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INTRODUCTION

» Light scattering is a general expression to indicate a class of
two-photon processes between electro-magnetic radiation and
condensed matter.

» The subject is of great interest for the study of solids because
it gives detailed information about their elementary excitations.

* The scattering of light arises through the modulation of the
dielectric constant of the system by internal excitations. The
dielectric constant is sensitive to any change of the electronic
state of solids and this permits coupling with essentially all
types of excitations in solids (plasmons, excitons, phonons,
magnons).

» Hereafter we shall deal with Raman scattering by phonons.

PHENOMENOLOGY OF LIGHT SCATTERING

When a monochromatic light of frequency v, impinges on a

solid characterized by elementary excitations of frequency Vi
we can find, under certain circumstances, that scattered light

contains, besides the ferquency vy, also frequencies v, given
by:

¢ The interactions giving rise to elastically scattered component
at vy are usually referred to as Rayleigh scattering.

¢ The sidebands occurring at v, + v, arise from inelastic

scattering processes and provide us directly with the frequency
(or energy) of the k-th elementary excitation within the solid.




e The sidebands occurring at vy — v are referred to as Stokes

components, while the sidebands at vy + v are referred to as
anti-Stokes components.

¢ |f the sidebands v, = v + v, are due to:
i) acoustic phonons (Brillouin scattering);
i) electronic excitations or optic phonons (Raman scattering).

e Raman scattering sidebands occur in the wavenumber range
of ~10 + 1000 cm™, while Briliouin scattering sidebands are
confined below ~ 1 cm™ far from the laser energy.

The wavenumber unit (cm™) is used by spectroscopists.

1 cm™' corresponds to a frequency of 30 GHz and to an energy
of ~1.24x10* eV.
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Figure 1. Schematic representation of a Raman spectrum excited with
the green line of an argon ion laser, A, = 514.5 nm.




HISTORICAL BACKGROUND

« Raman scattering was independently observed in 1928 by:
i) Raman & Krishnam in liquids;
i) Lansberg & Mandestam in crystals.

e Raman observed that the light from a mercury lamp was
scattered by benzene in such a way that the spectrum of light
contained some additional lines, besides taht of mercury itself,
occurring in both sides at highefand lower frequency than that
of mercury lamp.

e Raman spectrum of liquid carbon tetrachloride excited at
435.3 nm and recorded over a photographic film.

e Smekal in 1923 derived the following formula from quéntum
mechanical considerations on atomic transitions:

hvgy + Ep = hvg + E,

where E, and E,, stand for energy eigenvalues of the medium
before and after the light scattering process, and vy and vgare
the frequency of the incident and scattered radiation.

e Therefore the scattering of frequency-shifted radiation (i.e.:
the inelastic scattering of light), is a quantum effect.

e Although no complete theory of light scattering processes can
be built up without an extensive use of quantum mechanical
concepts, nevertheless some basic insights can be obtained
from pure classical considerations.

e Molecular model of light scattering processes.
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Fig. 1.2 () Spectrum of a mercury arc in the region of 4358-3 A (435'83 nm,
Po=22938 cm'); (b) Rayleigh and Raman spectra ot carbon tetrachloride (liquid) excited by

mescury src radiation, p,=22 938 em~; (¢) Rayleigh and Raman spectra of carbon tetra-

chloride (liguid) excited by an argon ion laser, ¥, = Zg l?[8'7 an | (4879-9 A, 487-99 am). The

spectrn ia Fig. 1.2(a) 2nd (b) are facsiciles of spectra recorded by Raman and Krishaan (Proc.
Roy. Soc., vol. 122, p. 23. 1929) and were photographically recorded.
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LIGHT SCATTERING BY PHONONS

» In crystalline solids, besides the molecular vibrations (internal
modes), lattice vibrations (external modes) exist. These lattice
deformations are transmitted throughout the crystal and are
described by plane waves (phonons) with wave vector q either
perpendicular (transverse) or parallel (longitudinat) to atomic
displacements.

e Lattice vibrations are classified into acoustic and optical
modes, the related plane waves being called acoustic and
optical phonons. Optical phonons are much more energetic
than the acoustic ones (i.e.: elastic waves in a continuum).

e The phonon spectrum of a crystal consists of both acoustic
and optical phonon branches.

* [n general, optical modes of crystals are less energetic than

molecular vibrations. In fact:

- molecular vibrations occur in the range of ~400 + 4000 cm”
(i.,e.: =0.05 - 0.5 eV);

- optical lattice modes occur in the range of = 10 + 1000 cm™.

e Raman scattering from crystalline systems ranges between
few wavenumbers far from the Rayleigh line and some
thousands of wavenumbers. Therefore its detection in a light
scattering experiment requires the use of a laser, as source of
monochromatic light beam, and high contrast spectrometers, as
energy analyzer systems.

e Schematic representation of phonon propagation.
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DISPERSIVE EFFECTS

 In principle, scattering experiments on a crystalline system
allow to determine the phonon dispersion curves of the crystal
(.e.: the frequency ® vs. q), according to both energy and
wavevector conservation rules.

» Unfortunately, by scattering experiments with visible light only
the phonons with g = 0, i.e.: phonons occurring very near to the
centre of the first Brillouin zone (I'-point of BZ), can be probed.

e In fact, for light of & = 500 nm we have: |k, |~ |k |=10° cm
and |q| = 2| k| sin (8/2), where we assumed: |k|=\ki|;!ks).

e This means that |q|<2 |k|=2.10° cm’'<< nt/a (= 10% cm™).

* Then, only phonons with very long wavelengths, much longer

than the lattice spacings, are observed in first-order Raman
scattering from crystals.

e ¢ |t should be enphasized here that the magnitude of the
wave vector q determines the spatial resolution by which we
can probe the crystalline systems.

* In contrast to light scattering experiments, by using X-rays and
thermal neutrons (with k > 10° cm™) we could explore phonons
at all the wavelengths down to interatomic separation (a = 0.1
nm). In fact, X-ray and neutron scattering experiments are used
to determine the phonon dispersion curves of crystalline solids.

» The magnitude of wave vector q is not so important in Raman
scattering (—optical phonons), but it is very crucial for Brilluoin
scattering (—acoustic phonons), since the frequency of acoustic
phonons varies almost linearly vs. g near the I'-point of the BZ.
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RAMAN SCATTERING EXPERIMENTS

e Polarized monochromatic laser beams are generally used to
excite Raman spectra of crystals.

o Macro-sampling approach is usually adopted for Raman
scattering experiments carried out from crystaline systems.
In this approach, the incident laser light is focused on the
sample by a lens of proper focal length.

« Nowadays, Raman scattering experiments on nanostructured
systems are preferentially carried out in micro-sampling
configuration, because of the much higher spatial resolution
attainable in focusing the laser beam by a microscope objective.

e Scattered light is collected into an optical system placed at
some angle O with respect to the direction of the incident laser
beam. This angle O defines the scattering geometry.

e Polarization of the scattered light can be properly determined
by a polarization analyzer system (polarizing plate + scrambler).

o Scattered radiation is frequency resolved by a spectrometer,
I.e.. a double- or triple-monochromator, mounting (holographic)
gratings, and is collected into a photon detector | i.e.: PMT
(photomultiplier tube) or CCD (charge coupled device).

e Photomultiplier tube are usually operated in photon counting
mode to increase their sensitivity in detecting weak light signals.
Since the end of 80s, new photon detectors (CCD array
detectors) have been developed and are currently used by
Raman spectroscpy apparatus, especially by those equipped
with microprobe sampling facilities.

» Schematic representation of Raman scattering from crystals.
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SPECTRAL INTENSITY OF SCATTERED LIGHT

e From a microscopic point of view, the scattering of light in a
crystal is caused by local fluctuations of the dielectric constant €
due to lattice deformations associated to its internal excitations.

e The spectral intensity of the scattered light by an elementary
excitation of frequency ® and wavevector q in crystalline solids
can be properly expressed in terms of Fourier transformation of
the autocorrelation function of space-time fluctuation, d¢(r.t), of
the dielectric constant £(r,t) from the equilibrium value g:

l(q.) = (A2m) [* dt et <82"(q.0) - 5&(q,t)>
where ® = o, — 0.

The star * denotes the complex conjugated, <&g'(q,0) - 5&(q,t)>
is the time-correlation function, and:

A= (lg 0o"(16 T R? ¢* )

Finally, 5£(q.t) is the space-transform of the dielectric function
fluctuation :

Se(q.t) = J‘_(,c>+‘°O dr e %" 3g(r 1).

« Notice the ®,*—dependence of the scattered light intensity.



SPECTRAL CHARACTERISTICS OF FIRST-ORDER
RAMAN SCATTERING BY PHONONS

¢ Raman spectra of crystalline solids consist of a set of discrete
and relatively sharp peaks (lines), due to light scattering by
optical phonons at the centre of the first Briliouin (g = 0).

* The discrete character of Raman spectrum of a crystal is a

direct consequence of the conservation of energy and crystal
momentum.

e When the crystal momentum and the wave vector
conservation restraint is relaxed (as it should be for a
disordered crystal or an amorphous solid) the entire energy

spectrum of vibrational excitations becomes accessible to the
light scattering.

e Main types of disorder in crystaline solids: point defects
(impurities), dislocations, grains (nonostructured systems).

* In these cases the Raman spectrum of the system consists of
broad bands rather than of sharp lines, which reproduces the
vibrational Idensity offstatesprojected at the centre (I'-point ) of
the first Brillo/{'n zone.
i

» Spectral effects of topological disorder on the Raman
scattering from solids: the case of amorphous silicon.

» Hereafter some examples from:

covalent crystals (Ge, Si and C-diamond);
molecular crystals (sapphire);

disordered crystals (beta-alumina).
amorphous solids and glasses.



