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Abstract

Ce,_,FeO,_, (0 <x<0.05) nanopowders were synthesized using hydrothermal method at low calcination temperature and low
doping regime. Structural and morphological characterization has been carried out by the X-ray diffraction method and non-contact
atomic force microscopy. Vibrational properties were investigated by Raman spectroscopy. It was observed that the content of oxygen
vacancies increased significantly with Fe doping up to 3 mol%. For higher dopant concentration, phase separation was detected. The
optical properties of pure and Fe**-doped CeO,_,, samples were investigated by spectroscopic ellipsometry. Several analytical models
were applied to analyze the optical absorption onset of ceria defective structure. It was found that, Cody—Lorentz model most suitably
described the sub-band gap region of CeO,_ ), nanopowders and consequently gave more accurate band gap values, which are closer to
the direct band gap transitions than to the indirect ones. The increased content of localized defect states in the ceria gap and
corresponding shift of the optical absorption edge towards visible range in Fe-doped samples can significantly improve the optical
activity of nanocrystalline ceria.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ceramic materials based on cerium oxide (ceria, CeO,)
have been a very active research field in the area of
photocatalytic technologies such as production of oxygen
trough water decomposition [1] and photodegradation of
toluene in gas phase [2], methylene blue [3], acidic black
10b [4] and acid orange 7 [5] industrial dyes. The recent
study of Ji et al. [5] have revealed that nanophased CeO, is
more efficient photocatalyst in the visible region for dye
wastewater treatment than the commercial TiO, [5]. Dop-
ing with transition metals, such as Fe, enhances the oxygen
mobility and oxygen storage capacity of ceria lattice [6]
which can improve photocatalytic properties of CeO,
nanomaterials [3]. Also Fe-doped ceria nanoparticles were
used for pigmented ultraviolet filter applications [7]. The
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optimization of photocatalytic technologies which utilize
solar radiation is directed towards the development of
ceria materials with precisely controlled position of the
absorption edge and tunable electronic band structure.
Even though extensive research has been performed on
the optical properties of ceria based nanomaterials, still a
lot of controversy exists in the literature regarding the
nature of the optical band gap transition (E,) which
corresponds to the O 2p— Ce 4f transition. Guo et al. [8]
reported the optical band gap values of 3.6 eV and 3.3 eV
for direct and indirect transitions respectively, in a case of
bulk (crystalline film) ceria sample. A certain number of
authors [9-12] have calculated the optical band gap of
various ceria based materials, treating it as a direct
transition. Contrary to them, a group of other authors
[13—-17] ascribed the optical band gap of CeO, to the
indirect transition. Independent measurements performed
on oxygen deficient ceria structures using non optical
techniques, gave the values of 3.3 ¢V [18], and 3.4-3.6 eV
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[19] without defining the type of the transition. The present
uncertainty in the band gap calculations of nanostructured
CeO,_,, increases a need for better explanation of its
electronic properties using sophisticated analytical models
which incorporate nanosized ceria defective structure.

The decrease of the particle size to nanodimensions leads
to the increase of the band gap energy in majority of
materials due to the quantum confinement effects [20]. In a
case of nanoceria an anomalous behavior in the band gap
energy was observed for the grain size less than 20 nm [9].
The decrease of the band gap energy with grain size
decrease can be explained by a transformation from the
crystalline into the amorphous state when crystals become
of nanodimension [9] and increase in the number of defects
within the band gap [16]. All these nano-size related effects
are reflected in the spectral dependence of the complex
dielectric function which is, through its imaginary part
(e2(E)), related to the energy-band structure. Being a
nondestructive and very sensitive technique, spectroscopic
ellipsometry (SE) represents a very convenient method for
precise and direct determination of the complex dielectric
function of nanostructured materials from which impor-
tant information about materials electronic structure can
be obtained.

The aim of this work was to investigate the influence of
Fe’T-doping on the optical properties and band gap
behavior of CeO,_, nanopowders. We applied different
ellipsometric models in order to deduce which model
describes best the electronic properties of nonstoichio-
metric pure and Fe’*-doped CeO,_,.

2. Experiment

Non-stoichiometric nanopowders of pure CeO,_,, (coef-
ficient y denotes the oxygen deficiency and for small
particles ranges from 0-0.2 [21,22]) and CeO,_, doped
with 1 mol%, 3 mol% and 5 mol% of trivalent iron ions
were synthesized by the hydrothermal method using
NH4OH solution and relatively low calcination tempera-
ture (200 °C). Detailed preparation procedure is published
elsewhere [23].

