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a b s t r a c t

The electrical and thermal transport properties of boron-doped rutile-type TiO2 were investigated. The
rutile-type TiO2 powder was mixed with B2O3, TiB2 or B and the mixtures were sintered using the pulse
current sintering method at 1473 K. Secondary ion mass spectroscopy (SIMS) and X-ray diffraction (XRD)
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measurements showed that B or TiB2 addition was effective for boron-doping. The boron was well dis-
tributed in the sintered materials and the unit cell volume of rutile increased as the amounts of added B
or TiB2 increased. The electrical resistivity and Seebeck coefficient at 300 K decreased with an increase
in the unit cell volume indicating that boron addition leads to an increase in the electron concentration.
Thermal conductivity at room temperature also decreased with an increase in unit cell volume and as a
result the thermoelectric figure of merit for rutile-type TiO2 was enhanced by boron-doping.
hermoelectric properties

. Introduction

Titanium dioxide (TiO2) is used in a wide range of applications
ecause of its excellent cost performance, chemical stability, non-
oxicity and controllable semiconducting properties [1]. TiO2 has
een found to be an insulator when the crystal structure is perfectly
ormed; however, the electrical properties of TiO2 can be controlled
y oxygen vacancies [2,3] and by impurity doping. It is well known
hat niobium doping is effective in enhancing the electrical conduc-
ivity of TiO2 [1,4–7]. Other elements such as Fe [8], Ni [9], Pd and V
10], and Cr [11] have been used for doping to control the electrical
roperties of TiO2. Moreover, doping with non-metallic elements
uch as N [12], F [13,14] and B [15,16] has been also examined to
mprove the photocatalytic properties of TiO2.

For thermoelectric applications, the increase in electrical con-
uctivity has been attempted by reduction treatment of rutile-type
ulks [17] and Nb-doping for anatase-type thin films [18]. These
re effective for controlling the thermoelectric properties. How-
ver, the thermoelectric properties of TiO2 doped with non-metallic
lements have not been investigated. Thus, it is necessary to under-

tand the effects of non-metallic elements on the electrical and
hermal transport properties of TiO2. This understanding may allow
he development of TiO2-based materials with controlled thermo-
lectric properties.
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This study focused on the effects of boron-doping on the
structure and thermoelectric properties of rutile-type TiO2 (RTO).
Boron-doping was performed by mixing B2O3, TiB2 and B with
RTO powder and pulse current sintering. Structural properties were
identified by X-ray diffraction (XRD) and secondary ion mass spec-
troscopy (SIMS). Electrical resistivity, Hall and Seebeck coefficients,
and thermal conductivity were measured to evaluate the thermo-
electric properties.

2. Experimental

Boron-doped RTO was prepared by pulse current sintering. A RTO powder was
used as the starting material and B2O3, TiB2 and B powders were selected as a boron
source. These materials were weighed and mixed to give nominal compositions of
TiO2–x mol% B2O3 (x = 1, 5), TiB2 (x = 0.5, 1) and B (x = 1, 5). Each mixture was placed
in a graphite die and a mechanical pressure of 40 MPa was applied through graphite
punches. The mixture was heated to 1473K by applying a pulse current. After 10 min
at this temperature, the material was allowed to cool naturally to room temperature.
The undoped RTO was also prepared by the above-mentioned method. The resultant
sintered materials were 5 mm in thickness and 10 mm in diameter and the density
was higher than 96% of the theoretical density of RTO.

The phase constitution and lattice parameters of the prepared materials were
determined by X-ray diffraction using Cu-K� radiation. Boron concentration pro-
files were qualitatively determined by secondary ion mass spectrometry (SIMS),
where O2+ ions (5 keV, 500 nA) were used as the primary ion beam. Hall coefficients
RH and electrical resistivity � were measured by the van der Pauw method from

30 to 300 K. Seebeck coefficient S was measured by applying a temperature differ-
ence �T of 1–3 K at 300 K. Thermal diffusivity ˛ was measured by the laser flash
method at room temperature and the thermal conductivity � was calculated using
the following standard expression: � = ˛·CP·D, where D is the bulk density measured
by the Archimedes method and CP is the specific heat of RTO [19]. Thermoelectric
properties were evaluated by the figure of merit Z = S2/��.
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of elements of small atomic radius such as boron and the interstitial
Fig. 1. X-ray diffraction patterns of undoped and boron-doped RTO.