DISPERSION CORVEsS OF sictcor (oo4)
AMD RAHAM SPECTRUM oF oo =S¢

c- P —
Y AL
Lo 3
TO b
< 4004 400+
s .
L a-Su
S a b
[
V]
o
W ooot 2004-
LA
TA
0 S

0
0 02 04 06 08 10

R N . -~
K/Kmox aman S %m at



100000

5000

SILICIO

2000

SILICIO

2000



20000 [
9|
\_
z
Q
Q 15000 -
U C — Ge
®
§ 10000 |
5000 |-
0 JL—M*.—J. S 1 B | :
0 200 400 600 800
X axis title
" 2000 F
|
Z |
)
Q
1500
J
= ' |
% 1000 |-
500 |- ‘ \
|| AM \n
el ' MWW
0 1 1 i [ L 1 L
0 200 400 600 800

X axis title



4000

2 DIAMANTE
(:(:1 L @M O as el )

. N

0
o DIAMANTE

k

L
OL !

4006



ANTI - | \ \

STOKES STOKES \ \

200 100 0 100 200 300 300 500 800 700 80C  30¢ 00G a0 1200
ENERGY (cm™
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APPENDICE C. MODI NORMALI E REGOLE DI SELEZIONE 137
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SOME EXPERIMENTAL CONSIDERATIONS

» Raman scattering is a two-photons process:
Typical scattering efficiency ; ~107 + 10"

» The scattered radiation is not easily detctabie: need of
sophisticated detection systems: PMT (photon counting), and
CCD arrays (intensified).

Expected values for a typical experiment on solids:

 Number of incident photons : ~3x10"" quanta/s (i.e: the power
of 100 mW of a laser beam operated at 600 nm).

* Number of photons entering into a collecting lens: ~10° for a
strong scatterer (but it may be equal to 10 for a poor scatterer)

 Transmission efficiency of spectrometer: ~10%.

» Number of photons arriving to the PMT photocatode is: ~10°
(for a strong scatterer), when the spectrometer resolution is set
so that the instrument bandpass contains1% of trasmitted light.

eAssuming a photocatode’s quantum efficieny of ~10% and a
PMT gain of ~10°, we get a current signal of ~10® A (~ 10"
electrons/second).

* Typical dark current : ~10™"" A, which correspond to 10?
pulses/second. Cooled PMT show dark currents of ~107% A
(i.e.: few pulses/second).

* In the case of strong scatterers Raman signal can be recorded
in current detection mode, and PMT cooling is not mandatory

to obtain good signal-to-noise ratioes.

* o For very low levels of light (as in the case of poor scatterers)
Photon counting detection techniques are required and the

PMT must be cooled in order to obtain reasonable signal-to-
noise ratioes.
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Raman Instrumentation: characteristics and evolution

Background

Hereafter a minimal explanation about the light scattering is given in the aim to aid
understanding of the improvement in the Raman Spectroscopy instrumentation.

When a monochromatic light from a laser is allowed to strike a sample, almost all of the light
is observed to be scattered elastically, with no change in energy or frequency (Rayleigh
scattering}.

A very small part, approximately 1 in 10°+10'°, is scattered with a change in frequency
(Raman scattering).

The difference between incident and scattered frequencies correspond to an excitation of the
molecular system, most often an excitation of a vibrational mode.

By measuring the intensity of the scattered light as a function of the frequency difference, we
obtain the Raman spectrum of the system.

Given to very low efficiency of this process, it is clear that detection of these scatterd photons
will require a high selectivity against the large number of elastically scattered photons at the
incident laser frequency.

This is the first and most important prablem in light scattering experiments on crystalline
solids. In all type of Raman instrumentation we must find a way to eliminate or severely
reduce the intensity arising from the elastically scattered radiation (Rayleigh scattering). This
is obtained either by using high contrast double-monochormators, mounting holographically
ruled gratings, or, recently, by using holographic «notch» filter, especially conceived to reject
the elastically scatteried light.

A second problem which often interfere with the detection of Raman scattered photons is the
fluocrescence, arising either from the material of interest or from impurities embedded in the
sample. Given to low efficiency of the Raman scattering process, a very small amount of
impurity can give rise to a fluorescence signal which completely obscure the Raman photons.

Much work has gone into various experimental techniques to avoid fluorescence: these
techniques include either time-based discrimination (time-resolved Raman Spectroscopy),
which exploit the different time-scate of the electronic (10°® - 10 s) and vibrational (1072 s)
processes or red or near infrared excitation (Fourier Transform Raman Spectroscopy).
This last provides the most successful approach to avoid the electronic absorption process
that leads to fluoresscence, since sample excitation occur in the IR or in NIR.

Without entering into the technical aspects of FT-Raman spectroscopy, here we shall focus
on the historical evolution of «dispersive» Raman spectroscopy.

Dispersive Raman Spectroscopy

Dispersive Raman spectroscopy is the historicallly original technique since the observation of
the first Raman spectrum, but, during the last decades, has largely benefited from
technological advances in light sources (lamps, lasers), filters, spectrometers (prisms,
monochromators, with holographicaily ruled gratings) and light detectors (photographic
plates, photomultiplier tubes, and CCD arrays).



History

Since RS has historically used vidible light as the exciting frequency, the main advances in
the technique came from the improvements on light sources and light detectors in the visible
region of the spectrum.

When first observed by Raman in 1928 and for several years thereafter, the techniques was
carried out using high intensity mercury lamps as light socurces and photographic plates as
light detector.

In the 1960s mercury lamps were replaced by gas laser sources and photographic emulsion
by photomultiplier tubes.

The strength of the elastic (Rayleigh) scattering from the samples and the sensitivity of the
PMT led the need for double or triple-monochromators. These effectively rejected the
Rayleigh line so that the inelastic (Raman) scattering (which is a factor 10°-10"° less intense)
could be observed.

At the end of 1880's FT-Raman spectrometers were introduced using near-infrared laser
excitation and a Fourier transform spectrometer, configured for the NIR, for the frequency
analysis of the Raman signal. The rejection of the Rayleigh line was carried out by the use of
«notchx filters, which rapidly became the method preferred over monochromators.

In fact, holegraphic notch filters join a high rejection of the exciting frequency with a high
throughput of the Raman scattered light. Used in Raman spectroscopy these notch filters
often eliminate the need for double or triple monochrometors whose only purpose was to
remove the intense Raileigh scattering. With such filter, only a single monochrometor is
needed to dispers the spectrum, with consequently large gains in optical throughput and
signal-to noise ratio.

Lasers

Advances in laser technology have contributed significantly to the increased utillity of Raman
spectroscopy. There are now many laser line available from various lasers for uses in
Raman instrumentation, Most of these systems are cw in nature.

The visible region of the spectrum is still covered quite effectively by the discrete line output
of either argon- or kripton-ion laser, as well the various dye lesers.

Spectrometers

From the prism spectrographs (used by Raman in his experiments) to double or triple-
monochromators, equipped with hclographic gratings.

Our double-monochromator (Jobin-Yvon, model Ramanor HG.2S is equipped with concave
holographically ruied gratings with 2000 lines/mm).

Techical features:

Focal iength: 1 m, F/8 aperture, grating size: 110x110 mm?

Two beam entrance apertures: lateral and axial entrances.

Two beam exit apertures with detector attachement

Slits: Straight and horizontal, length 20 mm, width up to 2 mm, with definition 1 um, each siit
being operated by tepping motor.

Spectral performaces (for visible version):

Spectral range: 440 - 800 nm (22720 - 12500 cm’™")

Dispersion 2.5 A/mm - 100 um slit width corresponds to 1 cm™ at 500 nm

Stray light rejection: 107 at 20 em’ far of the Rayleigh line.

Resolution: Better than 0.5 cm-1 at 514.5 nm




Advantages and disadvantages of doubie and triple monchromators

Tha main advantages of using dispersive systems in Raman spectroscopy derive from their
high spectral resolution and their extrahordianry efficiency in the rejection of the Rayleigh
line, which allow to scan Raman spectrum down to few cm’’ far from the excitation energy.
This is sometimes a mandatory requierement, especially for light scattering experiments from
localized acoustic phonons in nanostructured compounds (superlattices and quantum dots).

One of the major limitation of dispersive systems for Raman spectroscopy has been the
throughput of the monochromators. The need of double or triple monchromators arose from
the reauirement for Rayleigh line rejection. A single monochromator ha a stray light level
that is too high to use in Raman spectrsoscopy when Rayleigh scattering can be eight to ten
order of magnitude stronger than Raman scatterd intensity. Double or triple monochromators
provide sufficient stray light rejection to cope this problem. Unfortunately using double or
triple gratings systems results in 1-5% transmission efficiency because of the reflection
iosses and grating efficiencies.

Recent major advances in Raman instrumentation

Notch filters: The inconvenients (low efficiency) arising from the use of double or triple
monochromators can be overcome by inserting a holographic notch filter at the entrance slit
of a single grating monochromator, which removes the Rayleigh scattered light, so that a
single grating system is now quite usable for Raman scattering. The major advantage of
such a system is the very high efficiency, since there are now as few as two reflecting
surfaces and only one grating. Tha trhroughput can approach 50%. An additional advantage
is the reduced size of the instrument (which can be of only one-fouth the size of the double or
triple monchromator). But unfortunately notch filter approach is not useful for experimental

investigation of the very low-frequency Raman scattering region, down to few cm-1 far from
the Rayieygh line.

Array detectors: Another major advance in RS has been in the area of array detectors.
Recent detector technology has moved forward once again in paralle! with what happening in
photography. The most sensitive detector for visible light (and increasingly for near-infrared
light) is the Charge Coupled Device (CCD), similar to the detector found in the modern
cancorder. This consists of an array of detector elements (pixel), typically 1000x1000 pixels
in size. This solid state silicon device produce electrons when photons illuminate a depletion
layer with efficiencies of typically 50%,but which can be higher than 80%.

The accumulated electron charge is the «read out» from the device. For critical detector
applications, their sensitivity is enhanced by reading out the charge at relatively siow rates
compared with camcorder.

But, by far the greatest increase in signal-to-noise ratio is gained by cooling the CCD
detector. The dark current, which ca be though of as detector noise, is of the order of 50000
electron per seocnd per detector element (pixel) at room temperature but falls dramatically
as the temperature is reduced to a iess than 0.05 electron per second per pixel when at -40
C. This means that the cooled CCD is a detector which cal literatly detect a few tens of
photons over an area of one or two square centimeters.

