomenon relates group theory, structure
symmetry, Raman activity and scattering geometry to the measured Raman spectrum. Thus, the information obtained from
a polarized Raman scattering experiment gives a deep insight into the molecular orientation or the crystal symmetry of
the material under investigation. In particular, being extremely sensitive to modifications in the phonon spectrum induced
by mechanical strain, polarized Raman spectroscopy has actually become one of the most efficient and widely used optical
tools for stress measurements of a wide range of semiconductor structures and, in particular, silicon-based ones [3–6].

However, the spatial resolution of a standard Raman instrument equipped with a confocal microscope is restricted by the
optical diffraction, resulting in the Rayleigh limit of the order of 1 μm (the exact value depending on the laser wavelength
and objective used). Going beyond the diffraction limit requires a near-field optics approach resorting to techniques derived
from Scanning near-field optical microscopy (SNOM). In the case of Raman spectroscopy, an effective increase in spatial
resolution can be achieved by the technique of Tip-enhanced Raman scattering (TERS) whereby a metallic tip probing the
sample surface plays the role of a nano-antenna. This near-field Raman spectroscopy “captures” the nanometer-scale spatial
information which is lost in a conventional far-field experiment, thus allowing for Raman imaging with a spatial resolution
down to several tens of nm [7–11].

The polarization-of-light aspect of Raman spectroscopy, whether performed in the far or in the near field is, however,
quite often not fully exploited or even, simply overlooked. Besides the stress measurement application, in a typical Raman
scattering experiment the polarization states of the exciting and scattered light are rarely controlled or, at best, the so-called
depolarization ratio (ratio of the parallel-to-perpendicular, with respect to the scattering plane, scattered light intensities)
is determined. Whereas the measurement of the depolarization ratio alone is sufficient for the characterization of isotropic
(e.g., liquid or gaseous) samples [2], much more structural and chemical information can be in principle obtained on ordered
(e.g., crystalline) materials through an appropriate polarization control during the experiment.

The main purpose of the present work is to reveal the important role played by the polarization of light in a Raman
scattering experiment performed either in the far or in the near field and, more specifically, to illustrate, through several
selected examples, the “added value” brought by the polarization control to the Raman characterization of materials. After
a brief recall of the underlying theory and a description of the experimental setup, a review of four polarized Raman
scattering case studies taken from both far-field and near-field (TERS) experiments is given and their respective implications
are discussed. A conclusion and an outlook summarize the results and prospect future related experiments.

2. Theory

We shall restrict ourselves only to a brief recall of the master relations necessary for the quantitative description of a
polarized Raman scattering experiment; a detailed first-principles presentation of the theory can be readily found in the
literature [12].

The classical formalism of normal (i.e. non-resonant) vibrational Raman scattering is based on the well-known selection
rule expressing the far-field scattered intensity Iff ,

Iff = K
∣∣eT

s Ree
∣∣2

(1)

in which K is a proportionality constant, ee and es are the exciting (or incident) and scattered electric field vectors respec-
tively and R is the scattering tensor of the phonon vibration observed [1,2,13].

For cubic crystals such as Si and Ge there are three active orthogonal phonon modes described by their respective
scattering tensors Rk , k = 1,2,3, for the two transverse optical (TO1 and TO2) and one longitudinal optical (LO) phonon
vibrations; in this case, the scattered intensity is given by the sum of the contributions of each mode [14],

Iff = K
∑

k

∣∣eT
s Rkee

∣∣2
(2)

It should be noted that the matrix expression for the scattering tensor R entering Eq. (1) – as well as for Rk entering Eq. (2) –
depends on the reference frame used. Usually, it takes its simplest form (with maximum number of zero components) if
the crystallographic axes are used, as exemplified in the crystalline Si case (see Eqs. (11) in Section 4.1.1). In particular,
if the sample is rotated about its normal, the tensor R will change accordingly; this change can be formally described by
rotating the matrix of R with the help of a rotation matrix [15]. As a consequence, the scattered intensity given by Eq. (1)
or (2) depends not only on the polarization states ee and es of the exciting and scattered radiations, but also on the sample
azimuth (or orientation) through the tensor R (or Rk).

To describe the near-field scattering process, a phenomenological tip-amplification tensor A accounting for the preferen-
tial enhancement of the local electric field by the tip is introduced [15]. The tensor A expresses the fact that the electric



R. Ossikovski et al. / C. R. Physique 13 (2012) 837–852 839
field component parallel to the tip axis is preferentially amplified compared to that perpendicular to it [16,17]. Its matrix
representation in the tip-sample reference frame (x and y axes perpendicular to the tip axis, i.e. parallel to the sample
plane; z axis along the tip axis) is

A =
(b 0 0

0 b 0
0 0 a

)
(3)

where a and b (with a > b) are phenomenological coefficients expressing the different amplifications of the electric field
components parallel and perpendicular to the tip axis. The tip geometry (i.e., form, radius of curvature, apex angle) and
material dielectric constant determine the actual values of the amplification factors.

The near-field (tip-enhanced) scattered intensity Inf is given by

Inf = K ′ ∑
k

∣∣eT
s R′

kee
∣∣2

(4)

where the near-field proportionality constant K ′ is generally different from K , the far-field one, and R′
k are the modified

(or effective) Raman scattering tensors taking into account the action of the tip. Within the near-field scattering process,
the polarization state of the exciting radiation is first modified by the tip, then phonon vibrations excited by this enhanced
field generate the scattered radiation, and finally a second tip-scattered-radiation interaction takes place. As a result, the
expression for the effective scattering tensors R′

k is

R′
k = AT RkA (5)

in which A is the tip-amplification tensor from Eq. (3). Finally, the total scattered field intensity, Itf , measured in “tip down”
position, is given by the sum of the far-field, Eq. (1) or (2), and the near-field, Eq. (4), contributions,

Itf = Iff + Inf (6)

since the two signals superimpose incoherently on the detector. To account for the finite angle of the tip apex, usually the
tensor A, Eq. (3), is “tilted” from the tip axis at half the apex angle and the intensity contributions, obtained for evenly
spaced azimuths about the tip axis, are averaged to produce the Inf component entering Eq. (6) [15].

The above simple formalism is fully adequate to describe phenomenologically a near-field polarized light Raman scatter-
ing experiment.

3. Experimental

The core of the experimental setup used is a high-resolution (0.1 cm−1) Raman spectrometer (Labram HR800 from
HORIBA Jobin Yvon) in a confocal microscope backscattering configuration. The microscope is capable of accommodating
objectives of various magnifications and numerical aperture (NA) values; the one used in the far-field studies was a 100×
(NA = 0.9) objective from Olympus.

