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Electrical and thermal conductivities of epitaxial, high-quality Ta-doped TiO2 (Ta:TiO2) thin films

were experimentally investigated in the temperature range of 35–375 K. Structurally identified as

the anatase phase, degenerate Ta doping leads to high electrical conductivity in TiO2, reaching

>105 (X-m)�1 at 5 at. % of Ta, making it a potential candidate for indium-free transparent conduct-

ing oxides. In stark contrast, Ta doping suppresses the thermal conductivity of TiO2 via strong

phonon-impurity scattering imposed by the Ta dopant which has a high mass contrast with Ti

that it substitutes. For instance, the near-peak value shows a >50% reduction, from 9.0 down to

4.4 W/m-K, at just 2 at. % doping at 100 K. Interestingly, further Ta doping beyond 2 at. % no lon-

ger reduces the measured total thermal conductivity, which is attributed to a high electronic contri-

bution to thermal conduction that compensates the alloy-scattering loss, as well as possibly the

renormalization of phonon dispersion relation in the heavy doping regime originating from doping-

induced lattice stiffening. As a result, at high Ta doping, TiO2 exhibits high electrical conductivity

without much degradation of thermal conductivity. For example, near room temperature, 5 at. % Ta

doped TiO2 shows over 3 orders of magnitude enhancement in electrical conductivity from

undoped TiO2, but with only less than 10% reduction in thermal conductivity. The metallic

Ta:TiO2 maintaining reasonable good thermal conductivity might find application in energy

devices where good conduction to both charge and heat is needed. Published by AIP Publishing.
https://doi.org/10.1063/1.5044563

Anatase titanium dioxide (TiO2) is among the most

investigated oxide semiconductors owing to a wide variety

of potential applications.1,2 It plays vital roles for light

energy conversion and harvesting devices by serving as the

photocatalyst and transparent conducting oxide (TCO) layer.

The relevant physical-chemical properties of TiO2 are

largely dependent on the types and density of point defects

incorporated, including extrinsic dopants and native imper-

fections. For instance, surface point defects such as oxygen

vacancies are reportedly known to promote photocatalytic

activities3,4 and formation of two-dimensional electron gas.5

In addition, degenerate doping is of necessity to meet the

key requirement of high electrical conductivity for TCO

application6 and to boost the electrochemical activities for

multivalent Mg2þ and Al3þ ions by generating charge-

compensating defects.7 In contrast with the well-established

relationship between doping and electrical transport of most

semiconductors, its effect on thermal transport, particularly

in the degenerate regime, remains much less explored. On

the other hand, a fundamental understanding of thermal

properties and its relationship with charge transport need to

be explicitly developed, given various potential uses of

TiO2, because in many cases designing an efficient heat dis-

sipation route from the active device layer is becoming criti-

cally important.

While Nb doping has been most commonly employed,8,9

tantalum (Ta) attracts great attention as an alternative dopant

for TiO2. The recent interest in Ta doping stems from a higher

solubility exceeding 4� 1021 cm�3 owing to a lower defect

formation energy of charged Ta compared to that of Nb,10–12

resulting in superior electrical and optical properties with a

wider tunability.13 Degenerate Ta doping has been shown to

induce high electrical conductivity and preserve high transmit-

tances in the visible regime14 and also realize the coexistence

of ferromagnetism and Kondo scattering in this highly corre-

lated electronic system in TiO2.15 Herein, we report the con-

comitant electrical and thermal transport measurements in

Ta-doped anatase TiO2 thin films (Ta:TiO2). The highest Ta

doping reaches up to 5 at. %, which denotes the cation atomic

ratio between Ta and Ti. While Ta dopants lead to metallic

electrical conduction, they suppress thermal conductivity via

strong impurity-phonon scattering. Thermal conductivity

gradually decreases upon Ta substitution over a wide tempera-

ture range of 35–375 K, but stops decreasing (or even slightly

increases in some temperature ranges) at high Ta doping
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concentrations. It is found that the electronic thermal conduc-

tion cannot explain the observation, and the unexpectedly

enhanced sound velocity by compressive-strain-mediated pho-

non stiffening around Ta dopants might be responsible for

such a non-monotonic trend.