Advantages and disadvantegs of CCD arrays in dispersive RS

The grating disperses the spectrum in a stripe across the CCD so that all Raman shifted
frequencies are measured simuitaneously. This gives much faster acquisition times than a
conventional scanning instrument, but until now this has restricted either the rsolution or the
spectral range of such instruments.
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Introduction

From the time of its discovery in 1928
until 20 years ago, Raman scattering has
been used for studying macroscopic bulk
samples and furnishing information
about fundamental molecular properties,
providing an important tool in the spec-
troscopy laboratory. Raman spectroscopy
is based on the spectral distribution of
inelastically scattered light and is a
highly-selective technique for investigat-
ing molecular species in all phases of
matter, as they are fingerprinted by their
vibrational spectra. The inoducdon of
lasers as sources has greatly enhanced the
potential of Raman spectroscopy for mi-
croanalysis. Indeed R zman scattering can
provide information which previously
was not available from any other widely
used techniques such as electron, ion and
Auger microprobes. These last techniques
can readily identify, map out the distribu-
tion and determine the quantity of ele-
mental constituents present but do not
readily distinguish the chemical forms of
polyatomic species present as specific
campounds in a sample. With lasers as
sources for excitation of Raman scatrer-
ing and the continuing development of
imstrumentation for optical spectroscopy,
Raman microspectrometry has now ma-
tured to the point at which non-destruc-
tive chemical microanalysis and mapping
has become routinely practicable for
both research and industrial purposes. In
this paper, recent development and appli-
cadons in confocal Raman microspec-
trometry are described.

Principles of
Raman

spectroscopy

Spectroscopic  measurements  done
with Raman spectrometers are mainly
based on the excitation and detection of
the normal (spontanecus} Raman effect,
which has been fully described.! The

effect is an inelastic scatrering process
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Figure 1. Schematic representation of a Raman spectrum excited with
the green fine of an argon ion laser, A, = 514.5 nm.

observed in the near UV /visible to near
infrared spectral region, which involves
the interaction of a monochromatic
beam of light with the molecules of the
sample. This interaction produces scat-
tered radiation at different frequencies.
These frequency shifts {from the exciting
line) are identified with the frequencies
of the atom oscillations in polyatomic
structures contained in che sample. A
schematic representation of a Raman
spectrum is presented Figure 1. Excita-
ton with the green line (514.5 nm) ofan
argon ion laser is assumed. The Stokes
Raman lines (;D-G;) and the corre-
sponding weaker anti-Stokes lines (V,, +
V) appear symmetrically on both sides of
the strong Rayleigh line (V). In this
Tepresencation, Vo and V, are the absolute
wave numbers (G=v/c) expressed in
cm™ of the exciting line and of the
Raman lines respecdvely. The Raman
shifts Vg,are read directly on the Raman
spectrum recording, which usually con-
sists only of the more intense Stokes part.
The intensities of the lines are deter-
mined by the Raman cross-section (see
below} and are directly proportional to
the number of meolecules which are
probed. The kind of information pro-
vided by the Raman spectrum is essen-

dally the same that is obtained from in-
frared spectra. Thus, Raman spectra can
be regarded as unique fingerprints which
also contains information on the local
molecular environment (e.g. amorphous
or crystalline phases). In the spontaneous
Raman effect described above, the inci-
dent photon energy is below the energies
of any excited electronic levels, But if the
exciting wavelength is such that the in-
cident photon energy approaches or is
equivalent to these levels, then other in-
elastic processes such as resonant Raman
scattering® and fluorescence® may be in-
duced. The fluorescence emission which
is often an order of magnitude or more
greater than the Raman scattering may
sometimes trask the Raman emission.

Confocal laser
Raman
microspectrometry

Instrumentation

The intensity of the signal delivered by
the detector of a spectrometer analysing
a given Raman line at the wavelength A
can be expressed by:

Spectroscopy Europe 5/2 {(1993)
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Figure 2. Optical scheme of the llluminating and collecting optics of a
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where [, is the laser irradiance at the
sample (watts unit area™, 0y, is the differ-
ential cross-section for the Raman ling
analysed (cm? . sterad™! . molecule™), N
is the number of molecules in the probed
volume ¥, {2 is the solid angle of collec-
tion of the Raman light and T3 and 5, are
the throughput of the instrument and che
sensiuvity of the detector at the wave-
length A, respectively. When a stall vol-
ume of matter has to be examined, there
are only a few parameters which can be
medified in order to compensate for the
large reduction in the number of mole-
cules Nin the probed volume I, namely
I, and €. In fact, the probed volume and
the solid angle of collection are not in-
dependent and cxtensive work at the
LASIR,, several years ago, was devoted to
explore technigues for developing micro-
Raman insttuments.*® From experience
gained in this work, it was concluded,
that the use of microscope objectives for

both lluminating the sample and collect-
ing the Raman light was the best way to
decrease ¥ while increasing Q and L.
Indeed, microscope objectives which are
high-numerical aperture (NA) optics are
able to focus the laser beam into a very
small volume and to collect,under a wide
angle, the light scattered by this volume.
Thus, both the enormous increase of the
local irradiance L, and the wide angle of
collection £2 compensate for the decrease
of the number of molecules N. A micro-
Raman instrument possesses a2 good
quality light microscope coupled to a
spectrograph (or spectrometer). This op-
tical coupling must be optimised from
the sample to the photoelectric detector
via the collection optics and the spectro-
graph and/or the spectrometer. A sche-
matic diagram of the widely adopted
laser focusing, sample viewing and scat-
tered light collection geometry is repre-
sented in Figure 2. It can be seen, from
this figure, that 2 micro-Raman spec-
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Figure 3. Principle of contocal microscopy.
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trometer was conceived, at its origin, as a
confocal microscope. In fact, a real con-
focal configuration requires a very accu-
rate optical alignment and a high degree
of stability and reproducibility of the
mechanical and optical alignment.

Confocal Raman
IMICrosCopy

In a confocal microscope,® the laser
beam is filtered by an llumination pin-
hole. This initial spatial filtering removes
unwanted rings and noise and produces
2 clean point source waist which is im-
aged on to the sample (at the object
planc of the microscope objective) (Fig-
ure 3). The Raman light scattered by the
sample is directed to an adjustable pin-
hole placed in the image plane of the
microscope objective. The pinhole used
for the filtering of the laser beam {illumi-
nation pinhole Dy) and the one used for
transmitting the Raman light to coupling
optics and spectrometer (adjustable pin-
hole Dy} are the “confocal diaphragms”.
They are optically conjugated with the
point source in the object plane. This
arrangement ensures that only light
coming from the focal plane entirely
reaches the detector while that coming
from upper and lower planes is partially
attenuated. This accounts for the confocal
micro-Raman spectrometer’s ability to
discriminate between parts of the sample
which are not at the same depth allowing
“optical sectioning”. In Figure 3, the in-

- tensity distribution has been represented
P

a5 a function of the aldtude Z of the
object plane. This shows that the axial
resolving power, which is defined as the
full-width at half-maximum (FWHM)
of the curve, for a confocal microscope is
increased compared to that of a conven-
tional microscope. The confocal configu-
ration is especially valusble in Raman
spectrornetry since it almost eliminates
stray light (background, flucrescence)
coming from outside the focal volume.
Decreasing the size of the spectrometer
“confocal diaphragm” improves the axial
resolution and stray light rejection. The
use of an adjustable size spectrometer
“confocal diaphragm” allows a variable
confocal effect and thus an optimum
adjustment of the recording conditions
to the sample geometry.

Raman imaging
Micrographic images revealing the
spatial distribution of a given molecular
species within a sample can be produced
by isolating with a filter a narrow spectral
bandpass centred on a characteristic
Raman wavenumber of this compound

Spectroscopy Europe 5/2 {1993)
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Figure 4. Principle of Raman imaging.

(Figure 4). This is the basic principle of
Raman microscopy pioncered 20 years
ago by some of usand demonstrated, for
the first time, with the MOLE micro-
probe.” Since then, Raman imaging has
marured and now incorporates the latest
development in confocal microscopy
which provides the spectroscopist with
the most efficient technique for Raman
microprobing and Raman mapping with

aspatial resolution close to the diffraction
limit. Various techniques of Raman im-
aging have been proposed which differ
by sample laser illumination (global,
point and line) and detector configura-
ton {(PMT, linear or 2D multichannel
detector). ¥ 1! Two of these are worth em-
phasising: global llumination and the re-
centy introduced confocal line
ilumination, both using 2D.

(a) CONCAVE GRATING  EXIT SuT
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Figure 5. (a) Raman microscopy with global illumination; (b) Principle of

confocal line illumination technique.
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Global illumination

This technique has been employed in
the first Raman microprobe (MOLE)
and 15 the only way which allows direct
real-time imaging. A large arca of the
sample is iluminated by the laser beam.
A filter (grating monochromator or op-
ticat filter), tuned to a characteristic
Raman line of one component of the
sample transmits a monochromatic en-
larged image of this to a 2D detector
[Figure 5 (a)]. Lateral and axial resolution
of the Raman microscope are defined by
the microscope objective but cannot
benefit from the confocal arrangement.
Indeed, since the exat pupil of the micro-
scope objective is optically conjugated to
the slits of the monochromator, this ar-
rangement necessitates wide slit open-
ings 50 as not to impair the resoludon of
the microscope. This requirement has
two impottant consequences: low spec-
tral resolution and poor stray light rejec-
tion which have strongly limited the
applications of the MOLE. However,
new designs integrating low noise CCD
detectors and high performance optical
filters have already tmproved the field of
direct Raman microscopy.!>1?