In order to perform oblique incidence (off axis) and near-field scattering experiments, the Raman spectrometer is opti-
cally coupled in oblique backscattering geometry to a scanning probe microscope or SPM (XE-100 from Park Systems). The
long-working-distance objective (50×, NA = 0.45) is oriented at 55◦ with respect to the sample normal and produces an
elliptical laser spot with approximate semi-axis lengths 2.5 μm × 1 μm at 633 nm laser wavelength. The opto-mechanical
coupling is motorized along the x, y and z axes and allows for an accurate automated alignment of the exciting light spot
with respect to the tip apex in near-field scattering (TERS) experiments. Fig. 1 shows the schematics of the experimental
configuration.

Besides the excitation wavelength of 633 nm provided by the built-in HeNe laser of the spectrometer and typically used
in the near-field studies, a tunable Ar laser (from Melles Griot; 458, 488 and 514 nm wavelengths used) can be employed in
either the confocal or the oblique incidence configurations. The confocal configuration can be operated in the conventional
(far-field) mode only.

In all TERS experiments, the SPM was operated in scanning tunnelling microscopy (STM) mode generally providing
stronger enhancement and better reproducibility than the atomic force mode (AFM) [18]. The STM tips used were pre-
pared from Au wire pieces of a 250-μm diameter and 99.99% purity (from Goodfellow) by electrochemical etching in a
concentrated HCl/ethanol 1 : 1 solution according to an existing recipe [19].

In the polarized scattering experiments, the polarization states of the incident and scattered radiation can be continu-
ously varied between 0◦ (p polarization; electric field parallel to the scattering plane) and 90◦ (s polarization; electric field
perpendicular to the scattering plane) by using a half-wave plate and an analyzer respectively, inserted in motor-driven ro-
tating mounts (0.1◦ uncertainty); see Fig. 1. In the oblique incidence (off axis) scattering configuration the scattering plane
is defined by the direction of the incident/scattered radiation and the sample normal, coinciding with the tip axis (Fig. 1,
left part). In the conventional confocal configuration (Fig. 1, right part), backscattering takes place along the sample normal
and the scattering plane is undefined; p and s polarizations then refer to electric fields respectively parallel to the [100]
and [010] crystallographic directions of a (001)-oriented c-Si sample (having its normal along the [001] direction).
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Fig. 1. Principle schematics of the experimental setup used in the polarized far-field and near-field Raman studies. The Raman spectrometer (on the right)
is optically coupled in an oblique backscattering geometry to a scanning probe microscope (on the left). The spectrometer can be also operated (in the far
field only) in conventional confocal Raman configuration. The polarization states of the incident and scattered radiation are controlled with a half-wave
plate and an analyzer respectively.

4. Results and discussion

This section illustrates, on four selected case studies, the various opportunities and applications, actual or potential,
opened up by polarized Raman spectroscopy and stemming from both far-field and near-field scattering experiments. The
far-field topics cover the measurement of the stress tensor in strained semiconductor structures, of significant technological
interest for the microelectronics industry, as well as the symmetry assignment of several vibration modes in pentacene thin
films susceptible of being used in organic electronics devices. The near-field part of the section addresses the polarization
aspects and the adequate modelling of the contrast enhancement in TERS experiments on crystals, together with the Raman
scattering tensor determination of a vibration mode in an azobenzene self-assembled monolayer.

4.1. Far-field polarized Raman spectroscopy

Although the application of polarized spectroscopy techniques to solutes, organic and biological substances has been
known to and used by chemists for many years [20,21], the opportunities offered by the polarization control of a Raman
scattering experiment on crystals, patterned crystalline structures or other locally ordered materials (e.g., thin polymer
layers) have not yet been fully addressed and exploited. Therefore, the aim of this subsection is to show the advantages that
can be obtained (in terms of an increased amount of useful information) from the application of polarized Raman scattering
to the stress characterization of Si-based microelectronic structures, as well as to the mode assignment of C–H chemical
bond vibrations in pentacene thin films.

4.1.1. Stress measurements in strained semiconductor structures
Intentionally straining the channels of field-effect transistors in Si-based semiconductor structures during the fabrica-

tion process has become a standard method for increasing the carrier mobility and, consequently, the circuit performance
in modern microelectronics industry [22]. The accurate measurement of strain, including highly resolved 2D mapping, is
therefore a problem of significant technological interest and a number of strain characterization techniques such as graz-
ing incidence X-ray diffraction, transmission electron microscopy and micro-Raman spectroscopy are currently employed
to address it. Compared to the first two, the Raman spectroscopy based techniques are non-destructive, faster, easier to
implement and do not require any sample preparation prior to measurement.

On the microscopic level, the strain induces changes in the equilibrium positions of the atoms in the semiconductor
crystal. The phonon structure is consequently altered due to the anharmonic terms of the interatomic potential and, as a
result, the phonon frequencies and Raman scattering tensors are modified. Monitoring the resulting changes in the mode
frequencies represents a powerful method for strain measurement making Raman spectroscopy one of the techniques of
choice for studying strain distributions in semiconductor devices [3–6].

Under the action of strain, the threefold degenerate optical phonon of a cubic crystal such as Si or Ge generally splits into
three modes (TO1, TO2 and LO). The frequencies ωi (i = 1,2,3) of the modes can be calculated within the quasi-harmonic
approximation from the eigenvalues λi of the secular matrix [23]( pε11 + q(ε22 + ε33) 2rε12 2rε13

2rε21 pε22 + q(ε11 + ε33) 2rε23

)
(7)
2rε31 2rε32 pε33 + q(ε11 + ε22)



R. Ossikovski et al. / C. R. Physique 13 (2012) 837–852 841
by using the relation

ω2
i = ω2

0 + λi (8)

where ω0 is the degenerate (unperturbed) phonon frequency (ω0 ≈ 521 cm−1 for Si; ω0 ≈ 300 cm−1 for Ge). In Eq. (7) the
quantities p, q and r are the so-called phonon deformation potentials [5,24] (p = −1.85ω2

0 , q = −2.31ω2
0 and r = −0.71ω2

0
for Si; p = −1.45ω2

0 , q = −1.95ω2
0 and r = −1.10ω2

0 for Ge) and εi j are the components of the strain tensor ε related to
the stress tensor σ through Hooke’s law

