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Vibrational spectroscopy methods in the characterization

of nanostructured materials
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The use of the vibrational spectroscopy techniques (Raman and infrared) in the characterization of nanostructured materials
is presented. The Raman spectroscopy method has been used for structural characterization of nanomaterials. The
estimation of average grain size and size distribution, layer thickness, strain effects, presence of defects and
nonstoichiometry by Raman spectroscopy is illustrated in the case of CeO2, TiO2, and ZnO nanopowders, as well as
nanostructured ZnSe/SiOx multilayers. The infrared spectroscopy method has been applied on TiO2 and ZnO nanopowders
and SiOx thin films in the analysis of grain size and shape, porosity, the nature of the surface bonds and reactions at the

nanoparticle surface.
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1. Introduction

Raman spectroscopy is a powerful tool for the
characterization of nano-sized materials and structures. It
is widely used for the study of phonon confinement
effects, the effect of the increase in local temperature,
strain and substitutional effects, lattice distortion, the
presence of structural defects and nonstoichiometry in
different kinds of nanomaterial. Recent progress in the use
of Raman spectroscopy for nanomaterials characterization
is summarized in Ref. [1].

Several factors like phonon confinement [2-8], strain
[6, 9], non—homogeneity of the size distribution [6, 10],
defects and nonstoichiometry [6, 11], as well as
anharmonic effects due to temperature increases [12] can
contribute to the changes in the peak position, linewidth
and shape of the Raman modes in nanostructures. The
factors which play an important role in Raman spectra
depend on the structural characteristics of nanomaterials,
the first of which is the dimensionality of the
nanostructure [8, 13]. The grain size and its distribution,
the existence of mixed phases, the value and type of the
strain  (compressive or tensile), deviations from
stoichiometry as well as type of stoichiometric defects, etc.
also have great influence on the Raman spectra of
nanomaterials. We shall demonstrate here how the Raman
spectroscopy method can be used for the characterization
of nano-powdered oxides like TiO,, CeO, and ZnO, as
well as nanostructured ZnSe/SiOx multilayers.

The shift, broadening and asymmetric shape of the
Raman modes, observed in these nanomaterials, are
compared to spectra obtained from the phenomenological
model, which takes into account disorder effects through
the breakdown of the &=0 Raman-scattering selection rule,
as well as the anharmonicity, which is incorporated
through the 3- and 4-phonon decay processes. The

application of a three-dimensional (3D) confinement
model appropriate to isolated or loosely connected
nanoparticles shows that the shift and broadening of the
Raman peak in some nanopowders are dominated by the
strong confinement and inhomogeneous strain (CeQ),
while in the others anharmonic effects (TiO2) or tensile
strain (ZnO) plays the main role. On the other hand, the
shift and asymmetric broadening of the Raman mode in
nanostructured ZnSe/SiOx multilayers is analyzed by a
one-dimensional (1D) confinement model, appropriate for
very thin films or quantum wells. Due to the low
dimensionality of these structures, the surface phonon
modes are also observed.

The infrared (IR) spectra of nanocrystalline solids
differ from the spectra of monocrystals, due to the
polycrystalline character and island structure of
nanoparticles. From IR spectra, it is possible to get
information about the energy gap, grain size, porosity,
nature of the surface bonds, and chemical reactions
occurring at the nanoparticle surface.

Applying the effective medium theories [14] to
interpret the infrared reflectivity spectra of TiO»
nanopowders, we established the relation between the
spectra shapes and porosity of nanopowders. Differences
between the IR reflection spectra of mechanically
activated and commercial ZnO powders pointed to the
changes in the powder microstructure, as well as the
presence of unintentionally introduced impurities during
the activation. The IR absorbance spectra of rapidly
annealed SiOyx thin films with different oxygen content
were analyzed, in order to make qualitative estimations of
the annealing effects on the SiOx film structure and
stability. It was shown that the IR spectra undergo drastic
changes at longer annealing times, indicating a reduction
in the oxygen content and an increase in the film porosity.
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2. Raman spectroscopy
2.1. Phenomenological phonon confinement model