Confocal line lluminaton

The line illuminaton technique al-
lows a better use of a two-dimensional
array detector (CCD for instance) since
both spectral and spatial information can
be obtained simultaneously: data along
the slit are related to the spanal distribu-
tion of molecular species within the illu-
minated line of the sample and data
perpendicular to the slit are related to
spectral information. We have recently
designed and patented a special optical
device based on line illumination that
preserves all the advantages of confocal
Raman microscopy.' Unlike “basic”line
illwmination, the confocal line scanning
technique is a rwo-step process which
involves two successive beam deflec-
tions'® [Figure 5 (b)]. A first scanner de-
flects the laser beam at the entrance of
the microscope objective and produces a
narrow line on to the sample (Figure 6).
The same scanner also steers towards the
spectrometer the Raman light scattered
by the sample along the illuminated re-
gion. As a consequence, whatever the
position of the laser spot on the sample,
an enlarged image of the probed area may
be focused on to an adjustable pinhole
acting as a spatdal filter (as.previously
described above). The second scanner
(synchronous with the first one) deflects
the light passing through the confocal
aperture so that at each point of the
sample corresponds 2 point of the en-
trance slit of the spectrometer. Linear

Spectroscopy Europe 5/2 (1993}
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intensity distributions (line profiles) at
many Raman wavenumbers are collected
simultaneously by the 2D detector
Placed in the focal plane of the stigmatic
spectrometer. Raman images at chosen
Raman wavenumbers can be built up by

_‘mioving the sample stepwise ini a direc.

* configuration benefits from the main ad-

vantages of confocal nﬁcmscopy given
above (i.e. itnproved axial and lateral
resolution, sectioning capability). It also
possesses an integrated zoom capability

which results from the two-fold beam

. tigated by micro-Rama;

possible to change continuously the
“spread factor” defined as the ratio of the
number of illuminaced pixels of the CCD
(along the slit direction) over the length
(expressed in pm) of the laser line onto
the sample. A low spread factor can be
used for a survey examination of the
sample while a larger value will be pre-
ferred to map out a small region of the
sample with more detail. Since the two
scanners can be driven separately al-
though remaining synchronised several
modes of operation are available:

® Fixed mirrors enable the system to
work like a conventional confocal
Raman microspectrometer.

® Sample degradaton of fragile material
can be avoided by scanning the laser
beam on to the sample while concen-
trating all the signal on to 2 single point
of the slit,

® Evolution of 2 sample versus various
physical parameters  (temperature,
pressure etc.) can be followed by focus-
ing the laser beam on to a fixed point
of the sample and by deflecting the
scattered light along the slit.

[Hustrations of Raman images are
shown in Figure 7 (2) and (b).

Applications of
micro-Raman

spectrometry
-Many kinds of problem can be inves-

sctrometry,

-' - tion pcrp'cpd.i\cular'fd_‘thérlase'r ]me This ! amiplitudes .




We give hers some of the more commeon
examples of the application.

Geology and gemmology

In the course of geological phenom-
ena,whether they be hydrothermal, mag-
matic or metamorphic, the role played by
fluids is very important. Studies of the
composition and density of deep fluids,
ie. the intramineral inclusions whose
sizes vary from a few to several tens of
Hm, can therefore provide sound proof of
the origin of the minerals, Thus it is very
important to exarnine each inclusion in-
dividually and non-destructively. Confo-
cal Raman microspectrometry, through
its capacity to examine a very small vol-
ume in situ (through the host mineral), is
particularly well adapted to the study of
fluid inclustons. It provides precise data
for idendfication and determination of
molar fractions of the main geological
ﬂLlldS (Cl‘L., COz, Nz, H;I_S, Oz, Hz, for

example). The coupling of microther- .
mometry with micro-Raman spec- -

RAMAN

In a similar manner, micro-Raman
spectrometry has proven to be an excel-
lent technique for identfying fluid or
solid inclusions in gems. Provided rthat
the host gem is transparent, the laser
beam: can be focused direcdy through a
crystalline or a cut facet (withour any
removal from the setting of the jewel)
into the inclusion to be characterised. For
the gernmologist, this identification is of
the utmost importance not only for

identification of gems and determ.manon ,

of their geological origin but ‘Als
discriminating between natural gems a.ud-_ _
the synthetic ones now, more and mon:

produced for jewellery e B sapphue .

ruby, emerald).'®

womerry allows a correct definition of " s

the thermobarometric conditions of l:hc B

fluid capture 16V S

INMICROSPECTROMETRY

of this size often create reliability prob-
lems. The first step towards soiving these
problems is identification of the con-
raminant, for which micro-Raman spec-
trometry is often the only method with
a chance of success.' Inorganic but
mainly organic {e.g. contaminants from
etching or from packing materials) can
be readily identified in situ. In addidon
1o the identificadon of foreign contarni-
nants on devices, micro-Raman
spectrometry can also provide charac-
terisation of the marterials used in fabri-~
cadng these devices. For example, with
the development of large-scale integra-
ton (VLSI) technology, considerable
emphasis has been placed on devising
methods of fabricating high-quality sili-

- Con films on a variety of insulating sub-

strates (¢.g. vapour-phase epitaxy, thermal

‘annealing). A good understanding of the
:érystal growth is essential for developing
"materials of correct quality. The Raman
"'téi:l;nique is often used as a rapid non-

estructive method for processed silicon
based on the position of the silicon band

amund 520 cm™ which is very sensidve

iocal lattice characteristics. A further
pl: is'the control of stress distribu-
on atound devices since stress can ex-

. Ceed the plastic deformation and reduce
- _the production yield. Still based on the

of the 520 cm™ band, compressive
ﬁsﬂe stress can be evaluated and this
eter be plot:tcd as a function of the

"posmon VLSI array transistors have re-
. ccnl:ly been so examined: 0

*_:In situ ana.lysm of ancient
‘works of art '

[-hstoncal matena]s and works of art

' - are unique and cannot be replaced; no
v risk of damage from the analysis can be

tolerated. Micro-Raman spectrometry is

. well suited to authentication, as it causes
-no major damage to the historic item or
E objer d’art being examined. Work in this

hboratory?! has demonstrated the abiliry
of this technique to identify pigments on
various ancient works of art. For example,
Lazurite and mercury{ll) sulphide
{Cinabar, natural vermilion) were 1denti-
fied in the blue and red ornamented
lecters on a page of a twelfth century
mussal. Recent identfication of pigments
on mediaeval manuscripts has also been
reported.

Microanalysis of biological
tissues and cells

With the advent of the Raman probe,
possibilities for molecular investigations
appear to be openung in biology, pathol-
ogy and tissue research at the cellular
level. So far, because of the fragility of
biological samples, studies have been
mainly restricted to problems where the

Spectroscapy Europe 5/2 {1993)
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Figure 7. (a) Raman Iimages of synthetic diamond microcrystals;

(b)

Raman images of the distribution of Nacholite and Water in a multiphase

inclusion inside host quartz,

sample was sufficiently locally concen-
trated (i.e.bio-accumulations in cells and
tissues, hard tissue formation, foreign
badies in tissue coming from the degra-
dation of implanted prostheses etc.).® n
vive studies of pigments in vegeral and
animal single ceils are also directly possi-
ble?* by using the resonance Raman ef-
fect or SERS (Surface Enhance Raman
Spectroscopy).® Recenty, studies of the
interaction of an anti-tumour agent RP
6045 with DNA in Living cells have been
reported.? By using the SERS effect,
spectrz of the ant-tumour agent in the
cywplasm and the nucleus of a single K
562 cancer living cell were recorded.
They gave important information on the
mechanism of the action of this andcu-
mour agent.

Conclusion

With routine detection limits in the ng
range and high molecular selectiviey,
micro-Raman spectromerry has now he-
come a major micro analytical technique
for both research and induserial applica-
tions. Confocal Raman imaging has re-
cendy enhanced the capability of rhis
technique o produce chemical maps at
i given depehs inside a transparent sample.
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NANOSTRUCTURED SYSTEMS

* Nanostructured systems consisting either of semiconductor
crystallites (quantum wires and dots) or of metal particles
(clusters) dispersed in transparent dielectric matrices have
attracted much interest during the last years due to their
unusual optical, electrical and mechanical properties.

» The novel physical properties of these systems are due to
anomalously high surface to volume ratioes of nanostructures
and to considerable shift of their energy levels caused by the
quantum confinement, occurring when the dimensions of the
crystallites are reduced to a size comparable to excitonic radius.

* The fundamental studies of nanostructured materials are
currently aimed to probe the quantum confinement effects,
either with respect to electrons or phonons.

* To this aim, many spectroscopic investigations have been
carried out by means of electron and optical techniques, among
them namely photoluminescence and Raman spectroscopy.

» Porous Silicon (p-Si) provides one of the most studied
example of nanostrucured systems, because it shows very
strong confinement effects of both excitons and optical
phonons.

¢ Since 1990 p-Si has been the target of intense experimental
and theoretical investigations aimed to correlate its strong light
emission at room temperature (in the visible region of spectrum)
with its microstructural properties.

* As far as the technological aspects are considered, this
system is expected to be well compatible with the existing
technology of silicon, and therefore it seems finally possible to
integrate on the same monolith both electronic and opto-
electronic functions inside the same device.
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Nanostructures of porous silicon produce multicolour
luminescence by a mechanism that still defies explanation
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FIG. 1. Photoluminescence spectra from a visible-light-emitting porous Si
specimen (sample No. 1) and a commercial (AlGa)As LED at room
temperature under the sampe experimental couditions are si.own for in-
tensity comparison. The integrated intensity of the porous Si (sample No.
1) 1s 3 times stronger than that of the (AlGa)As LED.
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STRUCTURE OF AGED p~8{

FIG. 9. Schematic representation of the oxidized porous sil-
icon texture for a sample having roughly 70% initial porosity
and electro-oxidized up to Q.
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PHONON CONFINEMENT MODELS

BASIC ASSUMPTIONS

e Phonon Confinement Models were developed during 80’s to
account for the observed Raman spectrum of micro-crystalline
Silicon [see: Richter et al. (1981), Campbell & Fauchet (1986)].

« As already mentioned, in bulk crystals the phonon eigenstate
is a plane wave and the wave vector selection rule for the first-
order Raman scattering requires q = 0. Thus light scattering
experiments probe the centre of the first BZ.

¢ |n contrast, the spatial correlation function of the phonon
becomes finite due to its confinement in the microcrystals and
hence the wave vector selection rule g = 0 for one-phonon
processes is relaxed. Therefore in crystalline grains of size L
(typically L <20 nm) a finite range of the BZ (i.e. ]q | < 2m/L)
becomes accefsible to light scattering.

