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ABSTRACT: Networks of niobium-doped TiO, anatase nano-
particles with variable doping concentrations were investigated
by time-domain terahertz spectroscopy and microwave impe-
dance spectroscopy. A detailed description of their electromag-
netic response is proposed; the model takes into account the
depolarization fields of inhomogeneous samples and allows us
to understand the conductive and dielectric response of in-
dividual nanoparticles. We find that electron hopping is the
dominating contribution to the conductivity at terahertz fre-
quencies and that the dielectric losses of TiO, nanoparticles are
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enhanced in comparison with bulk anatase. The conductive properties of nanoparticles can be tuned via synthesis conditions and
thermal posttreatment. In particular, annealing at elevated temperatures improves the nanoparticle crystallinity, reduces the density
of structural defects, and enhances the conductive percolation of the network. The developed model of the conduction processes can
be helpful for interpretation of charge transport in other semiconducting nanoscale materials.

1. INTRODUCTION

Nanoscaling and nanopatterning introduce additional func-
tional properties to existing materials, which opens a way to the
conception of novel devices and techniques. For example,
fabrication of transparent conducting oxides in the form of
nanoparticles can significantly enrich the scope of the available
materials in addition to dense films, enabling manufacturing of
conducting composites, nanostructured transparent electrodes,
or low-temperature printing of patterned electrodes. However,
the decrease of grain dimensions to the nanoscale increases the
role of the surface, which dramatically alters the dielectric
properties and electron transport in the nanoparticle-based
materials. The measured macroscopic conductivity in a sample
composed of assembled nanosized particles is influenced
(besides the intrinsic bulk properties of the material) by several
factors such as electron confinement effects, energy of surface
states, difference in surface and core composition of nanoparti-
cles, electron scattering on surface defects and on grain bound-
aries, and connectivity of nanoparticles in the sample, just to
name a few. The ability to resolve and characterize the individual
factors controlling the total macroscopic conductivity is of
extreme importance for the optimization of charge carrier
transport properties in nanoscaled materials.
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Many of these factors can be assessed from the electromag-
netic response measured in a broad frequency range. A very
pertinent spectral domain for the investigation of nanoscaled
materials is the terahertz (THz) range. First of all, different
conductivity mechanisms lead to qualitatively different conduc-
tivity spectra in the terahertz region, and it is straightforward to
distinguish between the response of delocalized electrons
(described, for example, by the Drude formula) and electrons
localized in potential wells.”* The electron confinement strongly
affects the conductivity spectra if the particle size is comparable
to or smaller than the electron diffusion length I, on the time
scale of one period of the probing radiation [I, = (D/f) /2 where
D is the diffusion coefficient and f is the probing frequency].
Terahertz frequencies are thus optimal for the investigation of
electron transport within and among nanometer-sized particles
of common semiconductors.” Finally, the measured conductivity
spectra reflect the distribution of depolarization fields, which are
inherently related to the morphology of the nanomaterial.*>
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In this sense, the terahertz spectral region contains rich
information about nanoscale systems, covering conductivity
mechanisms, carrier confinement, and material morphology.6
However, full quantitative interpretation of the conductivity
spectra requires the development of a microscopic theoretical
framework able to describe all the above-mentioned phenomena
and to extract their respective contributions from the measured
spectra. Despite the great potential of terahertz spectroscopy in
the field of nanoscaled materials, such an approach has been
seldom applied up to now (see ref4 and references therein).