We have deposited pristine TiO2 and Ta:TiO2 thin films

with a thickness of �200 nm using pulsed laser deposition

(PLD). For the Ta:TiO2, Ta doping concentrations of 0.3, 2,

and 5 at. % were prepared. These films were deposited on Si

substrates pre-covered with a thin 28 nm SrTiO3 (STO) at

750 �C in an oxygen pressure of 1� 10�3. Epitaxial STO

(001) thin films were grown as template layers on Si (001)

wafers by molecular beam epitaxy (see supplementary material

for details). X-ray diffraction (XRD) spectra were collected

using Mo Ka excitation. Raman spectra were collected using a

488 nm laser as the excitation source (Renishaw inVia). Cross-

sectional transmission electron microscopy (TEM) specimens

were prepared using a focus ion beam (FIB, FEI Helios 600i)

lift-out technique. Pt layer was first deposited to protect the

sample surface, and the sample was subsequently thinned to

�100 nm with a Ga ion beam at 30 kV. Cross-sectional imag-

ing was performed using an aberration-corrected TEM (FEI

Titan environmental TEM 80–300) with 300 kV electron

beam.

Figure 1(b) shows a representative h-2h XRD scan of

TiO2 film prepared on the STO/Si substrate. The deposited

films are identified to have a textured tetragonal anatase crys-

tal structure with (001) orientation regardless of the Ta dop-

ing density [Fig. 1(a)]. No other crystal phase such as rutile

TiO2 or Ta2O5 are detected in all the films, confirming that

the Ta ions are completely dissolved in the anatase TiO2

within the doping concentrations we employed.16 Thus, the

existence of the STO buffer layer preserves high crystallin-

ity of the grown TiO2 films, and Si substrate enables us to

measure the thermal conductivity (j) of TiO2, thanks to its

comparably high j. The lattice structure of our films was

further confirmed by Raman spectroscopy. Raman spec-

trum [Fig. 1(c)] measured on pristine TiO2 and Ta:TiO2

show three Raman peaks at approximately 146, 395, and

630 cm�1, corresponding, respectively, to the lattice vibra-

tion modes Eg, B1g, and Eg of anatase TiO2 with tetragonal

symmetry.3 Another commonly observed A1g mode at

515 cm�1 is indistinguishable in our case due to overlap

with a strong Si Raman peak at 520 cm�1. We also notice

an abrupt and pronounced stiffening of the main peak, Eg

mode [the dashed line in Fig. 1(c)], in our highest doping

case of 5 at. %, suggesting possible phonon renormaliza-

tion. This will be further analyzed in the following discus-

sion for thermal conductivity measurements. Therefore, it

can be concluded that Ta doping does not introduce any

heterogeneous crystalline phase, retaining the anatase

phase for all samples since subsequent device fabrication

and characterization were conducted far below the reported

phase transformation temperatures of 500–700 �C from

anatase into rutile.17

Temperature-dependent electrical conductivity (r) of

the Ta:TiO2 films with 0.3, 2, and 5 at. % is shown in Fig. 2.

They were taken in the four-probe geometry in a Quantum

Design physical property measurement system over the tem-

perature range of 5–300 K. Owing to the successful incorpo-

ration of Ta, a single donor for Ti, the acquired transport

data indicates that the doped films are highly degenerate n-

type semiconductors, consistent with previous reports.14,16

When the doping fraction is �2 at. %, their temperature

dependence exhibits the typical metallic behavior with a def-

inite negative dr=dT down to <50 K. The highest electrical

conductivity reaches �2� 105 (X�m)�1 for the Ta:TiO2 film

with 5 at. % below 50 K. On the other hand, we note that the

anatase TiO2 film without Ta doping remains highly insulat-

ing as expected at low temperatures.

FIG. 1. (a) Crystal structure of anatase TiO2 substitutionally doped (alloyed)

with Ta, in which the [001] axis is vertical. (b) X-ray diffraction pattern of

anatase TiO2 thin film deposited on Si substrate with a buffer layer of

SrTiO3 (STO), taken using the Mo Ka radiation. (c) Comparison of Raman

spectra of undoped TiO2 and a series of Ta:TiO2 (0.3, 2, and 5 at. %) thin

films normalized by the Si substrate peak at �520 cm�1.