« Since the dispersion curves of optical phonons are not entirely
flat over the whole first Brillouin zone, phonon confinement will
result both in a peak shift and an asymmetric broadening of
first-order Raman spectrum.

e This phenomenological behaviour has beeen explained by the
model proposed by Richter et al. (1981). Their model assumes
that the bulk phonon dispersion curves are not affected and no
new modes are created due to the size reduction of the crystal.

e Richter's model has been improved by Campbell & Fauchet
(1986), and then several works have been reported which show
the confinement of optical phonons in different semiconductor
crystallites (Ge, C, etc.).



OUTLINE OF THE RICHTER’S MODEL

» Within the model proposed by Richter et al. (1981) the
phonon confinement is accounted for by a weight function
W(r.L), where L is the size of nanocrystals with spherical shape.

 The phonon wavefunctions are still described by plane waves
with the same lattice periodicity of bulk crystal, but the weight
function W(r.L) acts so that their amplitude turns out negligible
or equal to zero at the grain surface.

 Formally the wavefunction of a phonon of wavevector g in
perfect crystal can be written as:

D(qo,r) = U(qo,F) exp(+iqo-r)

where u(qo,r) is a Bloch function, with the same periodicity as
the crystal lattice.

* In contrast, the wave-packet associated to a phonon confined
within a spherical nanocrystal of diameter L by the weight
function W(r,L) can be written as:

¥(qo,r) = W(r,L) - @ (qo,r)
= [W(r,L) « exp(+iqo-r)} u(qo,r)
=¥ (qo,r; L) - u(qgo,r).

* The development of ¥’ (qo,r; L) in series of Fourier is

W(gor; L) = stz C(q0,q) - exp(+igr) d°,

where the Fourier coefficients C(qq,q) are given by:

C(Qo.q) = (1/21) [ W' (qo.r; L) ) « exp(=iger)
= (1721) JW(r,L) « exp[-i(q-qo)er] d°r



» Now, recalling that in bulk crystals only q = 0 phonons give
Raman scattering, we can assume this approximation:

C(q0,9) = C(0,q),

and use C(0,q) in the calculations of Raman line shape.

e Therefore, the first-order Raman spectrum |(®) is given by:
@) = histsz. | C0.0)12 A(@,a.70) ¢

wher A(w,q.To) is a lorentzian curve centred at o(q), with a full
width at half-maximum (FWHM) of T'y:

A(®,q,To) o 1/{[(® — o (q)*+To/2)?}.

* In conclusion, within the PCM developed by Richter et al. :
the first order Raman spectrum of a nanocrystal in given by the

weighted (by the weighting coefficients ‘ C(0,q) %) sum of many
lorentzian components, all of them having the same FWHM, but
each of them being peaked at the energy w(q), compatible with

the phonon dispersion curves of bulk crystal. The weight of
each lorentzian component being defined by the weighting
function W(r,L) throughout the Fourier coefficients C(0,q).

* Richter et al. assumed a gaussian function W(r,L) to account
for the phonon confinement effects observed in the first-order
Raman spectrum of nanocrystalline silicon.

» The model proposed by Richter et al. has been reconsidered
and generalized to nanocrystals with non-spherical shapes (i.e.:
columns and slabs) by Campbell and Fauchet (1986), who also
used three different confinement functions W(r,L) , i.e:.

exponential, gaussian and sinc functions, to fit experimental
Raman spectra obtained from nanocrystalline silicon films.



OUR ASSUMPTIONS

» We have best-fitted the experimental spectra carried out f6m
our p-Si samples according to the model originally developed
by Richter et al. (1981). Therefore we have chosen:

» Shape of silicon nanocrystals: spherical shape.

e Shape of the confinement function: Gaussian function

W(r,L) = A exp (-8m?r*/L?),

where L is the diamenter of a spherical nanocrystal. In this
case, the weighting coefficients are ' C0,9) | 2= exp [-(9L/4m)?].

» Phonon dispersion branches: Approximation with an analitical
curve (parabola, with numerical coefficients extrapolated from
ine'lastic neutron scattering results).

e Symmetry of the first Briullouin zone: if the first BZ is
assumed to be spherical, then the frequencies of the different
phonon branches are independent of the direction, so that:

o(q) = o(q)

and the first-order Raman spectrum |(®) simply becomes:

) = fossqmax | CO,9)1%+ A(,q,70) da.

» QOur fit of experimental data was reasonable, but unrealistic,
since it assumed an identical size for all p-Si structures.
Therefore, in order to improve our fit we introduced a more
realistic inhomogeneous distribution of nanocrystal size.
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SPECTRAL EFFECTS OF A INHOMOMOGENEOUS
DISTRIBUTION OF NANOCRYSTAL SIZES

e Ponon confinement model developed by Richter et al. (as well
as the Campbell and Fauchet one) assumes a homogeneous
distribution of the nanocrystal dimensions. This hypothesis
seems too drastic in the case of p-Si.

e We can overcome this limitation by introducing in their model
an inhomogeneous distribution P(L) of crystal sizes in terms of
a gaussian curve, characterized by a dispersion c:

P(L) < exp[-(L-Lo)/20?]
where Ly is the mean crystal size.

¢ The first-order Raman spectrum l{®) is now:

(@) o« fooqmax) 9%+ f(@) - expl—(qLof(@)/4n)] « A(®,q,To) dg
where f(q) =1 + (q°c*/81? )"

e The main spectral effects due to the inhomogeneous
nanocrystals size distrbution P(L) are a stronger asymmetry
and broadening of the Raman peak of p-Si, with no evidence of
any additional shift with respect to Richter model.

o Comparison between results of calculation carried out for:
- a homogeneous distribution of nanocrystai size Lg;
- an inhomogeneous distribution of nanocrystal size around L.

» Comparison between the two different fits of Raman spectra.
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Abstract

The structure of light-emitting porous silicon layers, prepared by anodization of p-type wafers, has been investigated as a
function of depth by microprobe Raman spectroscopy. The depth-profiles of the Raman scattering from aged samples,
several micrometres thick, were carried out in the region of the optical phonons for crystalline silicon. The Raman data
indicate the presence of both a predominant nanocrystalline phase and of an amorphous silicon component at any depth
within the porous layers. A quantitative analysis of the experimental spectra is carried out in the frame of phonon
confinement models, by assuming both a spherical shape for the nanocrystals and an inhomogeneous distribution of their
sizes. When the probing laser spot approaches the region near the interface with vacuum, a remarkable reduction of the
average size of the nanocrystals is found, with a substantially unchanged a-Si component.

1. Introduction

Since the pioneering work of Canham {1), light-

- emitting porous silicon (p-Si) has been the subject of
. both theoretical and experimental research aimed at
- clarifying the relationships between its structural,

electronic and dynamical properties. Many experi-
mental investigations of p-Si currently address the
relationship between the optical properties of this
material and its structure. Following an initial paper
by Tsu et al. [2], where a correlation was derived
between Raman and photoluminescence (PL) spec-
tra, Raman scattering has been extensively used as a
probe of p-Si microstructure, with some controver-

- sial results [3-5]. In fact, while Tsu et al. [2] found

* Corresponding author. Tel: +39-461 881 501. Telefax: + 39-
461 881 696. E-mail: mariotto@science.unitn. it.

that the PL in anodically etched samples originates
from extremely small structures, of the order of 2-3
nm in size, which aiso cause phonon confinement,
Perez et al. [3] provided a direct evidence for an
amorphous silicon (a-Si) component in light-emitting
p-Si structures. Both optical and structural properties
of p-Si samples, fabricated under diverse conditions,
were systematically studied by Lockwood et al. [4]
and, independently, by Reshina and Guk [5]: a vari-
ety of results was observed, with no apparent correla-
tion between the Raman and PL spectra and the
preparation conditions.

In a different approach, aimed at probing the
structural and compositional homogeneity of p-Si
layers, micro-measurement techniques can be used.
So far, depth profiles for both Raman scattering and
PL have been carried out independently for anodi-
cally etched n-type silicon wafers by two groups
[6,7]. Both studies revealed the presence of important

0022-3093 /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved
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structural inhomogeneities in p-Si, which strongly
affect the optical properties of this material.

In the present work, the microstructure of light-
emitting p-Si layers, obtained from p-type Si (100)
wafers, has been investigated by high spatial resolu-
tion Raman spectroscopy. Depth-profiles for the Ra-
man scattering, recorded from the cleaved edge in
the spectral region of the optical phonons for crys-
talline silicon (c-Si), reveal the presence of both
amorphous and nanocrystalline Si phases at any depth
within the porous layers. An evaluation of the typical
sizes of the nanocrystalline structures is obtained
using a phenomenological model based on the spatial
confinement of phonons.

2. Experimental procedures

Porous silicon samples were prepared by the an-
odic etching of p-type ( p~3 Q cm) silicon (100)
wafers using a HF-C,H;OH-H,0 (1:2:1) solution
in a custom-built cell. The details of the electrochem-
ical cell are reported elsewhere [8]. The current
source was an EG&G PAR (model 273 A) current
generator. A current density of 25 mA / cm? and an
etch time of 600 s were used to prepare the samples.
The thickness of the porous layers was determined
by optical microscopy, and their porosity, P was
evaluated by weight loss measurements carried out
immediately after the anodization. For the Raman
scattering depth profiles, the samples were cleaved.

Room-temperature Raman measurements were
carried out using a microprobe set-up consisting of
an Olympus microscope (model BH-2) with a 100 X
objective coupled to a 1 meter focal length double-
pass monochromator (Jobin-Yvon, Ramanor model
HG2-S) equipped with holographic gratings (2000
line /mm) for the analysis of the scattered radiation.
The sample was excited by means of the 488.0 nm
line from an Ar™ ion laser and, after passing through
the monochromator, the scattered light was detected
by a cooled GaAs photomultiplier tube operated in
photon counting mode.

The laser spot area at the sample surface was
approximately 5 pm® with a power density of ~ 35
X 10° W/cm® in order to minimize the heating
effects. Under these irradiation conditions the heat-
ing of the sample was negligible [8]. The instrumen-

tal band pass was ~ 1.5 cm™' at 488.0 nm, and the
spectral resolution 0.25 cm™!. The wavenumbers of
two plasma lines at 529.5 cm ™" and at 560.6 cm™’,
falling within the spectral region investigated, were
used for the energy calibration. The probe beam was
positioned in turn over different, apparently homoge-
neous regions of the cleaved wafer edge, and a
Raman spectrum was recorded at each step, thus
obtaining Raman scattering depth-profiles of several

p-Si layers.