Niobium-doped titanium dioxide (NTO) is a novel class of
transparent conductors, which is considered as a cheap and
chemically stable alternative to indium tin oxide.” Recently, we
described a low-temperature synthesis approach for the fabrica-
tion of monosized dispersible crystalline NTO particles of just a
few nanometers in size with different Nb contents, which can be
assembled into mesoporous films with periodic porous
architectures.® We observed that the Nb doping of the titania
lattice leads to the introduction of donor levels into TiO,,
detectable as the reduced states of the Ti and Nb, and to a
drastic increase in the electrical direct current (dc) conductivity.
Its dependence on the Nb doping level in the nanoparticles is,
however, different from that in bulk materials fabricated by
physical methods such as pulsed laser deposition or high-
temperature solid-state synthesis, and it is strongly influenced
by the synthesis temperature and heat treatment conditions. In
order to understand the conductivity mechanisms in this system,
it is important to identify the different contributions to the
conductivity by measurements over a broad range of frequencies.
The resulting picture of the conduction processes can be helpful
for interpretation of charge transport in other semiconducting
nanoscale materials.

In this paper, we employ time-domain terahertz spectroscopy
and microwave impedance spectroscopy to measure the con-
ductivity and permittivity spectra in the terahertz and gigahertz
spectral regions for a set of pellets of Nb-doped anatase nano-
particle networks with variable doping concentrations. We
develop a detailed physical framework for the interpretation of
the conductivity spectra where we establish the relationship
between depolarization fields and sample morphology, charac-
terize the electron confinement, and identify the relevant con-
ductivity mechanisms.

2. EXPERIMENTAL RESULTS

TiO, nanoparticles were prepared by a nonaqueous synthesis at
60—150 °C via solvothermal procedures with tert-butanol as a
reaction medium and three Nb doping levels (0, 10, and 20 mol %):
for details see ref 8. Pellets were formed by pressing the nanopar-
ticles under a pressure of 10 MPa in a sample holder 13 mm in
diameter; their thickness ranged from 0.55 to 1.28 mm. Pellets were
studied as prepared and annealed at 600 °C under nitrogen atmo-
sphere to prevent oxidation and water vapor adsorption.

The elaboration procedure enables preparation of nonagglom-
erated nanoparticles, whose size and crystallinity can be con-
trolled by the reaction temperature and time. At 60 °C,
completely amorphous particles are obtained. An increase of
the reaction temperature to 100 °C leads to the formation of
~4 nm crystalline nanoparticles with a phase structurally related
to anatase, which can incorporate more than 20 mol % of Nb ions
without significant distortion of the anatase lattice or phase
separation. The introduction of Nb in the anatase lattice

increases the dc conductivity by several orders of magnitude.®
The dc conductivity of the gellets pressed from the particles
prepared at 100 °Cis 1 X 10 °S-cm™ ' for undopedand 2 x 10~
>S-cm” ! for the 20% doped nanoparticles. Heating of the as-
produced NTO nanoparticles at 600 °C under nitrogen atmo-
sphere further improves the dc electrical conductivity, which
increases up to 0.25 S-cm™ ' for the 20% Nb sample. The onset
of dc conductivity in the Nb-doped particles is supported by an
observation of reduced states of both titanium and niobium, Ti* "
and Nb** or lower, by X-ray photoelectron spectroscopy (XPS).
The presence of these states in both as-prepared and heated
particles enabled us to suggest that most of the extra electrons
generated by Nb doping are released into the conduction band of
TiO,, leading to the formation of Ti*" and resulting in electrical
conductivity.®

To evaluate the role of Nb doping in the conductivity at
terahertz frequencies, we selected a set of nanoparticles synthe-
sized under the same reaction conditions, namely at 100 °C, and
with the Nb content varying from 0% to 20% (denoted further as
NTO_X%@100 °C). The particles prepared in this way are
crystalline, of about 4 nm diameter. Additionally, in order to
investigate the role of crystallization conditions in the conduc-
tivity of samples prepared from different types of particles,
we prepared the NTO particles with a single doping level of
20 mol % but at different synthesis temperatures, 60 and 150 °C,
(denoted further as NTO_20%@60 °C and NTO 20%@
150 °C), which leads to the formation of amorphous and
completely crystalline particles, respectively. The particles were
pressed into pellets and studied as prepared and after heating in
nitrogen at 600 °C.