The phonons in nanocrystals are confined in space and
all phonons over the entire Brillouin zone will contribute
to the first-order Raman spectra. The weight of the off-
center phonons increases as the crystal size decreases and
the phonon dispersion causes an asymmetric broadening
and a shift of the Raman mode. According to the
phenomenological work of Richter et al. [7] and Campbell
et al. [8] for a spherical particle of diameter L and a
Gaussian confinement function, the resulting Raman
intensity /(@) can be presented as a superposition of
weighted Lorentzian contributions over the whole
Brillouin zone:
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where p(L) is the particle size distribution, ¢ is the wave
vector expressed in units of © divided by the value of the
unit cell parameter, and /{7) is the mode line width at
temperature 7. The sum is carried over m dispersion
curves wi(q, T), depending on mode degeneration. The
factor S varies from £ =1 in the Richter confinement
model [7] to B =2n% in the Campbell model [8],
depending on the confinement boundary conditions in
different nanomaterials. The properties of the Raman
mode simulated by this model strongly depend on the
mean particle size and unit cell parameter, as well as the
choice of the values of 7(7), and f. Also, the particle size
distribution p(L) and the shape of the phonon dispersion
relations @(q) has a great influence on the position and
asymmetry of the calculated spectra. Sometimes, different
combinations of these choices can give similar results. For
instance, the application of a strong confinement
condition, i.e. a large confinement parameter £ in
combination with a phonon dispersion curve with a small
slope [4, 15], can give similar calculated results for Raman
modes in nanocrystals as does a weaker £ and dispersion
with a greater slope [2, 12].

A lattice constant variation with decreasing particle
size, due to the microstrain effects, is found in various
nanocrystalline materials [16, 17]. The lattice parameter
change is incorporated in model and the strain is
considered to be uniform within each particle. This
average strain produces changes in the lattice parameter
and affects the Raman peak position. The Raman mode
centered at 7; shifts by Aw(q,L)=3(q)Ti(q)x(Ada/ap),
where y is a mode Griineisen parameter and Aa is the

measured change of the lattice parameter relative to the
bulk value ao. The sign of the lattice constant variation Aa
indicates tensile (positive) or compressive (negative)
strain.

The three-dimensional (3D) phonon confinement
model is appropriate for powders, quantum dots, etc.
where the infinitesimal volume element in the integral (Eq.
(1)) can be written as dq oc ¢°dg. For 2D confinement
(quantum wires, etc.) it is d°q o gdg and for 1D (quantum
wells, etc.) d*q o dg.

Anharmonic effects, due to temperature increases
[12], also contribute to the changes in the peak position
and linewidth of the Raman mode. Anharmonicity is
incorporated through the 3- and 4-phonon decay channels
in the scattering process [9, 18]:
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The first terms in Eq. (3) and (5) describe the coupling
of the optical phonon to two lower-energy phonons (3-
phonon coupling, with x1=x;=hAw/2kT) which is
proportional to 7 at higher temperatures, and the second
terms describe the coupling to three phonons (4-phonon
coupling, with y1=y,=hay/3kT) which is proportional to 7?
at higher temperatures.

2.2. Experimental results
2.2.1. CeO: nanopowder

The fluorite structure CeO» has a Raman active triply
degenerate F2, mode at 465 cm™ [19]. In nanosized CeOx-s
samples, this mode is centered at 454 cm’!, showing a
stronger redshift than that reported by other authors for
nano CeO; samples [20, 21]. It is also slightly asymmetric,
with increased linewidth, relative to the bulk counterpart
(the inset in Fig. 1)
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Fig. 1. First-order Raman spectrum of CeQOz.s
nanopowder (dashed line) and fitted spectrum (full line)
using the combined effect of inhomogeneous strain and
confinement together with simulated spectra based on
Campbell's (a) and Spanier's model for the averaged
strain (b). The peak at 599 cm™ is associated with
intrinsic oxygen vacancies in ceria nanopowders. Inset:
Raman spectra of CeO2.5 nanopowder and a bulk sample,
showing size-dependent changes in the peak position and
line shape.