3. Resuits

Typical experimental Raman spectra of a low-
porosity (P ~ 32%) p-Si layer {~15 pm thick),

Raman intensity [arb. units]

400 440 480 520 560 600

Wavenumber [cm'l]

Fig. 1. Experimental micro-Raman spectra for a low-porosity
(P =132%) layer (15 wm thick) aged in air for 2 months. The
spectra, excited at different depths within the cross-section of the
wafer by means of the 488.0 nm line, were measured at room
temiperature in the region of the optical phonons for ¢-Si. The
asterisks ( *) label the position of two plasma lines used as energy
standards, The position of the probing laser spot, for each spec-
trum, is shown in the inset.
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aged in air for 2 months, are plotted in Fig. 1. The
first-order Raman scattering of ¢-Si (spectrum (d)),
shown for comparison, consists of a single, highly
symmetric line peaked at 520.4 cm™! with an ob-
served full width at half maximum (FWHM) of 3.4
cm ™', Spectrum (c) clearly shows two distinct com-
ponents: a c-Si-like peak and a broad asymmetric
band, shifted to lower energy with respect to the c-Si
phonon peak. This reflects the heterogeneous struc-
ture of the sample region probed, which was situated
just at the p-Si/c-Si interface (see the inset of Fig.
1).

The spectra excited at different depths within the
porous layer (Fig. 1(a) and (b)) mainly consist of this
broad asymmetric band, peaked at lower energy with
respect to the Raman peak for c-Si. The characteris-
tics shown by these specira are typical manifesta-
tions of the spatial confinement of phonons, a well
recognized effect in microcrystalline silicon (wc-Si)
with a grain size smaller than 20 nm [9,10]. They
undoubtedly indicate the nanocrystalline structure of
the porous layer. However, a detailed discussion of
the depth evolution of the Raman scattering should
include at least two additional factors: the first con-
cerns the minor but not insignificant c-Si-like com-
ponent present in spectrum (b). This scattering can
be considered as the signature of large crystallites
surviving the electrochemical etching process within
the porous layer, far from the substratum. The sec-
ond point concems the presence of extra-scattering
in the region below 500 cm ™! (spectra (a) and (b)).
The spectral characteristics of this excess scattering
correlate well with the Raman spectrum of a-Si,
which shows a broad symmetric band centered at
about 480 cm™! [11].

4. Discussion

To derive more quantitative information about the
occurrence of structural inhomogeneities and the rej-
ative abundance of the different components
throughout the porous layer, the different micro-Ra-
man spectra were analyzed in terms of specific con-
tributions from amorphous (a-Si) and nanocrystalline
(nc-Si) phases. To achieve this a Gaussian line,
centered at 470 cm™! with a FWHM of 55 cm™!,
was used for the a-Si component. The scattering
contribution from the nc-Si component was evalu-

ated using a phenomenological model based on the
spatial confinement of phonons.

Phonon confinement models to account for the
experimental observations for we-Si films were de-
veloped during the 1980s [12,13]. Through a detailed
analysis of the first order Raman scattering, they
provide the size and the shape of the crystalline
grains. These models assume a homogeneous size-
distribution for the crystallites, but a more realistic
approach would adopt an inhomogeneous distribu-
tion of the nanocrystal sizes. In this way, the ob-
served spectral intensity can be fitted as a function of
the crystallite size, L, through the following relation-
ship, recently introduced by dos Santos and Torriani
[14] to model Raman spectra from jrc-Ge films:

f(m)af: I(w)P(L) dL, (1)

where 1,(w) is the first-order Raman scattering from
phonons confined within nanocrystals with size Z, as
calculated by Campbell and Fauchet [13}, and P(L)
is the crystallite size distribution function, ie., a
Gaussian distribution curve around the mean value,
Ly, with a dispersion, o. Very good fits to the
present experimental Raman spectra were obtained
both by assuming a Gaussian curve as the weighting
function for the phonon confinement within the
nanocrystals [13] and by considering that the p-Si
structure consists of spherical nanocrystallites. This
approximation is supported by the results of an
accurate analysis of the Raman scattering from
strongly emitting p-Si films, which provided clear
indications that the local structure in p-Si is more
like a sphere than a rod [15].

The results of the above fitting procedure are
shown in Fig. 2, where the experimental Raman
spectra obtained from two different depths within the
porous layer (noisy continuous lines) and their best
fits (circles) are plotted together with the different
components (dashed lines). Here, the background
signal, mainly due to p-Si luminescence, is ac-
counted for by a constant straight line. The fitting
parameters for both the a-Si and the nc-Si compo-
nents are reported in Table 1.

The analysis of the Raman scattering profile for
aged p-Si layers indicates the presence at any depth
of a predominant nc-Si component together with an
a-Si phase. No similar evidence for such an amor-
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Fig. 2. Experimental Raman spectra ((2) and (b) of Fig. 1) and
their best fits (circles). The details of the fitting procedure are
described in the text and the parameters are given in Table 1. The
different spectral components are also plotted (dashed lines),
including the luminescence background in terms of a constant
straight line. The asterisks (*) label the positions of the plasma
lines used as energy standards. Finally, the Lorentzian curve
(continuous line) used to fit of the c-Si-like component occurring
in the spectrum near the bulk (top panel) is peaked at 520.4 cm ™!
with a FWHM of 3.4 cm™ 1.

Table 1

Parameters used to interpolate the Raman spectra of Fig. 2.
(Amorphous silicon (2-5i) component, peak position, w, and
FWHM, I'; nanocrystalline silicon (nc-Si) component, mean size
of crystallites, L, and crystallite size dispersion, ¢.} The inte-
grated-intensity ratio of Raman scattering between the a-Si and
the nc-Si components is assumed to be a measure of the relative
abundance of these phases

Spectrum  a-§j ne-Si Intensity
oy T I, - ratio (%)
em™) (ecm™") (um) (nm)

near 470+6 55410 65+0.7 22 +03 95405

substratum

near 470+6 55410 45+05 1.6 +0.2 104405

vacuum

phous component was reported for n-type p-Si, where
only a top layer, identified as containing silicon and
oxygen, has been observed by energy dispersion
spectroscopy [7]. The results of the present analysis
show a remarkable reduction in the characteristic
sizes of the nanocrystals, of the order of 30%, when
the probe laser spot approaches the surface region
near the vacuum, where a comparatively negligible
increase of the a-Si component is found. In this case,
however, the a-Si phase seems to be less abundant
than that detected by Perez et al. [3].

5. Conclusions

In this paper high spatial resolution Raman spec-
troscopy has been used to gain insights concerning
the structure of thick p-Si layers, obtained from
p-type Si wafers, with regard to both the phases
present and the characteristic sizes of the nanocrys-
tallites. The results indicate that an a-Si component
is present at any depth within the cross-section of the
porous layers, in addition to the predominant
nanocrystalline phase. The depth dependence of the
nanocrystals size has been analyzed using a phe-
nomenological model based on the spatial confine-
ment of phonons. A considerable reduction of the
nanocrystalline size is found from the analysis of
spectra excited at the p-Si/vacuum interface, where
a substantially unchanged a-Si component is present.
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for the preparation of the samples, and Dr. E.
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INTRODUCTION

« The effects of spatial confinement of optical phonons have
been widely studied by Raman spectroscopy in nanostructured
crystalline semiconductors, and size-dependent shifts and
broadenings of first-order Ramam peak have been usually
observed.

» The case of semiconductor quantum dots (Ge, Si, CdS(Se),
etc.)], obtained under a large variety of experimental conditions
(deposition techniques and post-deposition treatments).

s |n contrast to many studies focused on confined optical
phonons, acoustic phonons confined in semiconductor
nanostructures have been studied only occasionally because of
the difficuities in carrying out significant Raman spectra in the
very low-energy region down to few wavenumbers far from the
Rayleigh line and the less remarkable spectral effects of spatial
confinement of acoustic phonons.

¢ In a pioneering paper of 1986 Duval et al. have shown that
very low-frequency Raman spectroscopy constitutes a very
powerful technique for the study of confinement effects of
acoustic phonons and a reliable tool to determine the crystal
size in nanometric range for insulator and semiconductors.

e To our best knowledge, only few reports on the confinement
effects of acoustic phonons have been concerned with Ge and
Si quantum dots.

» The confinement effects of acoustic phonons have been
studied much more successfully in metal particles, especially in
silver clusters, precipitated into trasparent dielectric matrices
(crystals and glasses). This is favoured by the very strong
enhancement of the low-frequency Raman scattering, due to
resonant excitation of the visible light with the surface plasmons
of the metal.



RAMAN INTENSITY [arb. units]

Raman scattering spectra of CdS,Se;, doped glasses after different heat-
treatments showing the changes of the CdS LO phonon modes. It was concluded

that the heat-treatment causes a change of the position and the width of the LO

modes but no change in the composition of nanocrystals.
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FIG. 2. Spectra of the Raman scattering by natural acoustic vibrations of Ge microscopic crystals and of the
scattering by optical phonons of these crystals. d, T,: a—80 A, 320°C; b—110 &, 360°C; c—300 A, 500°C.
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FIG. 3. Polarization dependence of the Raman spectra of Ge single crystals. & = 130 A, T, = 380 °C, fused
quartz substrate. Shown for comparison is the spectsrum of the Raman scattering by a mixed LO-T0O phonon

in crystalline Ge.
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RAMAN INTENSITY [arb. units]

Stokes- and anti-Stokes low-frequency Raman scattering of CdS,Se;, doped

glasses after different heat-tretments. The latter led to different nanocrystallite

diameters (¢). The excitation line was 514.5 nm.
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Optical properties of metal colloid composites

Both linear and non-linear optical properties of metal
colloid-containg composites are usually described by
the Mie theory, developped for small, non-interacting
spherncal particles into a transparent dielectric medium.

The linear response of composite systems containing

metal colloids with diameter < A/20 (A = wavelength of

light) is given in terms of the absorption coefficient
a () = (18 N’/ A) - p &2/ [(e1+2n%)% + 57

where:
g(w)=e1+ gz is the dielectric function of metal colloids:

p is fractional volume occupied of the metal particles;

Ng is the refraction index of the dielectric host.