The permittivity and conductivity at terahertz frequencies
were measured by time-domain terahertz transmission spectro-
scopy.” The useful bandwidth in our custom-made setup, based
on a femtosecond laser oscillator, spans from 0.1 to 3 THz."° The
permittivity and conductivity spectra were retrieved from the
directly measured complex transmittance spectra of terahertz
radiation (i.e., in a noncontact fashion). These results are free of
systematic errors related to electrodes and they are also very
accurate.”” "' The method provides the dielectric permittivity
averaged over the entire thickness of the sample.

The impedance at microwave frequencies (20 MHz—10 GHz)
was measured by an open-end coaxial technique (Agilent 85070E
dielectric probe) with an Agilent E8364B network analyzer. The
drawback of this technique is the difficult control of the quality of the
contact between probe and sample. Our samples are very rigid and
their surface is rough. Under these conditions, it is rather difficult to
obtain a good electrical contact. In fact, most of the measured
microwave permittivities are lower than the terahertz permittivity,
which indicates that an air gap or dead layer was formed between the
sample and the end of the probe. As a result, measurements of the
microwave permittivity provide a good indication of the trends in
the permittivity spectra, but the data are not accurate enough to be
used for a common fitting with the terahertz data.

The permittivity spectra measured by microwave and tera-
hertz spectroscopy are summarized in Figures 1 and 2. All the
samples exhibit qualitatively similar behavior. At microwave
frequencies, both the real and imaginary parts of the permittivity
decrease with increasing frequency. This behavior is character-
istic for a broadband dielectric relaxation. In principle, such a
relaxation could originate from lattice dynamics. However, the
lattice response of anatase is dominated by phonon modes and
no relaxation is observed in bulk crystals.'> We thus attribute the
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Figure 1. Measured (@) real and (O0) imaginary parts of the permittiv-
ity of selected samples. Gigahertz spectra were measured by the
microwave impedance analyzer, whereas terahertz spectra were mea-
sured by time-domain terahertz spectroscopy.

observed broadband response to an electron hopping with a wide
distribution of hopping times."?

For as-prepared particles with different Nb doping levels, the
real part decreases continuously up to 0.4—1 THz, whereas at
higher frequencies it starts to increase. Similar but less-pro-
nounced trends are observed in the spectra of annealed samples
(note that the accessible spectral range is narrower due to their
stronger absorption). The imaginary part of the permittivity
increases with frequency in the terahertz region in all samples.
The decreasing real part is the tail of the broadband response due
to the hopping conduction. The slight parabolic increase in the
real part, accompanied by the almost linearly increasing imagin-
ary part, is naturally explained as the onset of the phonon
contribution to this part of the spectrum.?

3. MODEL OF THE DIELECTRIC FUNCTION

On the basis of the above considerations, we developed a model
of the dielectric permittivity that allows us to get a more detailed
qualitative and quantitative understanding of the observed re-
sponse in all samples. This model takes into account factors that
may influence the macroscopic permittivity (conductivity) of the
particles pressed into pellets, namely: (i) permittivity and con-
ductivity of individual nanoparticles and (ii) the inhomogeneous
nature of the pellets.

i. Permittivity of Individual Nanoparticles. The response of
the doped titania consists of lattice and electron contributions. As
we have pointed out above, the former is related to a polar
phonon mode, whereas electron hopping dominates the latter
contribution.

Anatase is a uniaxial crystal with static relative permittivities of
€,0=45.1and &, =22.7 for the electric field polarized along and
perpendicularly to the optical axis, respectively, and with differ-
ent phonon modes in the polarized infrared spectra for these two
polarizations.'> For simplicity, we approximate the permittivity
of anatase as the average of the diagonal tensor elements:
Eanatase = (2€4/3) + (€./3). The static average relative permit-
tivity of anatase is then &,p4tase,0 = 37.6.