FIG. 2. Temperature dependent electrical conductivity (r) of the Ta:TiO2 thin

films with different Ta doping concentrations. It was measured in the linear

four probe geometry. We note that the undoped anatase TiO2 film remains

electrically very insulating below the detection limit of conductivity.
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Cross-plane thermal conductivity of undoped TiO2 and

Ta:TiO2 thin films were measured using the differential 3x
method.18 For this purpose, two different sample configura-

tions were employed, namely, “3x sample” (with TiO2 or

Ta:TiO2 layer) and “Reference” (bare substrate without the

TiO2 layer). Using atomic layer deposition (ALD), a 100 nm

AlOx layer was simultaneously deposited on both types of

specimen primarily for secure electrical isolation of the

metallic conducting Ta:TiO2. Four-probe Al line heaters

were then patterned on the top of the ALD-grown AlOx layer

using conventional photolithography, as shown in the inset

of Fig. 3(a). 3x measurements were performed in high vac-

uum (<10�6 Torr), and the global temperature was con-

trolled by an external electrical heater and a cryogenic

cooler both connected to the sample holder. Direct compari-

son of cross-sectional TEM images taken from the fabricated

“3x sample” and “Reference” devices are presented in Fig.

3(a). Interfaces are completely clean in both samples, and no

reaction layers or voids were observed at the interface from

the high- and low-resolution TEM characterization.

Figure 3(b) shows the amplitude of the measured in-

phase temperature oscillation (DT) in the undoped TiO2 and

Ta:TiO2 samples along with the reference substrate at 175 K,

plotted as a function of the logarithm of heating frequency,

2x. It was calculated using DT ¼ 2 dT=dRð Þ R=V1xð ÞV3x,

where R, V1x, and V3x are the electrical resistance, 1x volt-

age, and 3x voltage of the Al heater, respectively, supple-

mented with the corresponding temperature coefficient of

resistance, dT=dR, which were separately measured after-

wards. Based on a linear dependence between the in-phase

DT and ln(2x), the thermal conductivity of the silicon sub-

strate is estimated to be 230.8 W/m-K at 175 K. It agrees

well with earlier reports of bulk Si,19 thus validates our mea-

surements. In addition, the one-dimensional heat flow gener-

ated from a wide heater (w¼ 30 lm) allows determining the

average temperature drop solely across the film of our inter-

est by simply subtracting that of the “Reference” specimen.

Cross-plane thermal conductivities of the thin films were

then calculated as j ¼ P=DTð Þ d=wLð Þ, where P is the ampli-

tude of the heater power, d is the thickness of film, and L and

w are the length and width of the Al heater, respectively.

The measured thermal conductivity as a function of tem-

perature from 35 K to 375 K is presented in Fig. 4(a). The

thermal conductivity data of our PLD-grown TiO2 thin films

FIG. 3. (a) Cross-sectional TEM images

of the fabricated devices for the differen-

tial 3x measurement. The “Reference”

specimen was simultaneously prepared,

and the only difference is the additional

TiO2 or Ta:TiO2 film in the “3x
sample.” Four-probe Al line heater

(yellow) was defined on the top of the

ALD-grown AlOx dielectric layer (green)

as shown in the schematic drawing. (b)

Measured amplitude of the temperature

oscillation, DT, of in-phase components

as a function of heating frequency, 2x
(in Hz). Representative data displayed

here was acquired at 175 K for five dif-

ferent samples including the “Reference”

device.

FIG. 4. (a) The measured cross-plane

thermal conductivities (j) of TiO2 and

Ta:TiO2 thin films as a function of

temperature along with the reference

values of the bulk and amorphous

TiO2. The estimated (b) electronic and

(c) lattice thermal conductivities of

heavily doped Ta:TiO2 films on the

basis of the Wiedemann-Franz law. In

both (a) and (c), the lines are the theo-

retically calculated lattice thermal con-

ductivity for the corresponding Ta

doping fractions using the Klemens

model.
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span a range between the lower and upper bounds previously

reported for amorphous thin film20 and bulk crystal,21

respectively, all along the cross-plane direction. Ta doping

reduces j of TiO2 and the magnitude of reduction is depen-

dent on doping concentrations, implying that impurity scat-

tering is critical to thermal transport in the Ta:TiO2. For

instance, the near-peak value shows a twofold decrease from

9.0 down to 4.4 W/m-K around 100 K when the doping

approaches 2 at. %. (We note that the real peak value of pris-

tine TiO2 was not accurately determined in this work due to

a negligible DT difference of TiO2 compared to the

“Reference” device, presumably due to high thermal conduc-

tance through the film at this temperature.)