The absorption spectrum is expected to exhibit a peak

at the surface plasmon resonance frequency wsp, where:

g1(@sp) + 2 Ng>= 0
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Some of the exparimentsl methods curréntly used are:

- Doping of meited dielectric matrices with a proper mietal in
small percénts (thé most ancient misiiiod used to color the
glasses, sinte séveral corurian),

- Vapour deposition (metsl gas-phase evaporation and
depositiorr on the dietectric substrate);

- Sputtering déposition (rhietal bombardment by energetic
ion beams with metal atoms sputtering and deposition over
the substrate);

- Co-spultéring deposition (both rigtal and diefectric
materidls aré boribarded, with simultangoys formation of
the composite material consisting el nanoclusters

embedded into the distectric matrix).




Metat cluster falricétion Dy ion ithg

ety

lon irplantation provides a suitahle route for the tabrication
of quantum structutes eithier in glEBseEss dnd in crystalline

substrates.

Nanoclustérs of npble métals (Cu, Ag and Au) can be
precipitated in fuséd silica (v-8i0,) as well as in sapphire

Typical ‘experimeital conditiors:
- lon beam energy in the rangge of 0.1 -1 MeV;
= Implanted dosgs from 10'° to 10" ion/em?.
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Advantages and limits of ion implartati

+ Good control of the colloid precipitation process (depth
within the substrate, particle size and size distribution)
obtained by varying the implantation parameters (energy,
cuirent density and implanted dgse), and the substrate
temperature during the ion implantation.

+ Metal camposites made by ion implantation have much
higher metal clusters concentrations than in melt glass

composites, and exhibit effective nonlinear susceptibilities

Yo" Up to several hundred times larger than those of

materials obtained by conventional methods.

- Radiation damage: the number of ions at the substate
surface is of the order of 10'° ion/em?, this causes a
substantial bond breaking and the formation of defects
either at the surface or within the implanted layer.

- Some of the produced defects are optically active and,
therefore, they may have detimental effects on the

performances of optical devices.



Sample preparation

Commercial samples of sapphire (Meller Optics) and of
fused silica (Hereus) wew cut in rectangular platelets
(typical dimensions 5 x 5 mm?).

lon implantation was carried out at room temperature
with 300 KeV-Ag® in Porto Alegre.

Current density was of 1 pA/cm?, in order to resctrict the
themal effects during the implantation.

lon fluences ranged between 1 to 10 x 10'® ion/cm?.

Two different sets of samples (one for each subtrate)
were prepared, and no post-implantation treatment was
carried out on them.

As-implanted samples showed a clear coloration even
at low implanted doses, and this fact provides the first
“evidence of Ag-colloid precipitation in both substrates.



Experimental methods

All measurements were done in air at room temperature.

Rutherford Backscattern S ctromet RBS

/

RBé\yalyses weré perfocmed at PUC RIO ysing 2.0
MQV He?" partlcles and the: scattermg ang}e was 165°

Optical Absorption Spectroscopy (OAS)

Optical absorption spectra in the range 200 - 900 nm
were recorded with a double beam spectrophotometer
(Cary 14). A virgin sample was used as reference.

Raman scattering spectroscopy (RSS

Low-frequency Raman scattering spectra were carried
out at 90° using a standard equipment consisting of a 1
meter focal-length double-monochromator (Jobin-Yvon,
mod. Ramanor HG2-S), equipped with holographic
gratings (2000 lines/mm) and a cooled photon counting
system was employed to detect the filtered radiation.
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RAMAN SPECTROSCIPY oM ,qpiagzﬁa

Experimental Raman Intensity (arb. units)

ALO,
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Experimental Raman intensity [arb. units]

ALO;: 43x10'" Ag'/em?
A =488.0 nm
Pol : VV
A .* * x  *
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FRO M LAMB'S THEORY
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Experimental Raman intensity [arb. units]
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Experimental Raman intensity [arb. units]
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Summary

RBS : Silver ion profiles in implanted substrates.

Single-mode distribution of Ag ions in a-Al;03;
Rp £ AR, = 85 + 30 nm, for all ion fluences in a-Al,Og;
Bi-modal distribution of Ag at highest fluences in v-SiO..

OAS: Shape of Silver clusters.

Some shift of Ag surface plasmon resonance in a-Al;Os3;
No apparent shift of the peak position in v-SiO,;
Ag particles in a-Al.O3: spherical shape, size of 2+3 nm;

Strong clustering of Ag colloids may occur in v-SiO,.

RSS: Silver cluster size from the LoFIRS peak energy.

Scattering by acoustic phonon confined in Ag particles;
Main contribution from spheroidal /=2 vibrational modes;

Shift of low-frequency peak with the dose in a-Al,Os3;
No dose-dependence of the peak position in v-SiO;
Ag-particle diameter of 2.4 - 3.6 nm in a-Al,O3;

Bigger size of Ag colloids in v-SiO,, estimated in ~ 6 nm.
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SILVER NANOCLUSTER FORMATION IN IMPLANTED SILICA.

G. MARIOTTO®* and F.L. FREIRE Jr.**

* Istituto Nazionale per la Fisica della Materia and Dipartimento di Fisica, Universita di Trento,
38050 Povo, TN, Italy.

*#* Departamento de Fisica, PUC-Rio, Rio de Janeiro, 22452-970, RJ, Brazil

ABSTRACT

Samples of fused silica were implanted at room temperature with 300 keV-Ag™ for doses
ranging from 0.8x10'® to 14x10'® jons/em’. A multi-technique approach including Rutherford
backscattering spectrometry (RBS), x-ray diffraction (XRD), optical absorption and Raman
scattering spectroscopies has been use to characterize silver precipitate. The Ag-depth profiles of
samples implanted with doses higher than 6x10'® Ag'/cm’ show a bi-modal distribution, with the
appearance of a secondary maximum near the surface. XRD spectra indicated the formation of
silver nanocrystals of ~10 nm in size within the heavily implanted samples. Optical absorption has
been used to monitor the effects of ion dose on the optical properties of the metal clusters in the
UV-Vis region. A single broad absorption band, due to surface plasmon resonance, is peaked at
about 400 nm for low implantation doses. For doses higher than 4.3x10'® Ag'/cm’, a second
broad band originates at higher wavelength, peaking at 625 nm for the highest dose. The
evolution of optical spectra is tentatively discussed in terms of the formation of silver particle
aggregates with no longer spherical shape. An estimate of the mean size of silver nanochusters of
about 5.5 nm is obtained from low-frequency Raman scattering due to acoustic vibrations
localized at the cluster surface. The discrepancies in the metal particle size obtained from XRD
and Raman scattering measurements are discussed with respect to optical absorption data.

INTRODUCTION

Recent increase in research activities on semiconductor and metal nanocrystals embedded in
solid transparent matrices is strongly motivated by the potential applications in the field of non-
linear processing devices and by the interest in fundamental physics on the excited states of these
composite systems. Metal nanoclusters dispersed in transparent matrices present highly enhanced
optical non-linearity due to quantum confinement of electrons, which strongly affects the optical
properties of these composite systems. Therefore, as far as the opto-electronics applications are
concerned, a very crucial step is the accurate control of cluster size during the synthesis process.
lon implantation provides a suitable route to precipitate metal colloids or semiconductor particles
in dielectric matrix {1}. The major advantages of ion implantation in metal composite fabrication
lies in its capability of incorporating much higher local concentration of metal particles in the host
matrix compared to the melt quenching method. Furthermore, it allows for the depth-distribution
control of the precipitated nanostructures. Basic properties of metal and semiconductor
nanocrystals formed by high-dose ion implantation in fused silica and sapphire have been recently
reviewed by White et al. [2].

Since the pioneering work of Arnold and Borders [3] most of the experimental investigations
carried out on metal colloid composites were addressed to the characterization of structural and
optical properties of metal nanoparticles in glass matrices [4,5]. In particular, a number of
publications reported on transmission electron microscopy (TEM) measurements of metal cluster
sizes and distribution in fused sitica under various implantation and annszling conditions [5-7].



Recently, low-frequency Raman scattering from acoustic vibrations, localized at the
nanocluster surface, has been proven to be an efficient non-destructive tool alternative to TEM, to
study the size of very small silver particles dispersed in dielectric matrices [8-11]. The analysis of
low-frequency Raman scattering data in terms of Lamb’s theory, which gives the vibrational
frequencies of a homogeneous elastic body with a spherical form {12}, provides an estimate of the
silver cluster mean size, in reasonable agreement with TEM determinations.

In this work, a multi-technique approach, including RBS, XRD, optical absorption and low-
frequency Raman scattering, has been adopted to characterize the silver colloid particles
precipitated by ion implantation in fused silica. Our data suggest the formation of simple spherical
sitver clusters at low implantation doses and of complex aggregates of precipitated silver clusters
at implantation doses equal or higher than 7.9x10" Ag"/cm’.

EXPERIMENTAL PROCEDURES

Silver ions were implanted at energy of 300 keV-Ag" to commercial fused silica (Herasil)
samples, hold at room temperature. The implantation doses ranged from 0.8x10" to 14x10'S
Ag'/er’ and the current density was ~1 pA/cm’. No post-implantation thermal annealing was
performed and the samples were stored in air, Under white light, samples implanted at low doses
show a pale yellowish color, which tends to become more grayish when the ion dose increases,
indicating the formation of metal colloids. RBS spectra were obtained using 2.0 MeV He” beams
at a scattering angle of 165°,

X-ray diffraction patterns were recorded in the glancing incidence geometry (incidence angle
1.5°) using the Cu-K, radiation of a o-diffractometer (Siemens model D5000). The detector was
equipped with a Soller slit and a LiF monochromator. The diffractograms were scanned between
34° and 46° in 20 in order to detect both the (111) and the (200) diffraction lines of silver.

Optical extinction spectra were carried out in the wavelength range 200 nm to 800 nm using a
Cary 14 dual beam spectrophotometer. The spectra were recorded at room temperature in the
standard differential mode, with an unimplanted fused silica sample as reference.