ε = Sσ (9)

in which the only non-zero components of the compliance tensor S for a cubic crystal (in contracted notation) are S11,
S12 and S44 (S11 = 7.68 × 10−6 (MPa)−1, S12 = −2.14 × 10−6 (MPa)−1 and S44 = 12.7 × 10−6 (MPa)−1 for Si [5]; S11 =
9.73 × 10−6 (MPa)−1, S12 = −2.67 × 10−6 (MPa)−1 and S44 = 14.9 × 10−6 (MPa)−1 for Ge). The modified Raman scattering
tensors R′

i are obtained from the unperturbed ones, Ri , from the relation [25]

R′
i = vi1R1 + vi2R2 + vi3R3 (10)

in which vij is the j-th component of the eigenvector vi (also called “phonon polarization vector”) associated with the
eigenvalue λi of the secular matrix, Eq. (7). The unperturbed scattering tensors Ri of the optical phonon modes TO1, TO2
and LO in a cubic crystal are respectively given by [13,14]

R1 =
( 0 0 0

0 0 1
0 1 0

)
, R2 =

( 0 0 1
0 0 0
1 0 0

)
and R3 =

( 0 1 0
1 0 0
0 0 0

)
(11)

Eqs. (7) to (11), together with the appropriate selection rule, Eq. (2), are used to calculate the components of the stress
tensor σ from the experimentally determined modified frequencies ωi and intensities Ii of the Raman phonon lines.

It can be readily seen from the selection rule (2) and the expressions for the Raman tensors given by Eq. (11) that, in its
conventional confocal (normal-incidence) backscattering on (001)-oriented cubic crystals, Raman spectroscopy is sensitive to
the LO mode only [4,24]. However, to fully determine the stress tensor σ having six independent components in the general
case, observations of all three optical modes are necessary. This can be achieved in practice by implementing either a large
numerical aperture objective confocal [24,26,27] or an oblique (off-axis) [25,28] Raman backscattering configuration whereby
all three modes are observable. When combined with an appropriate control of the incident (exciting) and scattered light
polarization states, both scattering configurations are capable of measuring the full stress tensor in strained semiconductor
structures [26,28].

For the stress levels encountered in current microelectronics structures (typically below ∼2000 MPa) the frequency
splittings λi of the three optical modes are not large enough to make possible the observation of three distinct lines in the
spectra. Instead, an unresolved “effective” peak resulting from the superposition of the three lines is observed. The frequency
ωeff and linewidth (full width at half maximum, FWHM) Γeff of the effective peak can be numerically calculated from the
intensities Ii and frequencies ωi of the three phonon modes, modified by the stress state σ , as functions of the azimuth θ

of the linear incident polarization state ee set by the half-wave plate and entering the selection rule (2). The model thus
obtained, corrected for the finite numerical aperture of the objective used [28], is fitted to the experimental values of ωeff (θ)

and Γeff (θ) of the effective peak in the Raman spectra acquired at incident polarization azimuth values ranging from 0◦ to
180◦ . Monitoring experimentally the values of ωeff and Γeff while scanning the azimuth θ of the incident polarization state
ee allows for an efficient over-determination of the unknown components of the stress tensor σ entering the model and
makes possible a full tensorial analysis. In what follows, we consider a comparative example of the application of the above
stress-determination methodology to strained microelectronics structures.

Si1−xGex alloys with various Ge contents, or stoichiometries, x are widely employed at the process level for introducing
strain in Si-based structures. Because of the lattice mismatch between the two materials, in a SiGe/Si (or a Si/SiGe) epitaxial
structure, the strain induced in Si is tensile whereas the one in SiGe is compressive. The strain is strongest at the SiGe/Si
interface and relaxes with distance on both sides. One of the simplest strained Si-based systems exploiting the lattice
mismatch technique consists of a thin (typically, several tens of nm thick) strained SiGe (s-SiGe) layer epitaxially grown on
a crystalline Si (c-Si) substrate. Fig. 2 shows the Raman spectrum, acquired at 458-nm laser wavelength, of a 100-nm-thick
Si1−xGex layer (with x = 0.25) grown on a (001)-oriented c-Si substrate. An intense peak at 520.5 cm−1 originating from
the Si–Si optical phonon vibration in the unstrained Si substrate is accompanied by a slightly smaller one (usually appearing
as a shoulder at low Ge contents or large probing light penetration depths) lying at a lower frequency (∼513 cm−1) and
corresponding to the same phonon in the s-SiGe layer. Most generally, the position of the Si–Si phonon vibration in a
Si1−xGex alloy depends both on its stoichiometry x and its strain state; for a strain-free alloy the peak frequency ω0SiGe is
given by the empirical relation [29]

ω0SiGe = 520.3 − 68x (12)

In the presence of strain, this frequency is further shifted in accordance with Eq. (8).
In a simple homogeneous layer-on-substrate sample the stress state is at most biaxial, i.e. only two in-plane diagonal

components, σ11 and σ22, of the stress tensor σ have non-zero values. If σ11 and σ22 are taken to be oriented along the
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Fig. 2. Raman spectrum of a 100-nm-thick SiGe layer on a (001)-oriented c-Si substrate, obtained in the oblique backscattering configuration at 458-nm
excitation wavelength. The Si–Si phonon vibrations of the unstrained Si substrate (stronger peak) and of the strained SiGe layer (weaker peak) are indicated.

[100] and [010] crystallographic directions respectively, then inserting Eq. (7) into (5) and solving the eigenvalue problem
results into the following stress-induced frequency splittings of the optical phonon,

λ1,2 = 1

2

{[
p(S11 + S12) + q(S11 + 3S12)

]
(σ11 + σ22) ± (p − q)(S11 − S12)(σ11 − σ22)

}
(13a)

λ3 = [
pS12 + q(S11 + S12)

]
(σ11 + σ22) (13b)

(In Eqs. (13), the compliance tensor components Sij as well as the phonon deformation potentials p and q are obtained as
linear combinations of the values for Si and Ge taken with their respective weights, 1 − x and x; the “unstrained” frequency
entering the phonon deformation potentials is the one given by Eq. (12).)

As mentioned earlier, the only observable LO phonon splitting λ3 in the conventional low numerical aperture objective
confocal backscattering configuration depends on the sum σ11 + σ22 of the two non-zero stress tensor components (σ11 +
σ22, the trace of the σ tensor, is the so-called hydrostatic stress component) and the independent determination of σ11 and
σ22 is impossible in this case. In order to retrieve σ11 and σ22 (and thus, completely determine the biaxial stress tensor σ )

experimental observations of the TO1 and TO2 splittings λ1 and λ2 are necessary. Note that the Raman scattering tensors
given by Eq. (11) are not modified by the stress since the latter is directed along the crystallographic axes [100] and [010]
that are also eigenaxes of the secular matrix (7).