To obtain the best fit to the Raman spectrum of CeO»-5
nanopowder, we used the model presented by Eq. (1),
incorporating both phonon confinement and the
inhomogeneous strain effect [22]. The natural full width of
the F2, mode is /o= 10 cm™ [19], while the average
particle diameter is taken to be Ly = 7 nm. The phonon
dispersion of the F», mode, 7i(g), is represented by
parabolic fits to the Nakajima dispersion curves for CeO-
[23]. To simulate the shift and linewidth of the F», mode in
CeO2.s nanopowders, a higher degree of phonon
confinement than that in Spanier’'s model [9] was applied,
ie. f~4n>.

A Gaussian particle size distribution with fixed
parameters /¢ and Ly was used in the fitting procedure,
while the variable parameter was the Gaussian width (w)
related to the standard deviation as ¢=0.693w. The
variation of the lattice constant Aa versus crystal size L is
~ (k/L?) 9, 20] where k£ =0.0939 nm?, 2¢=0.54087 nm and
% =1.24 [19]. The calculated Raman spectrum (solid line),
using the model with confinement B~4n? and
inhomogeneous strain effects for pure ceria nanopowder,
together with experimental data (dotted line), are presented
in Fig. 1.

The simulated Raman spectra based on Campbell’s
and Spanier's models for the averaged strain are also
presented in Fig. 1, for comparison. The particle size
evaluated from this model is in good agreement with the
X-ray diffraction (XRD) results. The strong shift to lower
energies of the F2g mode and its asymmetric broadening
can be very well explained by an inhomogeneous strain
effect associated with the dispersion in particle size using
the phonon confinement model with a stronger boundary
condition than those previously reported for CeO-
nanopowders.

2.2.2. TiO2 nanopowder

Raman spectra of laser synthesized [24] anatase TiO»
nanopowder and calculated spectra at several temperatures
(25, 300 and 555 K) are shown in Fig. 2.

In the calculation of the Raman intensity of the lowest
frequency E; mode at ~144 cm™', we used the phonon
confinement model (Eq. (1)) combined with a temperature
dependent linewidth 7{7) and phonon dispersion wi(g, T)
due to anharmonic effects (Eqs. (2-5)). The average
crystallite size was Lo=12.5 nm, according to XRD
measurements. The confinement factor S=16 was used.
From scanning electron microscopy (SEM) results, we
assumed an asymmetric Gaussian particle size distribution
with an asymmetry factor 4=0.41. The strain value
obtained from XRD was relatively small (o [1=0.02 %),
therefore its influence on the Eg mode was neglected.
Although nonstoichiometry due to laser irradiation in
vacuum can cause a considerable blueshift and broadening
of the £, mode [2, 6, 11], these effects are relatively small
in our sample (~1 cm). It seems that the presence of
nonstoichiometric defects in this sample preferably
induces the appearance of a new mode at ~137 cm™! at
room temperature, which can be related to the presence of
a small number of nanoparticles of titanium [25].

The main problem when using this model is the lack
of experimental dispersion relations of anatase TiO, from
inelastic neutron scattering, and the only dispersions have
been computed by Mikami et al. [26]. In this paper, the
dispersion relations for anatase are approximately
expressed, according to these theoretical curves, in the
cosine form [12]:

@,(¢T) =&y (T) + B,(1 - cos(g)) ©)
where a(7) is the frequency of the £, mode in I" point at

temperature 7, while the B; values are calculated to match
the phonon dispersion curves.
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Fig. 2. The experimental (open circles) and calculated
(solid lines) spectra of anatase TiO2 nanopowder.
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The wvalues of @y(7) and 7I(7) at a specified
temperature were treated as adjustable parameters in the
fitting procedure, and the obtained temperature
dependence of these parameters was in accordance with
the anharmonic behavior defined by Egs. (2-5).