For the hopping conductivity spectra, we employ Dyre’s
random free-energy model:'

Tmin Tmax
In — In —
OhoPPing(f) = 275!'](000 1— = z;ntal;rmm i mm1

1

n
1-— 2.7Tlmeax Tmin Tmax
(1)

which does not exhibit the conductivity divergence encountered,
for example, in a power-law (0 o< *) model. The spectrum of the
hopping conductivity (eq 1) is sketched in Figure 3. At frequen-
cies well above the electron hopping rate 1/7,,;,, the conductivity
approaches a constant value of 0.., which we will call a “saturated
conductivity” in the subsequent discussion. The time T,
represents the longest waiting time found in the system and it
delimits the range of dispersion at low frequencies—the con-
ductivity is constant and low below 1/7,,,,. The dc conductivity
[Onopping(0)] decreases with increasing T p,qx.

The total permittivity of individual conducting nanoparticles
reflecting both the lattice and the electron contribution then
reads € = €natase T iOhopping/ (27fe).

ii. Permittivity of the Pellets. A substantial complication in
the analysis of the measured permittivity is imposed by the inhomo-
geneous nature of the pellets, which gives rise to depolarization
fields.” Since the nanoparticles are much smaller than the wavelength
of the incident radiation, we use an effective medium approximation
that yields a relationship between the permittivity of nanoparticles
and the effective (measured) permittivity of the samples. The
effective medium approximation should account for the broad range
of the observed permittivity values: these span from ~7.0 for the as-
prepared NTO_0%@100 °C sample to ~27.8 for the annealed
NTO_20%@60 °C sample (Figure 2). Different dilutions of anatase
nanoparticles cannot be responsible for this large difference, since the
mass densities of all pellets are roughly comparable to each other.
The observed differences in the permittivities thus necessarily
originate from different degrees of dielectric percolation of nano-
particles. For example, the permittivity value of the annealed sample
NTO_20%@60 °C is quite close to the average permittivity of the
anatase (~37.6), which shows that a significant fraction of the titania
is percolated in this sample. Conversely, the low permittivity
observed in the undoped crystalline sample NTO_ 0%@100 °C
indicates that the titania is not percolated: individual titania nano-
particles are isolated from each other by a low-permittivity organic
shell or by a low-permittivity dead layer. In order to account for both
these extreme cases, we express the effective permittivity &.gas a sum
of these two contributions, which is analogous to a parallel connec-
tion of two capacitors (Figure 4):1

Eeff = Sp&percolated + (1 - Sp)gnonpercolated (2)

Here €percolated = € is the permittivity of the percolated part,
which is equal to the permittivity of the anatase nanoparticles ¢,
and s, is the volume fraction of the percolated part. The
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Figure 2. Complex permittivity in the terahertz spectral range. (Symbols) Measurement by time-domain terahertz spectroscopy; (—) fit by eq 2. Red
circles correspond to the real part and blue squares represent the imaginary part of the permittivity.

permittivity of the nonpercolated part is calculated within the
Maxwell—Garnett model, which assumes no dielectric connec-
tivity between the nanoparticles:

e(1+2s,) +2(1—sp)
e(l1=s))+ (sa+2)

(3)

Enonpercolated =

The nonpercolated titania nanoparticles are assumed to
occupy a volume fraction s, = 0.65 (tightly packed spheres),
whereas the rest of the space is occupied by a material with
permittivity close to 1 (air pores, residual organic parts). It should

be noted that the permittivity € is frequency-dependent; eq 3
then implies that its shape generally differs from the spectrum of
the effective permittivity &.q.*

4. DISCUSSION

For fitting of the experimental spectra in the terahertz range,
the model described by eq 2 was used. The charge carrier
hopping rate T,,;, in eq 1 was set to 20 fs, which corresponds
to the phonon frequency,'® whereas 7. was kept at 100 ns,
which is well below the available spectral window (this parameter
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Figure 3. Sketch of the real part of hopping conductivity defined by
eq 1 (Tmin = 20 £, Tymax = 100 ns). Note that both scales are logarithmic.
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Figure 4. Scheme of the structure proposed to account for the
depolarization fields.