Figs. 3(a) and 3(b) represent respectively the peak frequency ωeff and FWHM Γeff of the “effective” Si–Si phonon line,
resulting from the contributions of the three phonon modes, of the s-SiGe layer as functions of the incident polarization az-
imuth, after Lorentzian lineshape deconvolution. The solid lines are the fitted curves, according to the theory from Ref. [28],
of the frequency and FWHM to the stress state σ11 = σ22 = −2040 MPa in the s-SiGe layer. For comparison, the frequency
and FWHM of the c-Si substrate peak, together with their respective “unstrained” values, 520.5 cm−1 and 3.0 cm−1, are
also shown; as expected, they are independent of the incident polarization state: since the c-Si substrate is much thicker
than the 100-nm-thin s-SiGe layer, it can be consequently considered as virtually relaxed within the ∼0.55-μm penetration
depth of the 458-nm Ar laser line in Si. The s-SiGe layer being isotropic (i.e., not exhibiting any patterns or other structural
macroscopic anisotropy), its stress state is bisotropic, i.e. σ11 = σ22, as determined from the fits. In particular, a closer look
on the data shows that the fitted ωeff and Γeff curves are both symmetric about the 90◦-azimuth value; this is a direct re-
sult of the unique splitting λ1 = λ2 for both TO modes. (As readily seen from Eq. (13a), σ11 = σ22 implies λ1 = λ2 and vice
versa.) The ωeff fits further yield the stress value, together with its negative sign accounting for a compressive stress state.
Unlike the ωeff fitted curves, the Γeff curves agree only qualitatively with the data, the latter exhibiting too much scatter for
polarization azimuths around 90◦ , possibly due to different broadening of the TO and LO phonon modes in Si1−xGex alloys
at large x values unaccounted for in our model; nevertheless, the FWHM values for SiGe alloy layer are larger than those
of the (unalloyed) c-Si substrate and further increase at close to 90◦ azimuths, as expected. It should be also noted that,
unlike the peak frequency and linewidth, the intensity of the s-SiGe layer phonon effective peak (not shown) is practically
insensitive to the stress state since depending essentially on the incident polarization state in accordance with the “squared
cosine” behaviour following from the selection rule (2); besides exhibiting a larger amplitude, the intensity curve of the
unstrained c-Si substrate has identical qualitative behaviour.



R. Ossikovski et al. / C. R. Physique 13 (2012) 837–852 843
Fig. 3. Measured (dots) and fitted (lines) peak frequency (a) and FWMH (b) for the strained SiGe-lattice vibration and for the unstrained Si substrate as
functions of the incident polarization obtained in the oblique (off-axis) Raman backscattering configuration.

The s-SiGe/c-Si structure was further measured in conventional confocal scattering configuration using a large numeri-
cal aperture (NA = 0.9) objective. Figs. 4(a) and 4(b) show respectively the frequencies and FWHM of the Si phonon peak
originating from the s-SiGe layer and c-Si substrate, together with the fitted curves according to the theory from Ref. [26].
The experimental data and fits look qualitatively the same as those from Figs. 3(a) and 3(b); the stress tensor component
values derived from both scattering configurations, oblique and confocal, coincide. This is readily understandable since both
configurations are capable of exciting all three Si optical phonon modes, as previously mentioned: the oblique incidence
one takes advantage of the skew angle (55◦ in our setup) between the probing (as well as scattered) light direction and
the [001] crystallographic direction (i.e. the sample normal of a (001)-oriented crystal) whereas the confocal configuration
exploits the skew marginal rays of the scattered radiation collected by the large numerical aperture objective. The purpose
of varying the polarization state of the incident probing light in both configurations is identical: as directly follows from
the selection rule (2), for azimuth values close to 0◦ (and 180◦) it is the LO mode that is preferentially excited whereas
for azimuths around 90◦ the contributions of the two TO modes are most important, with the LO mode response attain-
ing a minimum. All three mode contributions add to form an effective phonon peak whose frequency and linewidth are
both polarization and stress dependent: in particular, symmetric peak frequencies and FWHMs indicate a bisotropic plane
stress state, as discussed; compare Figs. 3 and 4. Note that, although producing similar results, both configurations differ
not only in scattering geometry but also in objective numerical apertures: while the confocal one uses a large numerical
aperture objective as already mentioned (NA = 0.9), the oblique incidence one features an NA value of 0.45 only. Clearly,
the low numerical aperture in the latter case is “compensated“ by the large incidence angle (55◦; see Fig. 1, left) while,
conversely, the large numerical aperture in the confocal case “compensates” for the “inconvenient” [001] crystallographic
normal backscattering direction.

In summary, the SiGe/Si-case study clearly demonstrates the practical applicability of the stress-determination methodol-
ogy, experimentally based on the polarized oblique or large numerical aperture confocal backscattering Raman spectroscopy
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Fig. 4. Measured (dots) and fitted (lines) peak frequency (a) and FWMH (b) for the strained SiGe-lattice vibration and for the unstrained Si substrate as
functions of the incident polarization obtained in the confocal (normal incidence) Raman backscattering configuration.

configurations. Full stress tensor determination, signs included, can be achieved by varying the polarization state of the inci-
dent laser radiation. The accuracy of the methodology can be estimated to be of the order of several tens of MPa, the exact
value depending on the stress tensor form (diagonal or not) and nature (hydrostatic, uniaxial, bisotropic, biaxial), as well
as on the Raman intensity signal-to-noise ratio, instrument spectral resolution and the efficient numerical deconvolution of
the spectral lines.

4.1.2. Raman vibration mode identification in pentacene thin films
Pentacene (C22H14) has recently become a subject of active research owing to its p-type-semiconductor-like behaviour

with mobility values reaching those of amorphous silicon, thus making it a good candidate for organic electronics appli-
cations [30]. Understanding the structural properties of pentacene layers at the molecular level is of crucial importance
for the improvement of their transport properties and, consequently, for the increase in efficiency of the pentacene-based
electro-organic devices. Polarized Raman spectroscopy is particularly well suited for such characterization studies since it
gives access to the molecular vibrations that directly depend on the molecular organization and the material microstructure.
In particular, the use of polarized light allows for an unambiguous assignment of the vibration mode symmetries.

