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Nanosized titania (TiO2) is synthesized by laser-induced pyrolysis using TiCl4 as a liquid precursor. X-ray
diffraction and Raman scattering confirmed anatase structure of TiO2 nanocrystals. The dielectric function ε(ω)
of TiO2 nanopowders has been determined by spectroscopic ellipsometry in the energy range from 1.5 to 6 eV at
room temperature. The features observed in ε(ω) have been fitted to analytical line shapes by using the second
derivatives of experimental spectra. The energies corresponding to different interband electronic transitions have
been determined. Photoluminescence measurements have been carried out in vacuum for T = 20 K and T = 300 K.
Under laser irradiation with sub-band gap photon energy, anatase nanocrystals have displayed strong visible
photoluminescence emission. In this broad photoluminescence band different variations of line shape and position
with excitation energy and temperature are observed for nanopowders with different crystallite size, pointing out
to the various electronic transitions mediated by defect levels within the band gap.

PACS numbers: 81.07.Wx, 78.67.Bf, 73.22.–f, 07.60.Fs, 78.55.–m

1. Introduction

Anatase TiO2 have attracted a lot of attention as wide-
-band gap semiconductor nanomaterial with numerous
applications, including photocatalysis, optical coating,
and photoelectrochemical solar cells [1]. Accurate knowl-
edge of anatase dielectric function is a source of valuable
experimental information about its electronic band struc-
ture, indispensable for the design and analysis of various
optoelectronic devices. Spectroscopic ellipsometry (SE)
is rapidly developing technique, recognized as powerful
non-destructive and contactless method for characteri-
zation of solids. Namely, SE is a very sensitive mea-
surement technique for investigating optical response of
solids, especially semiconductors, and determining their
complex dielectric function [2, 3]. Among variety of re-
ports on optical constants of TiO2, only few are available
on the optical characterization of TiO2 nanopowders us-
ing SE [4]. In the present work, anatase TiO2 nanopow-
ders are characterized by SE in conjunction with photo-
luminescence (PL) spectroscopy.

2. Experimental methods

∗ Revised paper, corrigenda November 19, 2011. Fig. 3 and last
paragraph of Section 4 are changed and Refs. 21 and 22 are
added.
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Titanium dioxide nanopowders were synthesized by
laser-induced pyrolyses using TiCl4 as a liquid precur-
sor [5]. The produced powders were calcined in air
for 4 h at 500◦C. Specific surface area of as-produced
nanopowders was measured by Brunaer–Emmett–Teller
(BET) method and for the samples, labeled as TiS12 and
TiS57, was 84 and 110 m2/g, respectively. Correspond-
ing X-ray diffraction (XRD) patterns showed character-
istic diffraction peaks for the anatase phase present in
both samples. The average crystallite size, roughly es-
timated from the main XRD peak (around 2θ = 25.3◦)
by the Sherrer formula, was 18 and 13.7 nm for TiS12
and TiS57, respectively. Raman measurements also con-
firmed that both investigated TiO2 nanocrystals had an
anatase structure [6].

The ellipsometric spectra of the TiO2 nanopowders
were measured using SOPRA GES-5 variable angle ellip-
someter in rotating polarizer configuration. The SE data
(cos(∆), tan(Ψ)) were collected at room temperature, in
the range from 1.5 to 6.0 eV with resolution of 0.05 eV,
for three incidence angles of 60, 65 and 70◦ to ensure a
consistent and accurate determination of the dielectric
constant of the material. Bulk calculations were used to
analyze the ellipsometric spectra and determine the di-
electric functions of anatase nanopowders from measured
SE data.

Photoluminescence spectra excited by two lines of Ar+
ion laser with photon energy 2.41 and 2.71 eV were col-
lected by using Jobin-Yvon U1000 monochromator and
photomultiplier as detector. Laser beam power at the
sample surface was about 0.05 W/cm2.
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3. Results of spectroscopic ellipsometry

A model, based on effective medium approximation
(EMA) of a dielectric function of nanopowder, described
as a mixture of bulk polycrystalline material and voids,
is often used to interpret the experimental results. Gen-
erally, EMA may be used if material is composed of
phases with the size much smaller than the radiation
wavelength, but large enough to retain its bulk proper-
ties [7]. If component sizes decrease, it may not be possi-
ble to describe the components using bulk reference data
due to size effects or strain [7]. Namely, it appears that
this approach in UV and visible range does not produce
good results in modelling experimental dielectric func-
tion of anatase nanopowders, although very good agree-
ment was previously obtained in far-infrared region [8].
Therefore more proper model of the dielectric function
of anatase nanopowder is applied in this study by using
critical point (CP) analysis [9, 10]. This model has been
successfully applied to identify and evaluate the energy
of the electronic transitions in different semiconducting
materials [10, 11].