In the Figs. 3a and 3b, the calculated contributions of
confinement and anharmonic effects to the shift and
linewidth of the Raman E, mode at different temperatures
are presented separately. As expected, these contributions
are comparable at low temperatures, while the ones due to
anharmonic effects at high temperatures far exceed the
contribution of the confinement effect. Neglecting the
influence of the anharmonic effect on the E; Raman mode,
even at room temperature, leads to great inaccuracy in the
application of the phonon confinement model and
determination of corresponding parameters in the case of
TiO; nanopowders.
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Fig. 3. The experimental dependence of the Eg peak
position (a) and linewidth (b) on the measured (open
circles) and calculated (closed circles) temperature in
comparison with corresponding data calculated by the
anharmonic relations (solid lines).

2.2.3. ZnO powders

Raman spectra of commercial zinc oxide powder
(ZnO(0)) and mechanically activated powders, with a
grinding time of 30 min, (ZnO(30)) and 300 min
(Zn0O(300)) are presented in Fig. 4.

The Raman modes of the original sample can be
assigned to the Raman spectra of the bulk ZnO [27]. In the
spectra of activated ZnO powders, the intensity of all
observed modes decreases and their linewidth increases,
while the E,"&" and E1(LO) modes shift to lower wave
numbers with increasing activation time.

As the grain size in the powders is relatively large
(44 nm for ZnO(300), 106 nm for ZnO(30) and 190 nm for
Zn0(0)), the application of the phonon confinement model
according to Eq. (1) gives a symmetrical Raman mode
shape without a shift. Having in mind the microstrain
values (from XRD), which drastically increase with

activation time (~0.04 % for ZnO(0), ~0.32 % for
Zn0(30), and ~0.78 % for ZnO(300)) [28], the broadening
and redshift of the E>"e" and E1(LO) modes originate from
tensile strain effects introduced by mechanical activation,
rather then from the effects of phonon confinement.

Zn0O(300)

E A4(LO)
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Fig. 4. Experimental (0) and calculated (thick line)

Raman spectra of ZnO powder. The thin lines denote

Lorentzian peaks originating from the assigned Raman
modes.

2.2.4. ZnSe/SiOx multilayers

The experimental and calculated Raman spectra of
ZnSe/SiOx multilayers with ZnSe layer thicknesses of 2.0,
3.5, 7.0and 10nm [29] are shown in Fig. 5. The
calculated spectra were obtained as the sum of
contributions of longitudinal (LO) and transverse (TO)
optical modes and the surface phonon mode (SP).

The influence of the ZnSe layer thickness on the
frequency shift and asymmetrical broadening of the LO
Raman mode at ~251 cm™' is analyzed by applying a one-
dimensional (1D) phonon confinement model, where
d3q o dg is assumed in Eq. (1).

The calculations were performed with the following
parameters:  intrinsic  line  width  75=12.5 cm™',
confinement factor f~12, and a Gaussian layer thickness
distribution with halfwidth 0.10L.

With decreasing layer thickness, the Raman mode
position is blueshifted and broadened, and an asymmetric
lineshape is present, especially in samples with layer
thicknesses of 2 and 3.5nm.

Applying the 1D phonon confinement model gives
very good results in the estimation of the LO mode
position and width, and allows us to assume that ZnSe in
ZnSe/SiOx multilayers can be treated as nanolayers rather
than isolated or loosely connected nanoparticles.
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Fig. 5. Normalized experimental Raman spectra (o) of

ZnSe/SiOx multilayers and calculated results (thick line).

The dotted lines denote TO and SP Lorentzian peaks. The

dashed line represents the LO mode calculated fro the
1D phonon confinement model.