The sample under investigation was a 12-nm-thin layer of pentacene thermally evaporated on a (100)-oriented Si wafer
under high vacuum conditions (5 × 10−7 mbar) at the deposition rate of 1 nm/s. The wafer was cleaned following the
conventional microelectronics steps [31].

In this polarized Raman study, we focused on the spectral range 1140–1200 cm−1 corresponding to the in-plane C–H
bond bending vibrations. The two major features occurring in this frequency range comprise several finer peaks whose origin
and assignment are controversial at present [32–34]. The large number of vibration-involved atoms makes it difficult for the-
oretical calculations to predict the position, intensity and symmetry of the Raman active modes. However, the polarization
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Fig. 5. Raman spectrum of a thin pentacene layer acquired in conventional confocal configuration (at a 633-nm excitation) for 45◦ incident polarization
(with respect to the analyzer). The five resolved lines (Ai , i = 1 to 5) of the C–H bond bending vibrations are indicated.

Fig. 6. Peak intensities of the five Raman lines of pentacene in the 1140–1200 cm−1 spectral range as functions of the incident polarization.

properties of Raman scattering expressed in the selection rule (1), combined with group symmetry considerations, can be
used to clearly identify and distinguish uncoupled (intermolecular) from coupled (intramolecular) vibration modes.

Fig. 5 presents the polarized confocal backscattering Raman spectra (633-nm wavelength excitation) of the pentacene
layer in the frequency range of interest. The spectrum was recorded for an incident (exciting) polarization state making a
45◦ azimuth with the scattered light polarization state. Qualitatively similar Raman bands, showing two main features at
1158 cm−1 and 1178 cm−1, were observed whatever the incident polarization state. The first band was decomposed into a
sum of three Lorentzian lines, denoted by A1, A2 and A3, by using a fitting procedure providing the intensity, position and
FWMH of each individual line; the second feature was similarly decomposed into two more Lorentzian peaks, A4 and A5,
in accordance with the literature [35].

In the polarized experiment, the azimuth of the incident polarization state was varied from 0◦ to 180◦ (through steps
of 10◦) by rotating the half-wave plate while the analyzer, setting the polarization state of the scattered radiation, was kept
fixed and its transmission axis served as a zero reference for the above azimuth values. Fig. 6 shows the integrated intensity
of the Ai peak (i = 1 to 5) as a function of the incident polarization azimuth. All five peak intensities exhibit the squared-
sine-like behaviour in accordance with selection rule (1); however, A1- and A4-peak intensities attain their minimum values
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for a 90◦ incident polarization, whereas peaks A2, A3 and A5 exhibit an opposite behaviour with minima reached for 0◦
(and 180◦) polarization azimuth.

This qualitative difference in mode behaviour can be understood by employing symmetry considerations and numerical
simulations as follows. Since the Raman-active modes of a single (i.e., isolated) molecule have the same symmetry as the
molecule itself and the symmetry group of pentacene is D2h , then the uncoupled (i.e., intramolecular) Raman modes may
be only of Ag , B1g , B2g or B3g symmetry [12,36]. For in-plane C–H bending modes we are concerned with, the symmetry
group is Ag with the corresponding Raman scattering tensor being given by

RAg =
(

αxx 0 0
0 αyy 0
0 0 αzz

)
(14)

where αxx = 91, αyy = 37 and αzz = 17 [37]. (The tensor is expressed in the molecule reference frame; the x and y axes
are lying on the molecular plane along the longer and shorter molecule dimension, respectively; the z axis is oriented along
the plane normal.)

When thermally evaporated in a thin (several tens of nm thick) layer, pentacene forms ∼200-nm-large islands composed
of several molecular layers each [31]. Within a single island, the individual molecules are preferentially oriented so that
their longer dimension axes make a 10◦-tilt with respect to the layer normal [38]. Further, the Raman laser spot (∼1-μm
diameter) illuminates a large number of pentacene islands that can be considered to be randomly oriented and consequently,
the scattered light intensity will be that of a single molecule with the tensor RAg (14) whose response is averaged over all
possible rotation angles of its 10◦-tilted longer axis about the layer normal. The corresponding numerical simulation of
the detected intensity exhibits a minimum for a 90◦ incident polarization and a maximum for 0◦ (and 180◦) one. Such
polarization behaviour is in full agreement with that of the A1 and A4 peak intensities and opposite to that of A2, A3
and A5 peaks; see Fig. 6. Consequently, it can be inferred that A1 and A4 modes possess the A g symmetry of the D2h
point group and therefore can be unambiguously attributed to the uncoupled (intramolecular) vibrations of the pentacene
molecule. In particular, A1 can be assigned to the C–H in-plane bending vibrations of atoms at the two molecule ends,
whereas A4 originates from atoms located along the sides of the molecule, in confirmation of the tentative assignment from
the literature [33,34]. The other three remaining lines, A2, A3 and A5, come most probably from coupled modes involving
several neighbouring molecules. The exact symmetry of these contributions is harder to determine since a certain number
of symmetry groups different from that of an isolated molecule should enter into consideration. Thus, using the difference
in the polarization dependence of the Raman responses of the modes, it is possible to discriminate between the different
symmetries and arrive at mode assignment. A more detailed account of this study can be found in Ref. [31].

4.2. Near-field polarized Raman spectroscopy

As mentioned in the Introduction, in the basis of the TERS effect lies the strong local enhancement of the electromagnetic
field occurring at the apex of a sharp noble-metal tip when illuminated with a tightly focused laser light. The phenomenon
results from the combination of an electromagnetic ‘lightning rod effect’ and a localized surface plasmon (LSP) excitation.
The antenna-like tip acts as a scattering centre partially converting the incoming far-field radiation into an enhanced near
field, in a region with dimensions determined by the size of the tip apex (typically less than 50 nm). The Raman scattering
process takes directly advantage from this enhancement since the scattering cross-section scales with the fourth power
of the (local) electromagnetic field enhancement. TERS is extremely efficient in detecting molecules adsorbed on flat metal
surfaces, down to single-molecule sensitivity [39,10]. By combining point-by-point tip scanning with simultaneous spectrum
acquisition, near-field Raman mappings can be performed with lateral resolutions down to tens of nm [40,41,11].