. Results and discussion

.1. Structures

Fig. 1 shows the X-ray diffraction patterns of the prepared
intered materials. The rutile-type structure was predominant in

TO–x mol% B2O3 (x = 1, 5), TiB2 (x = 0.5, 1) and B (x = 1, 5). Other
itanium oxide phases such as Ti3O5, Ti4O7 and Ti5O9 appeared
hen doping with B or TiB2 was heavy (e.g. RTO–10 mol% B and
TO–5 mol% TiB2).

Fig. 2. Lattice parameters of undoped and boron-doped RTO. (a) a-axis, (b) c-axis a
Compounds 508 (2010) 582–586 583

From these XRD patterns, the lattice parameter of RTO was
calculated and plotted in terms of the nominal concentration of
additives as shown in Fig. 2(a) and (b) for the a- and c-axes, respec-
tively. In the case of B and TiB2 addition, a- and c-axes lattice
parameters tended to increase as the nominal concentration of
additives was increased. As a result, the unit cell volume increased
with an increase in the nominal concentration of additives as shown
in Fig. 2(c). Lu et al. reported that the distance between crystal
planes decreased after the introduction of oxygen vacancies into
RTO [17]. Therefore, the increase in unit cell volume is attributed
to the introduction of boron into RTO. On the other hand, lattice
parameters and unit cell volume were almost constant for B2O3
addition. This result might be due to the vaporization of B2O3 dur-
ing the sintering process because of its low melting point. Therefore,
B2O3 is not effective for the boron-doping of RTO.

Fig. 3(a) shows the SIMS results for RTO–1 mol% B2O3,
RTO–1 mol% TiB2 and RTO–5 mol% B where the intensity of the
11B signals were normalized by the intensity of 50Ti and plotted
in terms of depth from the surface of the sintered materials. The
secondary ion signal of boron was detected in all samples and no
positional dependence was found in the measured area. It is note-
worthy that the RTO with uniform distribution of boron could be
prepared by a short time process. This result suggests the large dif-
fusion rate of boron. The interstitial diffusion may occur in the case
diffusion is extremely rapid as compared with the vacancy diffu-
sion. The intensity ratio was large for 5 mol% B and 1 mol% TiB2
addition samples and small in the 1 mol% B2O3 addition sample.

nd (c) unit cell volume plotted in terms of nominal additive concentrations.
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even at low temperatures. The other source has a comparatively
large activation energy and ionized at temperatures above 150 K.
As a result, the electron concentration gradually increases at low
ig. 3. SIMS results of RTO–1 mol% B2O3, RTO–1 mol% TiB2 and RTO–5 mol% B. 11B/
ell volume.

his tendency is related to a change in unit cell volume. Therefore,
e plotted 11B/50Ti as a function of the unit cell volume as shown

n Fig. 3(b). A good relationship between boron concentration and
nit cell volume is evident. Therefore, we conclude that the intro-
uction of boron increases the unit cell volume and boron-doping
f RTO can be achieved by a powder-metallurgical method with the
orrect additive.

.2. Thermoelectric properties

The Hall and Seebeck coefficients of all sintered materials were
egative, indicating that the majority carriers are electrons. Fig. 4
hows the electrical resistivity at 300 K for undoped and boron-
oped RTO plotted in terms of the unit cell volume. The resistivity
ends to decrease with an increase in the unit cell volume. The elec-
ron carrier concentration at 300 K, estimated by the measured Hall
oefficient, was 7.5 × 1025 m−3, 5.6 × 1026 m−3 and 2.1 × 1026 m−3

or undoped, RTO–0.5 mol% TiB2 and RTO1– mol% B, respectively.
hese results strongly suggest that the boron is a donor-like
mpurity in RTO because the increase in unit cell volume should

orrespond to the increase in boron content.