There is general agreement that the absorption edge
of bulk anatase crystal around 3.2 eV is associated with
indirect optical band gap transitions (Ref. [12] and ref-
erences therein). It is also known that widening of band
gap might be expected in nanosized materials [13]. In-
deed, it is shown that decreasing the diameter of spherical
nanoparticles in anatase TiO2 by 10 nm is accompanied
by the band-gap increase for the value of ∆Eg ≈ 0.2 eV
[14] or ∆Eg ≈ 0.4 eV [15]. Beside the indirect band-
-gap transition mentioned above, the transition at about
3.8 eV has been ascribed to the direct optical band gap
in different anatase TiO2 films [16, 17]. Few direct in-
terband transitions with the energy higher than 3.8 eV
are also predicted [18, 19] and experimentally registered
[16, 20] in anatase TiO2. Also, in case of TiO2 amor-
phous films, measured pseudodielectric function spectra
have shown three distinct structures at about 3.3, 3.9
and 4.9 eV, which have been assigned to the transitions
at the E1, E1 + ∆Ex and E2 CPs in the Brillouin zone,
respectively [4].

The spectra of the real ε1(ω) and imaginary ε2(ω)
part of the complex dielectric function ε(ω) of TiS12 and
TiS57 samples obtained by bulk calculation from SE ex-
perimental data are shown in Fig. 1a and b, respectively.
The features observed in range from 3 to 5 eV of the ε(ω)
spectra are ascribed to interband CPs, which are related
to regions of the band structure with large or singular
point electronic density of states [9]. Those structures
are analyzed by standard analytic line shapes [10]:

ε(ω) = C −A exp(iϕ)(ω − E + iγ)m, (1)
where a CP is described by the amplitude A, thresh-
old energy E, broadening γ and phase angle ϕ. The
exponent m takes the values of −1/2 and 1/2 for one-
(1D) and three-dimensional (3D) CPs, respectively. Two-
-dimensional (2D) CPs are described with m = 0 and
corresponding analytical line shape is given by ε(ω) =

Fig. 1. Real (ε1) and imaginary (ε2) part of the di-
electric function vs. energy for (a) TiS12 and (b) TiS57
anatase nanopowders.

C − A exp(iϕ) ln(ω − E + iγ). Discrete excitons with a
Lorentzian line shape (0D) are represented by m = −1.

The 2nd derivative spectra of the complex dielectric
function d2ε(ω)/dω2 were calculated by standard tech-
nique of smoothing polynomials to obtain the CP param-
eters [9]. It is given in analytic form as follows [11]:

d2ε

dω2
= A′Ω (m−2)/2

×
(
cos((m− 2) arccos((ω −E)/Ω1/2) + ϕ)

+i sin((m− 2) arccos((ω − E)/Ω1/2) + ϕ)
)

, (2)

with Ω = (ω − E)2 + γ2. Let us note that for ω 6= 0,
A′ = −m(m−1)A, but for m = 0, A′ must be equal to A.
The parameters A, E, γ and ϕ can be calculated by fit-
ting the numerically obtained second derivative spectra
of the experimental ε(ω) to Eq. (2).

Figure 2 shows the experimental spectra of the 2nd
derivatives of the experimental dielectric functions ε1(ω)
and ε2(ω) for TiS12 and TiS57 anatase nanopowders.
The fitting curves, obtained by taking into account the
electronic transitions in the range from 3 to 5 eV, accord-
ing to Eq. (2), are also shown. The fitting procedure con-
siders the CPs of 3D type with values m = 1/2, A > 0,
and ϕ > 0 in the E1 region (around 3.5 eV), whereas the
CPs of 1D type with values m = −1/2, A > 0, and ϕ > 0
are assumed in the E2 region (above 4 eV). The fitting
parameters E and γ of the CPs for the studied anatase
nanopowders are listed in Table. These results point out
that the energy of E1 CP, which can be related to indi-
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Fig. 2. 2nd derivatives of real, ε1(ω), and imagi-
nary, ε2(ω), components of dielectric functions ob-
tained by SE measurements of TiS12 and TiS57 anatase
nanopowders, together with the fitting curves deter-
mined by Eq. (2).

rect energy band gap transition, is higher in nanopowder
with smaller crystallite size. Namely, this energy reaches
3.384 eV in TiS57, whereas in TiS12 its value is 3.285 eV.
Such increase (≈ 0.1 eV with crystallite size decrease by
≈ 5 nm) coincides with the behavior predicted for the
energy band gap in anatase nanostructures [14, 15].