In a TERS experiment, the metal tip not only enhances the local field, but also modifies the polarization state of both the
exciting and scattered radiations as described by the phenomenological model presented in Section 2. One of the purposes
of this subsection is to show the quantitative validity of the phenomenological approach when applied to near-field Raman
scattering on a crystalline Si (c-Si) substrate. In a second study, the polarization approach is used to derive the Raman
scattering tensor of self-assembled organic molecules (an azobenzene monolayer) from their TERS polarization properties,
thus extending the validity of the model to the case of ordered non-crystalline materials.

4.2.1. Polarized near-field Raman spectroscopy on a c-Si sample
The model presented in Section 2 quantitatively describes the changes in the polarization states induced by the tip to

both the exciting and scattered radiations and allows for the complete simulation of the TERS experiments on crystalline
(c-Si) samples. Eq. (2) gives the far-field contribution (corresponding to the experiment with the tip retracted) whereas
Eqs. (3) to (5) provide the near-field response component. Finally, the total field scattered intensity (corresponding to the
experiment with the tip tunnelling) is calculated from Eq. (6). The Raman scattering tensors of the Si–Si optical phonon
given by Eq. (11) are used in calculating both field components.

In the experiment, the incident angle and polarization state of the exciting radiation, the polarization state of the de-
tected scattered radiation and the azimuth orientation of the crystalline sample (on which the expressions of the Raman
scattering tensor depend) are fixed parameters that enter the simulation procedure. Knowing the values of these parame-
ters, the far-field Raman scattered radiation can be readily obtained as a function of the polarization state of the incident
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Fig. 7. Intensities of the Si–Si phonon band of (111)-oriented c-Si as functions of the incident polarization, obtained in the tip-in-tunnelling mode (diamonds;
fit in solid line) and the tip-retracted mode (squares; fit in dotted line). Inset: tip-tunnelling (solid line) and tip-retracted (dotted line) Raman spectra of
the Si–Si phonon band (633-nm excitation wavelength).

light. The calculated curve has to be further re-scaled, through fitting, to reproduce the actual data; this step amounts to
the determination of the “calibration” factor K entering Eqs. (1) and (2).

To properly weight the near-field contribution to the total scattered intensity (measured with the tip in tunnelling mode),
it is likewise necessary to know the “near-field” proportionality constant K ′ entering Eq. (4). Physically, the K ′-to-K ratio is
given by the proportion of the number of scatterers excited by the tip-enhanced field to those contributing to the far-field
only. However, the near-field response further depends on the “tip amplification” factors a and b entering the tensor A
given by Eq. (3). The latter depend strongly on the tip form, material and structure and cannot be easily estimated [16].
As a consequence, one usually “incorporates” the b coefficient into the factor K ′ (i.e., takes the product bK ′ as a fitting
parameter) and considers only the a-to-b ratio instead of considering a and b separately. By doing so, one focuses only on
the polarization properties of the TERS experiment disregarding the absolute values of the enhancements.

The samples used to test the validity of the near-field modelling theory were pieces of n-doped (111)-oriented c-Si
wafers (from ITME, Poland; 0.05–0.01 	·cm resistivity). Oxide-free sample surface appropriate for tunnelling was achieved
by performing two cycles of oxidation in a 3 : 1 concentrated H2SO4/30% H2O2 and a subsequent etching in 40% NH4F. The
Raman scattering setup was operated in oblique incidence geometry at 633-nm excitation wavelength and in the STM-TERS
mode. The tip bias voltage was −1.0 V relative to the sample resulting in a 0.1-nA tunnelling current.

The spectra of the optical phonon Si–Si Raman band acquired, respectively, with the tip in tunnelling (total-field spec-
trum, upper solid line) and in withdrawn position (far-field spectrum, lower dotted line), are shown in the inset of Fig. 7 for
a p-polarized exciting light. (Recall that p-polarized light is the one whose electric field is parallel to the scattering plane.)
The Raman peak intensity is clearly higher with the tip tunnelling than with the tip retracted.

The corresponding total-field (tip tunnelling) and far-field (tip retracted) scattered light intensities are also represented
in the figure as functions of the exciting light polarization azimuth (varied from p to s polarization by steps of 20◦).
The analyzer azimuth was set at 90◦ (s polarization). As expected, the highest intensity is achieved for p polarization
(0◦ azimuth) and the lowest one, for s polarization (90◦ azimuth). By using the simulation procedure described above, the
total-field intensity data were very well fitted to the model (the solid curve in Fig. 7) yielding an a-to-b ratio equal to
1.6 : 1. Such a value of the a-to-b ratio is characteristic of a weakly to moderately polarization sensitive tip (recall that the
corresponding enhancement factors scale as the fourth power of a and b [16]).

The far-field intensity experimental data (squares) and corresponding fit (dotted line curve) represented in the lower part
of Fig. 7 are less polarization dependent than the total-field ones. Consequently, the near-to-far-field contrast (given by the
ratio of the two curves minus one) is relatively important. It should be noted that, in the oblique incidence backscattering
geometry, the orientation (azimuth) of the crystalline sample about its normal transforms the Raman scattering tensors
Rk from Eq. (11) and consequently, modifies the relative probabilities of excitation of the three degenerate optical phonon
modes. The polarization state of the scattered radiation thus changes with the sample orientation and this fact influences
both the far-field and near-field scattered intensities, especially when an analyzer is present in the output beam. In this
experiment, the sample was rotated about its normal so as its [11̄0] crystallographic axis made a 70◦ azimuth with the
scattering plane in order to maximize the near-to-far-field contrast value. A high contrast value, as the one shown in Fig. 7,
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Fig. 8. Raman spectra of an azobenzene monolayer grafted on an Au(111) substrate, obtained in oblique backscattering configuration (633 nm). Lower trace:
tip-retracted mode; upper trace: tip-in-tunnelling mode.

can thus be achieved even for a moderately enhancing tip through an appropriate choice of the sample orientation azimuth,
the incident polarization state and the analyzer setting [42].

The above considerations can be used in practice in the so-called “contrast enhancement method” [43]. Physically, in
the near-field (“tip tunnelling”) mode both the exciting and scattered radiations are partially “depolarized” by the tip pref-
erentially enhancing the electric field component parallel to its axis, whereas in the far-field (“tip retracted”) mode the
polarization state of the scattered radiation is determined by the Raman scattering tensor of the phonon mode and the
polarization of the exciting radiation; see Eqs. (1) and (2). As a result, the near-field and far-field components of the scat-
tered light generally exhibit different polarization behaviours. This “polarization dependence effect” can be used for the
suppression of the far-field component in the total signal. Indeed, the far-field contribution can be strongly attenuated with
the introduction of an analyzer in the scattered beam. As a consequence, the effective value of the contrast defined as the
ratio of the total field (“tip tunnelling”) scattered light intensity to the far-field (“tip retracted”) one increases; the values
thus obtained reach 4.4 for the p-polarized incident light and 2.6 for the s-polarized one.