3. Infrared spectra

3.1. TiO:z nanopowders

The IR reflection spectra of TiO, nanopowder
samples with different particle sizes: 14 nm, 16 nm and
23 nm are shown in Fig.6. The calculations of IR spectra
were done using the Bruggeman effective medium
approximation (EMA), which takes into account the
macroscopic volume fractions and local microstructural
geometry of the material [14, 30].

TiO, particle size

Reflectivity [a.u.]

200 400 600 800 1000
Wavenumber [cm'1]

Fig. 6. Experimental IR spectra of TiO: nanopowders

with the particle size denoted. Calculated IR spectra (—)

of the samples obtained by generalized Bruggeman EMA

for different volume fractions frioz and pore shape factors
L=0.65.

The IR spectrum of anatase TiO, nanopowders was
analyzed in three steps, using (i) bulk data, (ii) the
polycrystalline character of the nanopowder and (iii) the
porosity of the nanopowder, together with the influence of
the pore shape [31]. The polycrystalline character of the
nanopowder was introduced by determining the dielectric
function gyc(w) from

1 &~ Ehe +§ £ 78 -0 @)
3le +2e, ) 3le +2¢,

where 8||(w) and &, (w) are the dielectric functions of

single crystal anatase TiO; in two different polarizations
with respect to the ¢ axis (£ || ¢ and Elc). Eq. (7) was
deduced from the Bruggeman EMA [30]. It assumes the
pellet to be a nanocomposite of two fictitious isotropic

materials, having dielectric functions &‘H(w) and &, (w),

with volume fractions 1/3 and 2/3, respectively. Both
functions are determined from the shape of the reflectivity
spectra of the anatase TiO, single crystal, using a
factorized form of the dielectric function,

2 2,
s(@)=¢ H a)IEOn - a)z TV 100 (8)
0 .
W Wro, — @O +10) g,

with TO and LO frequencies (wrto and wro), as well as
corresponding damping factors (yro, yLo). These
parameters are listed in Table 1 of Ref. [32].

As nanophase TiO, is a porous material with a
relatively large specific surface, the porosity of the
nanopowder was included in modeling its dielectric
function. The best agreement between the calculated and
experimental results was obtained by the generalized
Bruggeman EMA [30], which introduces the effect of pore
shape by using the adjustable depolarization factor L for
ellipsoidal voids (L = 1/3 for spherical cavities and 1/3 < L
< 1 for prolate spheroidal cavities):

E4= Eop
+L,(g,

) 4=
~Eop 9)

Ep—Eup V) =0
=
Eofie +Lj(83 —5%)

Eop

=(

The porous nanopowder with the dielectric function
&ff 1S assumed to be a nanocomposite of polycrystalline
TiO, (with dielectric function &, from Eq. (7)) and air
(¢» = 1), with volume fractions frio> and fair, respectively.
Note that fuir = 1 — frio2, expressed in percentage terms,
corresponds to the macroscopic value of the nanopowder
porosity. Generally, a decrease in the TiO» volume fraction
results in a decrease in the IR reflectivity, due to the
greater air fraction in the powder.

In Fig. 6. the calculated spectra for the L=0.65 and
Jrio2 from 0.55 to 0.75 are presented. It is obvious that a
decrease in frio2 also causes a broadening of IR features.
The physical reason for such behavior lies in the fact that
the smaller the value of frio2, i.e. the greater the porosity,
the smaller is the particle size.
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Good qualitative and quantitative agreement between
the theoretical and experimental spectra and also
compatibility of the fitting results with the physical
properties of TiO, nanopowders, confirm the validity of
the proposed model [32].

3.2. ZnO powders

The far infrared (IR) reflectivity spectra of ZnO
commercial and mechanically activated powders (as
mentioned in section 2.2.3) are shown in Fig. 7.

The differences between the IR spectra of the original
and activated samples point to changes in the powder
microstructure. Moreover, a new IR band at ~380 cm’
appears in the spectrum of ZnO(300), besides the A4, and
E| infrared active modes characteristic of ZnO, indicating
the presence of a small amount of iron-oxides due to long
time grinding in a vibro-mill with steel rings.