Low-frequency Raman spectra were measured at room temperature using a commercial
equipment consisting of an Ar'-ion laser, of a double monochromator (Jobin Yvon, model
Ramanor HG2-8S), equipped with holographic gratings (2000 lines/mm), and of a photon counting
system. Two polarization settings were used in order to probe the symmetry character of the
vibrational modes causing the light scattering, with the electric field of the incident beam parallel
(V) or perpendicular (H) to the scattering plane. The scattered light was filtered by a polarizing-
plate with vertical axis (V). These settings allowed to record VV and HV spectra, alternatively.

RESULTS AND DISCUSSION

RBS measurements were used to the determine depth-profile of Ag’ ions implanted at
300 keV under different doses in the range 0.8 to 14x10' jons/em’ in silica. Part of the RBS
spectra of mnplanted samples is shown in Fig. 1. The silver depth profiles, as determined from
RBS measurements, from samples implanted with a dose lower than 7.9x10'® Ag*/cm’, indicate a
maximum concentration at R, = 83 nm, with a full width at half maximum AR, = 26 nm. The full
width at half maximum of silver depth profiles in the heavily implanted samples is somehow
narrower than those of samples implanted with low ion doses, this is presumably due to formation
of metal precipitate grown at high ion doses. Furthermore, the silver depth profiles of samples
implanted at ion doses higher than 7.9x10'° Ag'/em’ clearly show a bi-modal distribution, with a
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Figure 1- RBS spectra of implanted fused silica Figure 2- XRD patterns of the fused silica
implanted with 300 keV-Ag® at different ion sample, implanted with 7.9x10" Ag'/em?,
doses. Only the energy region around the sitver °  showing both the (111) and the (200) diffraction
peak is shown. An arrow indicates the position of lines of crystalline silver with cubic structure.

Ag atoms at the sample surface.

secondary maximum close to the depth where the maximum deposition of energy by the incident
ions occurs,

The formation of silver crystalline aggregates at high doses is revealed by x-ray diffraction
patterns. Figure 2 shows a XRD spectrum obtained at glazmg angle from the sample implanted
with 7.9x10'® Ag'/cm’. The presence of silver nanocrystals is revealed by the XRD patterns
through the occurrence of sharp reflections from the (111) and the (200) planes of silver with
cubic structure, peaking at 38.1° and 44.3°, respectively. Assuming an isotropic distribution of
metal particle shape, the Debye-Scherrer analysis of the line broadening of XRD peaks of Fig. 2
indicates an average diameter of ~10 nm for the metal particles in this sample. Similar mean sizes
were obtained from XRD pattemns of samples implanted with higher ion doses, but no silver
diffraction line was observed from our fused silica samples underwent lower ion doses.

The extinction spectra of implanted samples are shown in Fig. 3. The formation of silver
colloids even at the lowest dose of 0.8x10' Ag*/cm® is revealed by the weak extinction occurring
at the surface plasmon energy (~3.1 eV). The extinction spectra show a very strong intensity
increase with the ion dose accompanied by a drastic change of their shape. In fact, the absorption
spectra of samples implanted at doses not higher than 4.3x10'® Ag'/em’ consist of a single
symmetric band peaked at about 400 nm. They broaden and increase in intensity on the side of
higher wavelengths when the ion dose rises, and turn out into a clearly revolved doublet, with the
second band peaked at about 625 nm at the highest dose. Similar double-band optical absorption
spectra were observed in Si0, glass implanted at room temperature with 7.6x10'® Ag'/em’ of 150
keV [7]. They were discussed in terms of surface plasmon excitation of two types of silver
colloids, the sizes of which were estimated to be lower than 10 nm and about 50 nm, according to
caiculations performed by Arnold and Borders [3]. However, TEM data didn’t show the presence
of any 50 nm-sized sitver chuster in this implanted SiQ, glass [7].

We interpret our optical data with a structural model, which assumes the occurrence of silver
clusters for low implantation doses, and the formation of complex aggregates from precipitated
silver clusters, with chain-like or even cluster-like clumping characters, for high implantation
doses. The optical ahsorption spectra of our samples, in fact, close recall the experimental
observations of Granguist et al. {13}, which were reasonably well simulated using the Maxwell-
Garnett formalism [14]. Therefore, the evolution of extinction spactra versus the implantation
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dose suggests that silver precipitation in fused silica may results into the formation of bigger metal
particles, having no longer spherical symmetry.

Figure 4 shows the VV polarized Raman spectra recorded under excitation of the 488.0 nm
laser line from two Ag-implanted silica samples (top panels) and from an unimplanted sample
(bottom panel). The spectrum obtained from the not-implanted sample fits very well that of fused
silica [15]. Raman spectra of both implanted samples show a paramount low-frequency scattering
band, extending up to 200 cm™ far from the excitation energy in both anti-Stokes and Stokes
sides, which is superimposed on an apparently ﬂai background extending up to about 600 cm
20 times magnified plot of the region 200 cm” t01200 cm™ for sample implanted with 4. 3x1016
Ag'/cm’ (mid panel) undoubtedly reveals that the underlying background originates from silica
matrix. The most significant change is due to the additional band peaked at about 980 cm™; this
band is related to stretching vibrational mode of terminating Si-OH units in silica [16]. Its
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Figure 4 VV-polarized Raman spectra of silver Figare 5~ Polarized (VV) and depolarized (UV)

implanted fused silica sanpies Both anti-Stokes low-frequency Raman scattering from two silver
component below 200 cm ! and the overall Stokes implanted silica samples. Both anti-Stokes and

spectrum tili 1200 em” ere shown. Stokes components are reporied.



presence indicates that some hydration occurred in implanted sample and that hydrogen decorates
the chemically reactive defects produced by the implantation in silica [17]. Similar considerations
can be inferred from the 50 times magnified plot for sample implanted under higher dose (top
panel), where the relative intensity of the band at 980 cm™ suggests even a more important
hydrogen decoration of the internal surface defects, due to ion radiation damage. Obviously, the
reduced spectral intensity from the glass matrix observed in these implanted samples results from
the strong absorption of exciting radiation by the colloidal surface plasmons. On the other hand,
the excitation of surface plasmons localized in the silver clusters enhances the low-frequency
Raman scattering observed from implanted samples.

Figure 5 shows both the low-frequency (below 200 cm’™) anti-Stokes and Stokes components
of the VV and the HV polarized Raman spectra recorded under identical excitation conditions
from two implanted samples. Despite of the remarkably different intensity (about a factor 4
between the two samples), low frequency Raman scattering from both samples peaks at the same
frequency (~8.5 cm™ far from the laser energy, independent of the polarization), showing also a
similar spectral shape. Moreover, low-frequency Raman scattering from sitver implanted silica is
depolarized, and shows a constant depolarization ratio throughout the overall spectral region
below 200 em™. This conchusion can be easily drawn by considering the shapes of HV and VV
spectra of both samples. In other words, the depolarization ratio p = Iyv/Tvv, where Iyv and Ivy
are the spectral intensity observed in HV and in VV polarization, is independent of the frequency,
ard is ~0.3 [18]. All our samples implanted at higher doses show similar spectral characteristics,
with respect to the peak position, bandshape and depolarization ratio.

Recent, independent observations [9] of low frequency depolarized Raman scattering from
silica films, containing co-sputtered silver particles, show spectral characteristics (peak frequency
in the region between 10 and 20 cm’, same spectral shape in VV and HV polarization, and
depolarization ratio p~0.27) similar to those described above. These results were discussed in
terms of acoustic vibrations confined at the surface of the silver clusters. The mean size of metal
particles - supposed to be spherical in shape - has been directly derived from the observed peak
frequency. In fact, according to Lamb’s theory [12], the frequencies of all vibrational modes of a
homogeneous elastic sphere with a free surface scale as the inverse of the linear dimensions of the
sphere. In addition, group-theory arguments suggest that the only Raman active modes of a
sphere are the symmetric (1=0) and the quadrupolar (I=2) spheroidal modes [19]. Among them
only the surface quadrupolar vibrational modes give 2 Raman depolarized spectrum. Using the
results of calculations carried out by Fuji et al [9], we estimate an average diameter of 5.5 nm for
silver chusters precipitated in samples implanted with 4.3x10'® Ag'/cm’® or with higher doses.
Finally, the depolarization ratio we obtained for the same samples is even closer to 1/3, ie. the
value expected for silver clusters in fused silica on the basis of theoretical calculation [20].
Therefore, the above findings definitively suggest that low frequency Raman scattering from our
implanted fused silica samples originates from spheroidal quadrupolar vibrations localized at the
surface of silver cluster of 5.5 nm in size.

CONCLUSIONS

Silver precipitates in fused silica implanted with 300 keV-Ag” at some dosss, ranging from
0.8x10' to 14x10*® Ag”/em’, were characterized by a multi-technique approach including RBS,
XRD, optical absorption and low-frequency Raman scettering. Both, depth profiles and
distribution widths of the implanted ions were provided by RBS. XRD patterns clearly indicate
the formation of sitver crystals of the order of 10 nm in heavily (doses higher 7.9x10' Ag'/cm?)
implanted samples. Optical absorption spectra of samples implested under low doses {lower then



4.3x10" Ag'/cm’) consist of a broad symmetric band, peaked at the expected surface plasmon
resonance energy for silver nanoctusters, which evolve toward a double-band structured spectra
for higher implantation doses. On the other hand, Raman scattering from acoustic vibrations of
silver particles shows spectral features that are independent of the ion dose. The average size of
silver clusters, estimated from the peak position of low-frequency Raman scattering from samples
underwent implantation doses between 4.3x10' and 7.9x10" Ag'/em’ is of order of 5.5 nm.

The discrepancy between the cluster sizes detected by Raman scattering and x-ray diffraction
should be not fortuitous, but is probably due to the fact that these two analyzing tools are probing
structures characterized by different sizes: the former one probing the precipitated silver clusters,
while the latter one probes the metal aggregates formed only at the highest implantation doses.
The existence of these types of particles is, in fact, compatible with the observed optical
extinction spectra, which suggest the existence of both spherical clusters and aggregates with
chain-like or even cluster-like clumping characters in samples implanted with the highest doses.
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