has no influence on terahertz spectra). The model described by
eq 2 then contains only two adjustable parameters: s, and 0...
However, this model did not yield fully satisfactory results and it
turned out to be necessary to enhance by a multiplication factor
the anatase dielectric losses related to the phonon mode (Im
€anatase) i order to obtain good fits; we shall refer to this factor as
the loss enhancement factor. This enhancement can be under-
stood in terms of extrinsic dielectric losses.'®

The best fits of the terahertz permittivities by eq 2 are shown in
Figure 2. The quality of the fits is very good for most of the
nonannealed samples; moreover, extrapolation of the effective
permittivity (eq 2) to the microwave region yields a spectrum
qualitatively agreeing with that measured by the open-end coaxial
probe. The fit of the terahertz data is worse for the NTO_20%
@150 °C sample, which is the only nonannealed sample
composed of fully crystalline nanoparticles, and for some of
the doped samples after annealing. It is then possible that, besides
the hopping process, the bandlike transport of electrons starts to
significantly contribute to the terahertz conductivity in some of
these samples (see discussion below).

The fitting parameters are summarized in Figure 5. The most
pronounced trend is the increase of the percolated titania fraction
sp upon annealing. This is related to the sintering and maybe also
to a further crystallization and crystal growth of titania nanopar-
ticles. All the Nb-doped annealed samples exhibit a comparable
level of the percolated fraction s,. A significantly lower s, is
observed in the annealed undoped sample. This indicates that Nb
doping has a positive effect on nanoparticle sintering. Note that
the real morphology of the samples may differ to a certain extent
from that sketched in Figure 4. As a result, trends in the
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Figure S. Results of fits of the terahertz permittivity for the pellets
pressed from nanoparticles with varying doping levels synthesized at
100 °C (left column), and nanoparticles with 20% doping level syn-
thesized at several temperatures (right column). () As-prepared
samples, (@) annealed samples.

percolated volume fraction s, provide reliable information, but
its absolute values as well as the absolute value of the total titania
fraction, s, + s,(1 — s,), should be taken with care.

The highest value of the saturated conductivity 0. is observed
for the as-prepared undoped sample NTO_0%@100 °C, which,
surprisingly, exhibits the lowest dc conductivity. This apparent
contradiction can be explained in terms of eq 1: this sample must
contain a large density of localized states, between which the
electron hopping occurs with very long hopping times (high
Tiax)- Such assumptions are well justifiable in the as-prepared
nanoparticles, which probably contain a high density of defects:
in this case the dc conductivity can be very low. Thermal
annealing then removes defects, which in turn may suppress
the hopping conductivity. This is observed with the annealed
undoped sample NTO_0%@100 °C, where the hopping con-
ductivity is almost zero (Figure S).

From the data plotted in Figure 5 we see that the saturated
hopping conductivity 0. of all doped samples is lower than that
of the as-prepared undoped pellet. The saturated hopping
conductivity O.. then decreases upon annealing, but it does
not vanish. As in the case of the undoped samples, this indicates
that a part of the hopping conductivity is related to the existence
of defect states that disappear upon thermal annealing. The
remaining portion is then induced by the Nb doping. The
dc conductivity in the annealed samples is still much lower
than the Nb doping-induced hopping conductivity and it is
strongly dependent on the doping density. This dependence
can be explained through the variation of 7, in eq 1. With
increasing doping density, the hopping distance decreases, the
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Figure 6. Calculated contribution of conduction-band electrons to the
relative permittivity. Parameters: nanoparticle diameter 4.5 nm, electron
effective mass 6m,, carrier density 3 x 10'® cm™>. (a) Nanoparticle
boundaries randomly scatter the carriers. (b) Nanoparticle boundaries
reflect the carriers; that is, the carriers are localized within the
nanoparticle.

longest hopping time thus shortens, and the dc conductivity is
enhanced.