The X-ray diffraction (XRD) patterns were collected
using Rigaku RINT2200 powder diffractometer. Non-
contact atomic force microscopy (NC-AFM) microscopy
measurements were carried out using Omicron B002645
SPM probe VT AFM 25. Micro-Raman scattering mea-
surements were performed at room temperature using a
Jobin-Yvon T64000 triple spectrometer system equipped
with a liquid-nitrogen cooled CCD detector. The A1=514.5
nm line of an Ar*/Kr™ mixed laser was used as an
excitation source. The ellipsometric measurements were
performed at 6,=70° incidence angle in the UV-Vis
spectral range, using high resolution variable angle spec-
troscopic ellipsometer (SOPRA GESSE-IRSE) of the
rotating polarizer type.

3. Analytical models

From the measurements of ellipsometric angles ¥ and A,
by using the two-phase model approximation (CeO,_,
nanoparticles/air), we have calculated the pseudo-dielectric
function spectra directly from the complex reflectance ratio
p(E)=tan Yexp(iA) using the relation [24]
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where 6; is the incidence angle. Measurement of pseudo-
dielectric function enables direct determination of real and
imaginary part of the complex dielectric function spectrum
e(E)=¢|(E)+1iex(E). The imaginary part of complex dielec-
tric function (&(E)) can provide useful information about
the electronic density of states and the band structure of
the investigated material.

One of the most frequently used, but oversimplified
models for the band gap calculations from optical mea-
surements, was developed by Tauc et.al. [25]. A general
expression for &(E) is derived under the assumption of
parabolic density of states, constant momentum matrix
element and relaxed selection rules for direct and indirect
transitions, respectively

(2 E%)’ = a(E—E,), (2a)

Vi E=b(E-E,), (2b)

where E is the photon energy, E, is the band gap and
constants ¢ and b are related to the density of states in
conduction band. This model is often known in the
literature as Tauc law.

Aiming to obtain the value of the band gap and at the
same time to take into account the interband electronic
transitions Jellison and Modine [26] derived a model for
the &(FE) on the basis of the Tauc law and Lorentz
oscillator model, expressed as

0, E<E;
(E-E)"  AETE ()
EZ

e2(F) = E>Ey;
(E2—E2) + B

where A, Ey, and I' are the peak amplitude, position and
width, respectively. This model is known as the Tauc—
Lorentz (TL) model and is based on the assumption of
parabolic density of states and constant momentum matrix
element.

Better results for the absorption onset behavior in
amorphous silicon hydride films were obtained by Cody
et al. [27] who applied constant dipole matrix element
instead of constant momentum matrix element, but sig-
nificant improvement of the TL and Cody’s models was
demonstrated by Ferlauto et.al. [28]. In the region bellow
the band edge, Ferlauto and co-workers, used Urbach rule
to describe the behavior of dielectric function of amor-
phous (disordered) materials. According to this rule,
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Urbach tails are usually observed as an exponential
increase of absorption in the bellow band gap region.
The absorption coefficient can be described as [29]

o(E —Eo))

T (4)

WE, T)= ocoexp(
where oy and E, are material parameters, ¢ is steepness
parameter and k is Boltzman constant. The Urbach
energy, defined as Ey=kT/o, indicates the width of the
band tails of the localized states.

Ferlauto and coworkers also introduced a modification of
Cody’s model and presented an alternative expression for the
dielectric function just above the optical absorption edge

(E-Ey)°

&HoC —————,
U (E-E)+E,

)

The model, known in the literature as Urbach—Cody—
Lorentz (UCL) model or just Cody—Lorentz (CL) model,
can be expressed as

E E—E
Elexp{( E. t)}; O0<E<E;
oB)=Y (e-E) = AETE ek
> (B—E)4rPE 0
(E-Ep)’+E2 ( 02)2+
(6)

where parameter FE. ensures continuality of dielectric
function at E=E;, E, is the demarcation energy between
Urbach tail region and interband transitions. The energy
E, separates the absorption onset behavior from the
Lorentz oscillator behavior, giving to this expression more
flexibility in the numerical modeling.

It is worth mentioning that TL and CL models do not
take into account the nature of optical transition and can
be applied for both, direct and indirect band gap type of
materials.