The effective thermal conductivity from the lattice can

be expressed as j ¼
Ð1

0
1
3

Cv�Keff dx; where Cv is the volu-

metric specific heat capacity per unit frequency, v is the

group velocity, Keff is the effective mean free path (MFP),

and x is the phonon frequency. In this work, the Born–von

Karman-Slack model22 was used to do the calculation in

which the phonon dispersion relation is acquired using the

known lattice constants and sound velocities. For the latter,

all the three acoustic branches are averaged into a single

band, with the averaged sound velocity of v¼ 4140 m/s from

the first principle calculations.23 Next, Keff is calculated

using Matthiessen’s rule combining all possible scattering

mechanisms: Umklapp (KU), boundary (KB), and impurity

scattering (Kimp) by K�1
eff ¼ K�1

U þ K�1
B þ K�1

imp. Herein, we

used the empirical expressions to describe the different scatter-

ing mechanisms separately. First, the Umklapp scattering can

be expressed as K�1
U x; Tð Þ ¼ B1x2T expð�h=3TÞ, where h is

the Debye temperature of the acoustic phonons and T is the

absolute temperature. An analytical expression for B1
24 is

utilized in which B1 ¼ �hc2=M�2h; where �h is the reduced

Planck constant, c is the Gr€uneisen parameter, and M is the

mass of the average atom. For TiO2, we find the Gr€uneisen

number c ¼ 2.43 from pressure dependent Raman measure-

ment,25 and the Debye temperature of all the acoustic branch is

h ¼ 466.6 K.26 Consequently, we calculated the parameter

B1¼1.75� 10�18 s/K, and confirmed a reasonably good agree-

ment with literature value for bulk thermal conductivity of sin-

gle crystal TiO2 using this B1 and the boundary size of 1 mm

(and neglecting impurity scattering).21 Second, boundary scat-

tering is factored in based on the film thickness (L � 200 nm)

using the expression Kboundary=Kbulk ¼ 1þ 3Kn E5 K�1
n

� ��

�1=4�, where Kn is the Knudsen number Kn ¼ Kbulk/L, and E5

is a numerical function. This is a simplified expression assum-

ing the boundary is diffusive,27 and a good assumption in our

work because the specular condition only applies to very low

temperature and extremely smooth interface.

Finally, and perhaps most critically, the impurity relaxa-

tion time is obtained using K�1
imp xð Þ ¼ Ax4 according to the

Klemens’ relationship.28 The parameter A can be expressed

as

A ¼ CX DM=Mð Þ2=4p�3; (1)

where C is the doping concentration per unit cell, X is the

unit cell volume, and DM/M is the relative change in atomic

mass per unit cell. Therefore, the stronger phonon-impurity

scattering can be explained by a high mass contrast between

Ti and Ta (ZTi ¼ 22 while ZTa ¼ 72) compared to other dop-

ants in TiO2,9,29 and it is also theoretically expected to see a

monotonic increase in K�1
imp upon increasing doping density.

For instance, the impurity coefficient A is approximately

estimated as 6.2� 10�44, 4.1� 10�43, and 1.0� 10�42 s3 for

0.3, 2, and 5 at. % Ta:TiO2, respectively.

Combining all the scattering mechanisms discussed ear-

lier and the phonon dispersion, we computed the lattice ther-

mal conductivity in the cross-plane direction, as denoted by

lines in Fig. 4(a). In general, they reasonably agree with the

measured thermal conductivity data, supporting the signifi-

cant reduction in j upon Ta doping arising from the phonon-

impurity scattering. Quantitatively, there is still a noticeable

difference between the measured and calculated j, particu-

larly at lower temperatures. This may imply that the bound-

ary scattering is stronger than the prediction in our films, as

we note that the grain sizes are 100–200 nm, which are com-

parable to the film thickness, shown by TEM investigation.

Moreover, the averaged sinusoidal type phonon dispersion

we employed might be an over simplification, and the

parameters used for the MFP estimation are not directly

from thermal characterization (rather from other types of

measurements), both of which may cause deviation.