This study confirms IR spectroscopy methods as very
useful in the determination of the microstructural
properties and detection of unintentionally introduced
impurities in the material.
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Fig. 7. IR reflectivity spectra of commercial (ZnO(0))
and  mechanically  activated ZnO  powders  for
30 (ZnO(30)) and 300 (ZnO(300)) minutes.

3.2. SiOx thin films

The infrared (IR) absorbance spectra of SiOx films
with 1.15<x<1.7, rapidly thermally annealed at 1100°C in
vacuum for 15 and 30 s, are shown in Fig. 8 [33]. A great
number of modes is present in the IR spectra, pointing to
the amorphous nature of SiOy films. The positions and
shape of the IR modes from SiOx thin amorphous films
substantially differ from those of the bulk counterpart.
Local defects and nearest-neighbor bonding associated
with Si-O bonds in a tetrahedral arrangement all generate
features in the IR spectra.

The frequency of the TO stretching mode decreases
from 1039 (x=1.15) to 1012 cm™' (x=1.4), then slowly rises
with x, reaching 1022 cm™! for the SiOx sample with x=1.7.
The frequency of the strongest mode in SiOx films
annealed for 30 s in vacuum is lower than for films
annealed for 15 s. That can be explained by assuming a

decrease in oxygen content and a parallel increase in the
layer porosity, as a result of oxygen loss after a longer
annealing time.

In the SiOy films, two shoulders are visible at the
high-energy side of the most pronounced absorption band.
The frequency of the greater one is about 1170 (1156) cm’!
in films annealed for 15 (30) s. This band is referred to the
LO-stretching mode of SiOx films [29, 34], which is
located at ~1280 cm™ in SiO». A decrease in the frequency
of this mode in SiOx films after annealing for 30 s in
vacuum implies a weakening of the stretching mode. After
annealing of 30 s, its intensity is lower then after 15 s
annealing, which is additional proof that loss of the
oxygen has happened. One can conclude that both the
intensity and frequency of this mode increase with
increasing oxygen content, and with decreasing pore
volume fraction.

A new IR feature appears at 1106 cm™! in all spectra,
as a small shoulder at the high energy side of the TO
stretching mode. It is hardly distinguished in films
annealed for 15 s and seems to stay unchanged. In films
annealed for 30 s, this mode becomes easily visible, and it
can be attributed to interstitial oxygen in the c-Si substrate
[33,35].

In this study, it has been shown that IR spectra
undergo drastic changes at longer annealing times,
indicating a decrease in the oxygen content and an
increase in the film porosity in films annealed for 30 s
when compared with those annealed for 15 s.

Absorbance [arb. units]

1106 cm’

L 1 1 L 1

(b) 30s T0

LO

x=1.70

1106 cm’’

Absorbance [arb. units]

600 800 1000 1200 1400 1600
Wave number [cm ]

Fig. 8. Infrared absorbance spectra of SiOx films

recorded at room temperature in the spectral range 430

to 1600 cm’: a) films annealed for 15 s, b) films

annealed for 30 s. All spectra correspond to the same
scale.
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4. Conclusions

We have shown that Raman and infrared spectroscopy
are very effective and nondestructive optical techniques
for the characterization of nanostructure materials.

The experimental Raman spectra presented here, as
well as their analyses based on a phonon confinement
model, confirm Raman spectroscopy as a powerful
technique for determining the structural properties of
nanomaterials. From these measurements, we can estimate
the average particle size (layer thickness) and its
distribution, strain and anharmonic effects,
nonstoichiometry and structural defects.

The infrared spectra give the possibility to obtain a
wide range of information on nanostructured materials,
such as the particle size, porosity, structural defects,
nonstoichiometry, and the nature of the surface bonds, as
well as the chemical reactions occurring at the
nanoparticle surface.
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