For completeness, we also estimated the possible contribution
of delocalized conduction band electrons. The conduction band
electrons can interact with the nanoparticle surface, which
decreases their mobility. The impact of the interaction on the
conductivity spectra was studied in detail in ref 3, and we used the
same model here in our calculations. The electrons exhibit a
Brownian motion within nanoparticles given by isotropic scatter-
ing events in the bulk, and in addition, they can interact with the
nanoparticle boundaries. In Figure 6 we illustrate the conductiv-
ity spectra calculated for two extreme cases: (a) electrons are
scattered by the nanoparticle boundary in a random direction,
and (b) electrons cannot penetrate through the nanoparticle
surface, that is, they are confined within the nanoparticle. These
spectra essentially differ from the measured ones (Figure 2),
which leads us to the conclusion that band conduction is not
dominant at terahertz frequencies. More specifically, the density
of delocalized electrons must be significantly lower than 3 X
10"® em > used in Figure 6. However, Hall effect measurements
show that the electron density is much higher; for examgle, in the
annealed samples with 20 mol % Nb doping, it was ~10>° cm ™ >.®
This means that the vast majority of carriers contribute to the
hopping conductivity, which is thus the dominating charge
transport mechanism at terahertz frequencies.

Note that from our data it is not possible to distinguish
between the bandlike and hopping contributions to the dc
conductivity: the longest hopping time 7,,,,, (which determines
the dc hopping conductivity) cannot be determined from our
terahertz measurements, and in our simulations we determined
merely the upper limit of the density of delocalized electrons.

The phonon-mode-related dielectric losses are most enhanced
in the undoped nonannealed sample (Figure S); this is consistent
with the hypothesis of a high density of defects in the sample. On
the other hand, the loss enhancement factor drops to ~3 upon
annealing, which is in agreement with the improved crystallinity
of annealed anatase grains. The loss enhancement factor for the
doped samples is then ~5 before annealing and ~9 after
annealing. This suggests that Nb doping leads to a lattice
deformation both in as-prepared and in annealed samples and
thus to the enhanced dielectric losses. These results show that
dielectric losses in semiconductor nanoparticles are enhanced
compared to the bulk material. It is not clear whether this is a size
effect or an effect due to residual defects present even in the
annealed samples.

The obtained results suggest that the doping with Nb in
nanosized particles introduces a large amount of reduced states
that are observed by XPS, but electrons in these states are rather
localized and their dc mobility (not the terahertz one) is rather
low. The electron transport in the doped samples is then
determined to a significant extent by the hopping between the
reduced states. This may explain the fact that the dc conductivity
increases significantly with the increasing Nb content and thus
with increasing density of the introduced reduced states (which
also implies reduction of distances between these states). The
increase in dc conductivity in our nanoparticles is observed at
doping levels of up to 20% Nb, which is much higher than the
doping level of ~4% in the bulk materials grown by ghysical
methods or solid-state high-temperature synthesis'’~ " with a
much more perfect and defect-free crystalline lattice. The strong
localization of the reduced states also explains the low dc
conductivity in as-prepared particles. Thermal annealing then
decreases the lattice defect density, which leads to the improve-
ment of the dc conductivity. However, we emphasize that the
electron transport still occurs by hopping and the electron dc
mobility is thus still much lower than that found in bulk anatase
crystals.

5. CONCLUSION

Time-domain terahertz transmission spectroscopy and micro-
wave impedance spectroscopy were used to investigate dielectric
and conduction properties of undoped and Nb-doped TiO,
mesoporous pellets in a wide frequency range (20 MHz—1
THz). A model accounting for the inhomogeneous nature of
the pellets was developed; it was shown that the percolation of
the titania significantly increases upon annealing. The terahertz
and microwave response of titania nanoparticles is dominated by
charge hopping and by the tail of phonon modes. We conclude
that the transport of a vast majority of electrons in the doped
samples occurs by hopping (= low mobility) between the
reduced states and not by the free electron motion in delocalized
conduction band states (= high mobility). The dielectric losses in
titania nanoparticles are higher than in the bulk. Thermal
annealing of doped samples reduces their high-frequency satu-
rated hopping conductivity and their dielectric loss, which point
to lattice improvement upon annealing.
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