4. Results and discussion

In Fig. 1 are given the XRD spectra of pure and Fe*™-
doped CeO,_, samples. All synthesized samples have
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Fig. 1. XRD spectra of pure and Fe-doped CeO,_, nano powders.

fluorite type crystal structure of cerium dioxide and no
secondary phase was detected. Characteristic Miller indices
are denoted for each diffraction peak.

Significant broadening of the peaks indicates that
investigated powders consist of nanometric size crystallites.
The crystallite size D of the samples was estimated from
XRD data by taking into account strain contribution,
using the Williamson-Hall method [30]

K
fcost = 3/1 +4esinf ©)

where f is the peak width, K is the form factor (0.9 for
spherical particles), 4 is the radiation wavelength and ¢ is
the strain. The crystallite size and strain can be determined
from the intercept and slope of the fcos 0 vs 4sin 0 plots.
The average crystallite size of pure CeO,_), nanopowder
was about 4 nm, becoming smaller with increasing Fe® ™
content. The values of average crystallite size and strain
are presented in Table 1 for each sample. Slight decrease of
strain with Fe doping up to 5 mol% implies that smaller
Fe® " ions enter substitutionary into ceria lattice replacing
bigger Ce** ions.

In Fig. 2(a) are shown the Raman spectra of Ce;_,
Fe, O,_, (0 <x <0.05) nanopowders. The baseline correc-
tion of the Raman spectra was performed by using the
Bose—Einstein thermal correction and a two-point baseline
correction [31]. The most prominent peak is the first order
F,, Raman mode, positioned at about 454 em™ ! in
undoped CeO,_, sample [32]. In doped samples the soft-
ening and broadening of this mode was observed with the
increase of Fe’' concentration [33]. The cause of this
unexpected shift and broadening can be explained by the
delocalization of unpaired Fe’* electrons on Ce(Fe)—
O(Vo)—Ce(Fe) orbitals and electron-molecular vibration
coupling mechanism [34]. Another mode at 600 cm ™'
corresponds to the oxygen vacancy Raman mode (V)
characteristic for nanocrystalline CeO,_, [32]. In Fig. 2(b)
are shown Lorentzian lineshape fits of the ¥, mode for all
investigated samples. The reasonably good fits for all
samples were obtained with one Lorentzian, except the
5% Fe-doped sample. In a case of Ceg gsFeg 950, _, sample
additional mode appears at 650 cm ' and the good fit of
this spectrum was obtained by fitting with two Lorent-
zians. This mode, most probably originates from the iron
oxide—wiistite (FeO) phase [35]. Although this phase was
not detected in the XRD spectrum of this sample we
concluded that small concentration of wiistite phase was
formed on the nanoparticle surface, for which the Raman

Table 1
Average crystallite size D and microstrain ¢ obtained from Williamson—
Hall plots of XRD data.

CeO,_,, 1 mol% Fe 3mol% Fe 5mol% Fe
D (nm) 4.0(5) 3.1(5) 2.9(5) 2.9(5)
& (%) L1.6(1) L1(2) 0.7(1) 0.9(2)
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Fig. 2. (a) Raman spectra of pure and Fe doped CeO,_, nanopowders, (b) Lorentzian lineshape analysis of oxygen vacancy mode, V,, and (c) intensity

variation of V, mode.

scattering method is more sensitive, and the phase separa-
tion took place. On the other hand, the formation of
wiistite phase is followed by decrease of the oxygen
vacancy concentration, which can be explained by the fact
that Fe atoms do not enter into ceria lattice to form
additional vacancies but remain in the surface layer
forming iron oxide phase.

From the Lorentzian lineshape fitting of the Raman
spectra we have observed that the intensity of V, mode
increases in Fe®-doped samples (Fig. 2(c)) up to the
3mol% of Fe, as a consequence of increased oxygen
vacancies concentration and afterwards decreases.

The NC-AFM images of pure, 3 mol% and 5mol% Fe
doped CeO,_ , samples are shown in Fig. 3(a—c), respectively.
From these images we can observe that samples consist of very
small nanocrystals and agglomerated particles. The topogra-
phy image of the 5mol% Fe doped sample exhibits new
features that can be ascribed to phase separation [36]. The
existence of grains marked with arrows in Fig. 3(c) points out
to significant difference in sample topography compared to the
pure and 3 mol% Fe doped samples. The obtained results are
in agreement with Raman spectroscopy.