However, the energy of E1 + ∆E1 CP, related to the
direct electron transitions between valence and conduc-
tion bands, which probably corresponds to direct optical
band gap, has similar value (≈ 3.81 eV) in both nanopow-
ders. Two more features denoted by B and E2 in Table,
at ≈ 4.2 and ≈ 4.9 eV respectively, can also be ascribed
to direct interband electron transitions previously regis-
tered in anatase thin films [16, 20]. Finally, note that
some low intensity peaks in the subband gap energy re-
gion (< 3 eV) are observed, but corresponding electron

TABLE
Fit parameters of the CPs for the
studied anatase nanopowders.

Transitions E [eV] γ [eV]
Sample TiS12

E1 3.285 0.210
E1 + ∆E1 3.810 0.150
B 4.211 0.202
E2 4.931 0.301

Sample TiS57
E1 3.384 0.215
E1 + ∆E1 3.815 0.167
B 4.135 0.179
E2 4.969 0.310

transitions are not included in this analysis, mostly be-
cause of the difficulties in precise evaluation of their en-
ergies in the 2nd derivative spectra. To analyze these
features, additional SE measurements with higher resolu-
tion are necessary, and this will be the subject of further
research.

4. PL results

Under the laser irradiation with subband photon en-
ergy of 2.41 and 2.71 eV anatase nanocrystals displayed
strong visible light emission, even at excitation power as
low as 0.05 W/cm2. The line shape and position of this
broad luminescence band vary with excitation energy and
temperature, as can be seen from Fig. 3.

The analysis of those variations suggests that the PL
spectra of nanopowder TiS12, with larger crystallite size,
are dominated by a radiative recombination of electrons
via intrinsic surface states for all applied excitation en-
ergies and temperatures. The energy of these optical
electron transitions is about 2.2 eV [1, 6]. However,
excitation of the sample with smaller nanocrystallites,
TiS57, by higher photon energies (close enough to the
energy band gap) activates self-trapped exciton lumines-
cence with the energy of ≈ 2.41 eV [4] (and the references
therein). PL blueshift with sample cooling also points out
to the recombination of self-trapped excitons as dominant
PL mechanisam in TiS57 nanopowder.

However, excitation of the sample with smaller
nanocrystallites, TiS57, by higher photon energies (2.71
eV, close enough to the energy bandgap) activates self-
trapped exciton luminescence [1, 6]. With tempera-
ture decrease, the PL intensity in the sample TiS57 in-
creases and the band maximum position is redshifted
from ≈ 2.30 eV at room temperature to ≈ 2.24 eV at 20 K
(Fig. 3b). Such behavior points out to the recombination
of self-trapped excitons as dominant PL mechanisam in
this nanopowder [21, 22].

5. Conclusion
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Fig. 3. PL spectra of anatase nanopowders with varia-
tion of laser excitation energy (a) and temperature (b).

Spectroscopic ellipsometry has been used to determine
room temperature pseudodielectric function spectra of
laser synthesized anatase TiO2 nanopowders. The mea-
sured ε(ω) spectra revealed structures around indirect
band gap and higher energy CPs. The values of the inter-
band CP parameters (strength, threshold energy, broad-
ening and phase angle) have been derived.

From the analysis of dielectric function the energies of
the optical electron transitions at E1, E1 + ∆E1 and E2

CPs in the Brillouin zone have been identified and eval-
uated. The energy of E1, which could be assigned to
indirect band gap transitions, increases with crystallite
size decrease. There is no measurable change in the en-
ergy of E1 + ∆E1, which is probably related to the di-
rect optical band-gap transitions. PL measurements were
used to identify the electronic transitions inside the gap,
as low intensity peaks observed in the sub-band gap en-
ergy region were difficult to evaluate from SE data. This
study represents an attempt to resolve optical properties
of anatase nanocrystals, related to interband transitions,
as well as the electronic transitions mediated by defect

levels within the band gap.
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