Eventually, it should be stressed that the tip polarization model is a phenomenological one, i.e. it may equally well
account for near-field scattering phenomena, as well as for macroscopic artefacts influencing the polarization state (e.g.,
a “mirror effect” by the tip). Whereas scattering artefacts are highly unlikely in STM-TERS whereby there is a tunnelling gap
between the wire-made sharp tip and the sample, they might be partially present in an AFM-TERS experiment involving
a relatively large pyramidal or conical tip fixed below a relatively large shaft [44]. A polarization behaviour in accordance
with the model is not a guarantee for a near-field experiment; to ascertain the presence of a near-field contribution to
the scattered signal (as well as to quantify it with respect to the far-field one) either a scanning (or mapping) experiment
showing sub-wavelength spatial resolution [11] or a tip approach curve recording [44,45] should be performed.

4.2.2. Near-field characterization of azobenzene monolayers
Thiol self-assembled monolayers (SAMs) deposited on a gold surface form domain-like structures possessing a high

degree of order with virtually all the molecules being identically oriented with respect to the surface plane [46]. This makes
SAMs particularly interesting for polarized TERS studies in order to further test the phenomenological polarization model
from Section 2 on ordered non-crystalline structures. Furthermore, azobenzene thiol is of special scientific and technological
interest because of its reversible photo-activity property potentially suitable for a whole range of applications such as
molecular electronics, chemical sensing and photo-patterning.

The synthesis of the azobenzene thiol used in the TERS experiments closely followed the recipe reported in Ref. [47].
The molecules were grafted on a freshly flame-annealed Au(111) substrate (from Arrandee). The tunnelling parameters
employed in the STM-TERS measurements were 0.05–1.5 V for the bias voltage (positive tip), and 30–40 pA for the tunnelling
current [45].

A typical example of a TERS experiment on an azobenzene monolayer is presented in Fig. 8. The spectra were recorded
for incident p polarization with a 1-s integration time and a laser power of 0.5 mW to minimize any photo-degradation
of the organic layer. The lower trace refers to the far-field signal when the tip is retracted few microns above the sample
surface; the upper trace is relative to the tip-in-tunnelling mode. The near-field-to-far-field contrast ratio derived from the
two spectra was ten [45] which corresponds to a TERS enhancement factor of at least 104. Assignment of the Raman active
modes is readily available in the literature [48,49]. Six major spectral features attributable to the vibrations of the anchored



R. Ossikovski et al. / C. R. Physique 13 (2012) 837–852 849
Fig. 9. Normalized peak intensity of the azobenzene ν15 Raman mode as a function of the incident light polarization, (a) in the far field (tip retracted), and
(b) in the near field (tip tunnelling) at two different tip positions over the sample. The lines show the best fits to the data.

double-ring system are clearly seen in the TERS spectrum (whereas the far-field one is almost featureless). More specifically,
all observed bands in Fig. 8 correspond to in-plane vibrations with Ag symmetry and mostly couple with the normal-to-
the-surface local electric field component, due to the perpendicular orientation of the azobenzene moieties [50,51]. In the
following, we focus on the strongest peak at 1141 cm−1 assigned to the in-phase stretching of the two C–N bonds (ν15).

The effect of the exciting light polarization state (at 633 nm) on the scattered Raman intensity from the azobenzene
thiol layer is reported in Fig. 9. There was no analyzer in the output beam (the so-called “depolarized” or, more correctly,
unanalyzed scattering configuration). The far-field spectrum in Fig. 9(a) was acquired at higher laser power (5 mW) and
longer accumulation time (20 s). In the absence of the tip, surface selection rule applied to the response of the planar
molecule chemisorbed at the metal surface further confirms that, over the large illuminated area, most of the azobenzene
domains have their molecule longer axes oriented parallel to the sample normal.

Two sets of data for the near-field integrated intensity of the ν15-mode peak versus the incident polarization azimuth,
corresponding to two different tunnelling positions on the sample surface, are reported in Fig. 9(b). The azimuth values were
swept from 0◦ to 180◦ by steps of 20◦ . Note that, in this study, unlike in the preceding ones, the origin of the azimuths
corresponds to s polarization that is, 0◦ stand for an exciting electric field perpendicular to the scattering plane. This allows
for a better readability of Fig. 9 curves since, with this choice, they all attain their maxima roughly in the middle of the x
axis range. Indeed, maximum tip enhancement is achieved for p-polarized incident light having its electric field parallel to
the scattering plane (and therefore, maximizing the component along the tip axis), as expected.

The azobenzene molecule in the trans conformation belongs to the C2h spatial point group [48,49] which results in a
Raman scattering tensor with four independent components for Ag -symmetry active modes. Taking the z axis along the
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surface normal and identifying the xz plane as the molecular plane, the Raman tensor RAg of a single azobenzene molecule
has the general form

RAg =
(

αxx 0 αxz

0 αyy 0
αxz 0 αzz

)
(15)

As reported by Pedersen et al. [52] for the azobenzene chromophore in the trans configuration, both the absorption cross-
section along the y axis and the polarizability tensor component normal to the molecular plane, i.e., the yy component,
are negligible at the exciting wavelength used in our experiments (note the different labeling of the molecular axes used
here with respect to that of the cited reference). Keeping in mind that the Raman tensor is the spatial derivative of the
polarizability tensor with respect to the normal mode vibrations (here, the ν15 mode), we assume the yy polarizability
component to change only weakly with the ν15 molecular vibration analyzed here, allowing to simplify the above tensor
form by setting αyy = 0 in Eq. (15). Further, the Raman tensor for the monolayer may be obtained from a superposition of
the Raman tensors of the single molecules within the unit cell of the type of lattice formed. As previously mentioned, high-
resolution topographic investigations on azobenzene thiol SAMs evidence the existence of small regular domains (∼20 nm
diameter) surrounded by disordered zones [47,53,54]. These domains are reported as having an (oblique) nearly rectangular
lattice with two molecules per unit cell. The two molecules may be almost parallel or form an angle. For a parallel dimer
the molecular lattice tensor retains the single-molecule form (15). In the second case of two molecules forming an angle of
approximately 40◦ between their short molecular axes (the longer axis being along the z axis) [47], the resulting unit cell
tensor is obtained by summing the individual tensors of the two molecules, the second tensor being rotated at the angle of
40◦ with respect to the first one:

Razo = RAg + TT (
40◦)RAgT

(
40◦) (16)

In Eq. (7), the transformation matrix T is simply a rotation matrix about the z axis at the angle θ = 40◦ [55].
The region probed below the tip in the TERS experiments has a size comparable to that of the small ordered domains;

we can thus speculate that the near-field polarization dependent response will be different from its far-field counterpart
whereby a much larger area encompassing a large number of differently oriented domains together with, possibly, dis-
ordered zones are probed. The above tensor Razo is used in the TERS simulation procedure described in the preceding
subsection to fit the “tip tunnelling” response of the azobenzene layer shown in Fig. 9(b) (the element αzz was set equal
to unity because of the relative nature of the polarized TERS model; see the discussion from the previous subsection). Note
that the tensor Razo from Eq. (16) corresponds to the xz plane coinciding with the scattering plane; to account for the vari-
ous possible orientations of the domain lattice with respect to the scattering plane, Razo should be further rotated about the
z axis (i.e., the sample normal) at the appropriate sample azimuth angle [55]. The change in the polarization states before
and after interaction with the metal tip is described by the tip-amplification tensor A, Eq. (2), with an a-to-b ratio equal to
10 : 1 (corresponding to a strongly polarization sensitive tip); the tip apex angle (see Section 2) was taken to be 50◦ .

The curves shown in Fig. 9(b) are the best fits to the experimental data; they were obtained for the following set of
tensor component values, αxx ∼ 0.5; αxz ∼ 0.3, at two different sample azimuth angles. The somewhat lower fit quality on
the right end side is to be ascribed to a signal fading resulting from the molecular photo-dissociation or photo-desorption
under the action of the strongly enhanced local field (the so-called “bleaching effect”). It should be also noted that very
similar curves were obtained considering the single-molecule tensor form RAg (Eq. (15)) implying that the actual near-field
polarized scattering measurement does not make it possible to distinguish between the two possible molecular orientations
within the unit cell. Possibly, the field enhancement extends over several contiguous domains rather than a single one and
the retrieved values for the tensor components represent a local average.

Next, a careful inspection of Fig. 9 shows that, in contrast to the far-field curve peaking at 90◦ incident (p) polarization
(within a 3◦ uncertainty in the orientation of the half-wave plate fast axis), the maximum intensities of the two near-field
curves are slightly shifted from the 90◦ azimuth value (to lower azimuths, for the solid line and to higher azimuths, for the
dashed one). These shifts are due to the non-zero off-diagonal components of the scattering tensor Razo (and, more generally,
RAg); the magnitudes and signs of the shifts are also functions of the sample azimuth reflecting the local orientation of the
domains with respect to the scattering plane. Recall that the two near-field curves were obtained for two different tip
positions on the azobenzene layer surface and the two azimuth values used in the simulations reflect a different orientation
of the domain(s) probed below the tip.

To reproduce the far-field behaviour (the solid curve in Fig. 9(a)), the same Raman tensor (Razo from Eq. (16)) was used
and the contributions produced by four equally spaced sample azimuth angles (0◦; 90◦ , 180◦ and 270◦) were summed
up to account for the random orientation of the domains and the possible presence of disordered zones within the large
illuminated area. Indeed, over a μm-scale laser spot, a great number of ordered domains are probed and their relative
orientations remain spatially unresolved in the far-field response. As a result, the far-field polarization curve is peaking
at 90◦ , in accordance with the random domain orientation in the xy plane.

In a conclusion, the validity of the near-field polarization model was experimentally tested on an ordered self-assembled
non-crystalline (organic) structure. As a result, the Raman scattering tensor of the A g -symmetry vibrations in the azoben-
zene molecule was quantitatively determined from the TERS measurements.
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5. Conclusions and outlook

A certain number of conclusions, together with guidelines for future studies, can be drawn from the four case studies
presented, originating from both far-field, as well as from near-field experiments.

The polarized far-field Raman spectroscopy in oblique backscattering configuration on semiconductor structures demon-
strated its experimental capability to characterize strain in crystalline materials. Stress tensor determination with accuracy
of several tens of MPa, signs included, could thus be achieved by varying the polarization state of the exciting laser radia-
tion. Tensor component values for biaxial (bisotropic) stress states were obtained for SiGe plain, microelectronics structures.
However, with the never-ending shrinking of the dimensions of the electronic devices, polarized near-field (TERS) experi-
ments, rather than far-field ones, would be readily welcome for the characterization of local stresses at the nm scale (e.g.,
in field-effect transistor channels). An active research in this direction is currently under way.

By studying the variation of far-field Raman scattering response of pentacene thin films with the incident polarization,
it became likewise possible to arrive at the correct group assignment of some “controversial” vibration modes leading to
the unambiguous identification of two uncoupled (intramolecular) C–H bending vibrations. Besides revealing the power of
the polarization-based approach to Raman scattering, this case study is clearly just a first, “far-field”, step to a full Raman
scattering tensor analysis performed in the near field.

The next step in this direction was the ν15-vibration-mode Raman tensor determination of an azobenzene layer from
TERS experiments. Having validated the near-field polarization model from Section 2 on a simple cubic crystal material
(c-Si), we applied successfully the polarization approach to describe the response of the locally ordered self-assembled
azobenzene monolayer, thus extending the validity of the model to non-crystalline organic materials.

From an instrumental viewpoint, a future development of the polarized Raman scattering equipment would necessar-
ily include the implementation of a polarization state generator (PSG) and a polarization state analyzer (PSA), in lieu of
the actually used half-wave plate and analyzer [56]. Through the generation and analysis of elliptical and not only linear
polarization states, this upgrade will allow for the measurement of the complete polarimetric response (in the form of a
Mueller–Stokes matrix) of the sample under investigation, thus going far beyond the polarized Raman approach described
in the present work. The full polarimetric response would logically provide even more information than the polarized one
thus making it possible to study the vibrational properties of complex materials and structures.

In summary, we have illustrated, on several experimental case studies, the usefulness of the implementation of polariza-
tion control in a Raman scattering experiment. The opportunities that open up are numerous and cover a variety of topics,
of technological or of scientific interest, going from the stress analysis of semiconductor structures to Raman scattering
tensor determination in TERS experiments on self-assembled organic monolayers.
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