The imaginary part of the pseudo-dielectric function,
{e&(E)), is deduced from the ellipsometric measurements,
by applying two-phase model approximation, already
discussed (Eq. (1)). In order to investigate the optical band
gap nature and the influence of Fe dopant on the behavior
of the absorption edge in ceria nanocrystals we first
applied oversimplified Tauc model to determine the ener-
gies of the direct or indirect band gap transitions. In
Fig. 4(a) are presented the plots of “Tauc density of
states”, treating pure and Fe*"-doped CeO,_ » Nanopow-
ders as an indirect band gap material whereas in Fig. 4(b)
are given the same plots in a case of direct band gap

transition. The straight lines are linear fits according to
Egs. (2a) and (2b), from which band gap values are
determined. The calculated values of both direct and
indirect band gap values for pure nanocrystalline ceria
(3.32 and 2.4¢V) were lower than the values of bulk
sample (3.6 and 3.3¢V) [8]. This is characteristic for
defective ceria nanostructure [9,16]. Doping with Fe’ ™
ions induces a shift of the optical absorption edge towards
visible spectral range up to 5 mol% of Fe dopant. In a case
of Cego5Feg 050,_s sample in which the phase separation
was detected from the Raman spectra, the band gap value
both for direct and indirect band gap transition increased.

The main disadvantages of Tauc model is that this model
gives slightly overestimated band gap values in a reflection
type of measurement, such as spectroscopic ellipsometry, and
does not take into account the possible presence of defect
states inside the gap. This is already discussed in the work of
Ferlauto et al. [28]. We then applied more sophisticated TL
model to analyze the {&x(E))> spectra of the samples.

In Fig. 5 are presented experimentally obtained spectra of
{e&y(E)) for pure and Fe doped samples (open circles) in the
1.5 to 6.5 ¢V region. The best fits based on TL model using
Eq. (3) are presented with dashed lines. For the Lorentzian
lineshape fits we have used two oscillators to describe the
peaks observed in the dielectric function spectrum. The first
oscillator corresponds to the transition from valence band
(VB) to Ce 4f states, whereas the second oscillator corre-
sponds to the transition from VB to lower lying Ce 5d band
[37,38]. By direct comparison of the experimental data with
fitted curves it is obvious that TL model failed to describe
adequately behavior of {&,(E)) of our samples in the region
bellow the band gap. The discrepancy between experimental
and numerical data originates from the fact that TL model is
based on the assumption that &,(E) vanishes below the band
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Fig. 4. Tauc plots versus photon energy for (a) indirect (open squares) and (b) direct (open circles) band gap transitions together with linear fits (solid
lines), using the Egs. (2a) and (2b), for pure and Fe*-doped ceria nanopowders.

gap and this is not valid for our samples. On the other side, In nanomaterials, the appearance of defect/disordered
as a consequence of this assumption, TL model always gives  states manifests as the non-vanishing absorption in the region
underestimated band gap values [28]. bellow the band gap (Urbach tail region) which can be well
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Fig. 5. Imaginary part of pseudo-dielectric function (open symbols)
together with numerical fits using Tauc-Lorentz (dashed line) and
Cody-Lorentz (full line) model.

described with Urbach rule [39—41]. Nonstoichiometric,
nanocrystalline CeO,_, has a lot of oxygen vacancies
especially at the nanoparticle surface. The oxygen defects
can form localized states inside the band gap [42] affecting
the CeO,_, band gap structure [19]. Patsalas et al. [16]
suggested that the Urbach absorption tails in ceria nanopar-
ticles originate from oxygen vacancy defect states. Therefore,
we decided to apply CL model which can present signifi-
cantly improved description of <{&(E)) in the below-band
gap region compared to previous models. To the best of our
knowledge, this model is for the first time applied in the band
gap study of defective ceria nanoparticles. The fits based on
CL model using Eq. (6) are presented with full lines in Fig. 5,
using two oscillators as in the case of TL model. It is obvious
that by using CL model, we have obtained very good
agreement with experimental spectra in the whole measured
region. From the fitting procedure we were able to obtain the
values of the Urbach and the band gap energies.