More significantly, our computation based merely on

lattice contribution is unable to explain the non-monotonic

trend of the experimental j, found for 5 at. % Ta:TiO2. That

is, it is observed that j of 5 at. % Ta:TiO2 is greater than or

comparable to that of 2 at. % Ta:TiO2 at almost all tempera-

tures, despite the expected stronger impurity scattering for

the former. For the metallically conductive Ta:TiO2 with

5 at. % doping, both free electrons and phonons should carry

thermal energy while our calculation only reflects the pho-

non (lattice) contribution. Typically, electronic thermal con-

ductivity can be computed by the Wiedemann-Franz (W-F)

law [Fig. 4(b)], and herein we also neglect the weak anisot-

ropy in electrical conductivity of TiO2.30 Subtracting the W-

F law calculated electronic contribution from the measured j
largely eliminate the non-monotonic trend of thermal con-

ductivity with Ta doping, as shown in Fig. 4(c), but still

show discrepancy from the computed curves. Moreover, it is

well known that more compensating native defects also typi-

cally form as more extrinsic dopants are introduced,31 so the

Ta-doped TiO2 also possesses such defects like Ti vacancy

or Ti3þ.14 In other words, the phonon-impurity scattering

could be potentially more significant than the initially esti-

mated which accounts only for Ta dopants. Thus, new effects

may exist in the case of high Ta doping beyond the simple

modification of Keff via impurity scattering of phonons. In

addition to populating free charge carriers (and strengthening

impurity-phonon scattering), dopants can introduce local lat-

tice distortion particularly at high concentrations in spite of

the modest difference (�4%) of ionic radii of Ti4þ and Ta5þ.

As we noted earlier, a substantial blueshift (�11.3 cm�1) of

Eg frequency is observed for the 5 at. % doping in Fig. 1(c),

which was recently correlated to a stiffened bulk modulus

(B) driven by hydrostatic pressure.32,33 In our case, it can be

attributed to dopant-induced compressive strain to the host

TiO2 lattice, thereby renormalizing the phonon dispersion

resulting in potentially higher group velocity as suggested by

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
B=qð Þ

p
.
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In summary, our work shows that Ta doping in anatase

TiO2 generally results in suppression of j that could be

largely explained by enhanced phonon scattering with impu-

rities. However, beyond this conventional doping effect, for

high doping concentrations, we observed that the measured

j no longer shows further reduction, and especially at and

above room temperature, j is close to that of undoped TiO2.

This was attributed to the additional electronic contribution

and potentially higher sound velocity by local compressive

strain. Our results demonstrate that Ta:TiO2 is a promising

alternative to the conventional TCO with metallic electrical

conduction while maintaining reasonably high thermal con-

ductivity. It will eventually lead to understand, design, and

optimize the charge and energy transport characteristics of

TiO2, and other TCO candidates, with suitable chemical

doping.

See supplementary material for additional structural and

transport data.
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Out high-resolution transmission electron microscopy (HRTEM) analysis verifies the preferential 
epitaxial growth relation, anatase-TiO2 (001) || SrTiO3 (100) as shown in Figure S1. More 
specifically, FFT pattern analysis identifies (020) spots in STO (ICDD 05-0634) and anatase TiO2 
(ICDD 21-1272), confirming lattice parameters aSTO = 0.39 nm, aTiO2 = 0.378 and cTiO2 = 0.951 
nm, respectively. This epaxial relationship is relatively well established for anatase TiO2 thin films 
grown by pulsed laser deposition1 or molecular beam epitaxy,2 and also demonstrated with other 
perovskite overlayers.3,4 
 

 
FIG. S1. (a) Cross-sectional high-resolution transmission electron microscopy (HRTEM) image 
at the interface of SrTiO3 (STO) and Ta-doped TiO2 (Ta:TiO2) layers. (b) Corresponding fast 
Fourier transform (FFT) patterns acquired from STO, STO/Ta:TiO2 interface, and TiO2 regions.  
 

 
FIG. S2. For the measured ktotal of the 5 at.% Ta-doped TiO2, if 𝜅𝜅lattice is set to be equal to the alloy-
scattering model predicted value, the expected Lorenz number needs to be unusually high. As the 
Wiedemann-Franz law is not expected to be violated in this system, this contradiction indicates 
the existence of additional effects beyond the conventional contributions of alloy scattering and 
charge carriers to 𝜅𝜅total.  
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FIG. S3. The measured thermal conductivity data in log-log plot to show more details of the low-
value portion.  
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