The temperature dependence of the electrical resistivity of
ndoped, RTO–5 mol% B, RTO–1 mol% TiB2 and RTO–1 mol% B2O3

s shown in Fig. 5. The plots are in the Arrhenius style and the

ig. 4. Electrical resistivity at 300 K for undoped and boron-doped RTO plotted in
erms of the unit cell volume.
as plotted in terms of (a) depth from the surface of sintered materials and (b) unit

activation energy (Ea) was determined from the slope using the
relationship, � ∝ exp(Ea/kT). The electrical resistivity of all the sam-
ples decreased with an increase in temperature, which is typical
semiconductor behavior. The activation energy in the low tem-
perature range (30–100 K) was approximately 20 meV for both the
undoped and boron-doped samples. This shows that oxygen vacan-
cies, which may have been introduced during sintering, were the
main carrier (electrons) source at low temperature. In the high
temperature region, the activation energy of RTO–5 mol% B and
RTO–1 mol% TiB2 was large at approximately 50 meV. Undoped RTO
and RTO–1 mol% B2O3, which had a low boron concentration, had
an activation energy of 20 meV.

From this fact, we deduce the two mechanisms of the boron-
doping effect. Mechanism one is the change of the oxygen vacancy
number by boron-doping. Breckenridge and Hosler reported that
there are two sources of conduction electrons in the reduced RTO
[20]. The one source has a very small activation energy and ionized
temperature and rapidly increases at temperatures above 150 K.

Fig. 5. Temperature dependence of the electrical resistivity of undoped, RTO–1 mol%
B2O3, RTO–1 mol% TiB2 and RTO–5 mol% B.
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Table 1
Thermoelectric properties at 300 K of undoped and boron-doped RTO.

Nominal composition Seebeck coefficient S (�V/K) Electrical resistivity � (10−4 �m) Thermal conductivitya � (W/mK) Figure of merit Z (10−5 K−1)

Undoped RTO 462 26.0 6.3 1.3
RTO–1 mol% B2O3 540 85.5 7.0 0.5
RTO–0.5 mol% TiB2 362 5.5 4.6 5.2
RTO–1 mol% TiB2 298 4.7 5.1 3.7
RTO–1 mol% B 436 9.0
RTO–5 mol% B 239 7.1

a Value at room temperature.
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ig. 6. Seebeck coefficient at 300 K for undoped and boron-doped RTO plotted in
erms of the unit cell volume.

his temperature dependence is similar to the change of electri-
al resistivity for RTO–5 mol% B and RTO–1 mol% TiB2. Mechanism
wo is that the ionized boron acts as a donor. That is, the doped
oron forms a deep impurity level when compared with the oxy-
en vacancies with small activation energy. The doped boron was
onized at temperatures above 100 K and thus supplied the con-
uction electrons. This should lead to a rapid decrease of electrical
esistivity above 100 K and a small electrical resistivity near room
emperature.
Fig. 6 shows the Seebeck coefficient at 300 K for undoped and
oron-doped RTO plotted in terms of the unit cell volume. The
bsolute value of the Seebeck coefficient |S| decreased as the unit
ell volume increased. This tendency is attributed to the increase

ig. 7. Thermal conductivity at room temperature for undoped and boron-doped
TO plotted in terms of the unit cell volume.

[
[

[

5.7 3.7
3.7 2.2

in carrier concentration and is consistent with the change in the
electrical resistivity. Fig. 7 shows the thermal conductivity at room
temperature for undoped and boron-doped RTO and is plotted in
terms of the unit cell volume. The thermal conductivity decreases
as the unit cell volume increases. According to calculations based on
the Wiedemann–Franz law, the lattice contribution to the thermal
conductivity is predominant in all samples. These results therefore
suggest that the scattering of phonons is enhanced by the added
boron atoms.

The thermoelectric properties at 300 K for the undoped and
boron-doped RTO are summarized in Table 1, where the thermal
conductivity is the value at room temperature. The thermoelectric
figure of merit becomes large after B or TiB2 addition because boron
acts as a donor impurity as well as a phonon scattering center. We
conclude that the electrical and thermal transport properties of RTO
are controllable by boron-doping and the thermoelectric figure of
merit can be improved using B or TiB2 as additives.

4. Conclusions

Boron-doped rutile-type TiO2 was prepared by pulsed current
sintering. Structural analyses showed that B or TiB2 addition was
effective for boron-doping and B2O3 addition was not effective.
The electrical resistivity and the thermal conductivity decreased
after the addition of B or TiB2 indicating that boron acts as an elec-
tron carrier source and a phonon scattering center. As a result, the
thermoelectric figure of merit is enhanced by boron-doping. The
maximum figure of merit obtained in this study was 5.2 × 10−5 K−1

at 300 K for RTO–0.5 mol% TiB2. This value is four times larger than
the value for undoped RTO.
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