In Fig. 6 is presented the variation of Urbach energy
(Ey) in pure and Fe-doped ceria samples derived from CL
model. From the observed variation, we can see that with
Fe doping up to 3 mol%, Urbach energy increases due to
the formation of additional localized states inside the band
gap. For 5mol% Fe*"-doped sample the value of E,
decreases. Obtained results are in very good agreement
with the Raman spectroscopy measurements from which
we have observed increased concentration of oxygen
vacancies in the samples with Fe content up to 3 mol%
(Fig. 2(c)) after which the phase separation started and the
oxygen vacancy concentration decreased.
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Fig. 6. Variation of Urbach energy in Ce, _.Fe,O,_, nanopowders.
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Fig. 7. Band gap variation in pure and Fe**-doped ceria nanopowders
determined from Tauc law, Tauc-Lorentz and Cody—Lorentz models.

The variation of the band gap values of Ce,_,FeO,_,
(0 <x<0.05) nanocrystals, obtained from different SE
models, is presented in Fig. 7. As can be seen from Fig. 7,
the values of E, differ significantly among applied models but
have a same trend with Fe>™ doping. Although XRD data
confirmed that CeO,_,, nanocrystals are small, the band gap
values estimated from different models are lower than for
bulk CeO, sample, contrary to the quantum confinement
model predictions. This fact points out that the dominant
role in the band gap behavior of CeO,_, nanocrystals comes
from the oxygen defect states formed in the band gap [16].

As we have already discussed, Tauc law yields slightly
overestimated values in ellipsometry measurements for both
kinds of band gap transitions. The band gap values,
calculated from TL model, of Ce;_Fe,O,_, samples, have
the lowest values and are close to the Tauc band gap values
for indirect gap. These underestimated values of band gap
were expected because of the fundamental limitations of this
model in the region below the band gap. Fitting procedure
using Cody-Lorentz model gave the best agreement with
experimental data by taking into account the existence of
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Urbach absorption tails which originate from defect and
disorder states. Having in mind that Tauc law gives over-
estimated direct band gap values it can be concluded that the
band gap values for Ce;_,Fe,O,_, samples, obtained from
CL model, are much closer to the Tauc values for direct band
gap transition than to the indirect ones.

From this study we have concluded that the CL model
best describes the absorption onset of defective nanocrys-
talline CeO,_,.

From Fig. 7, we can see that with increasing Fe content,
the band gap value further decreases up to 3 mol% of Fe
dopant and then slightly increases. The decreasing trend of
E, with Fe* " -doping can be ascribed to the formation of
additional defect (localized) states within the band gap.
The value of Urbach energy represents the energy width of
the localized states. With iron doping, the tails of defect
states expand more into the band gap (increase of Urbach
energy in Fig. 6) causing the observed decrease of E,, in
agreement with previous studies [43,44]. When the phase
separation took place, the band gap slightly increased
similarly to the findings of other authors [43]. The higher
value of E, in the 5 mol% Fe*-doped sample compared
to pure CeO,_ ), can be explained in terms of quantum size
effects which now influence more the absorption onset
than defect states or by the Burstein—-Moss effect [45].
Namely, from XRD data it has been shown that the
average crystallite size in this sample is much smaller than
in pure CeO,_, sample whereas the Raman measurements
and Urbach energy behavior confirmed that this sample
has less defective structure.

For moderate Fe dopant concentrations (3 mol% and
less), it is possible to induce a shift of optical absorption
edge in CeO,_, nanocrystals towards the visible spectral
range making this material suitable for application in
advanced technologies such as photocatalysis by
solar light.

5. Conclusion

The hydrothermal method has been employed to synthe-
size ceria nanopowders doped with iron. XRD analysis
showed that all investigated samples have fluorite cubic
crystal structure with particle size in nanometric range,
confirmed by NC-AFM results. From Raman spectroscopy
measurements we have observed an increase of oxygen
vacancies concentration with increasing amount of Fe up
to 3mol%. In the Raman spectrum of CeggsFegosOr_,
sample, the formation of iron oxide wiistite (FeO) phase was
observed.

Using different SE models like Tauc, Tauc—Lorentz and
Cody—Lorentz models, we have analyzed the fundamental
optical band gap behavior of pure and Fe’'-doped
CeO,_, samples. Among all applied models the best
agreement between theoretical and experimental data was
obtained using the Cody—Lorentz model. Cody—Lorentz
model, applied for the first time in the analysis of ceria
defective structure, successfully described the existence of

Urbach absorption tails due to the presence of oxygen
defect states in ceria lattice. The Fe doping of ceria (up to
3 mol%) increases the defect concentration in ceria lattice
and shifts the optical absorption edge towards visible
spectral range.
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