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Abstract

We present a detailed study on polycrystalline transparent conducting Ta-doped TiO; films, obtained
by room temperature pulsed laser deposition followed by an annealing treatment at 550°C in vacuum.
The effect of Ta as a dopant element and of different synthesis conditions are explored in order to
assess the relationship between material structure and functional properties, i.e. electrical conductivity

and optical transparency. We show that for the doped samples it is possible to achieve low resistivity
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(of the order of 5x10™* Qcm) coupled with transmittance values exceeding 80% in the visible range,
showing the potential of polycrystalline Ta:TiO, for application as a transparent electrode in novel
photovoltaic devices. The presence of trends in the structural (crystalline domain size, anatase cell
parameters), electrical (resistivity, charge carrier density and mobility) and optical (transmittance,
optical band gap, effective mass) properties as a function of the oxygen background pressures and laser
fluence used during the deposition process and of the annealing atmosphere is discussed, and points
towards a complex defect chemistry ruling the material behavior. The large mobility values obtained in
this work for Ta:TiO, polycrystalline films (up to 13 cm*V's™) could represent a definitive advantage

with respect to the more studied Nb-doped TiO,.
1. Introduction

Transparent conductive oxides (TCOs) play a crucial role in the technological evolution of new
generation energy conversion devices, such as organic, hybrid or dye sensitized -perovskite solar
cells."” Their development requires new functional properties in order to improve efficiency and
durability;® in this direction, a high chemical stability and a proper band alignment throughout the

material interfaces of the devices is highly desirable for a TCO.*’

One material that could fit these requirements is titanium oxide. Because of its transparency to visible
light, high chemical stability in reducing atmosphere and proper band alignment with respect to the
active components of the device, TiO; is the most employed material as blocking layer and photoanode
in dye sensitized solar cells (DSSCs).* As a wide band gap oxide, anatase TiO, (Eg=3.2-34 eV>'%) is
not an intrinsically good electrical conductor. Interestingly it has been recently discovered that
replacing a certain amount of Ti atoms in the titanium oxide tetragonal cell with group V elements,
such as Nb or Ta, can strongly reduce the resistivity down to values of the order of 2x10™ Qcm for

11,12

epitaxially grown thin films on SrTiOs substrates. * “ Despite the lack of knowledge with respect to the
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most studied and widely used TCOs like In,O3:Sn, SnO;:F and ZnO:Al, this new class of d-electron

based TCOs seems to have good potentialities.'>'*

In particular, Ta is thought to have definite
advantages over Nb in doping TiO, for TCO purposes, mainly because of a considerably higher
solubility and lower theoretically predicted electron effective mass, which could in principle result in a
higher electron mobility."> Despite these considerations Ta:TiO, (TaTO) is considerably less studied
than Nb:TiO, (NTO).'"'®?” In particular only a few works have been devoted to the control of
electrical/optical properties of TaTO polycrystalline thin films on cheap substrates (e.g. soda-lime

830 \which is a crucial requirement in view of a possible application in real devices, such as

glass),
DSSCs. To the best of our knowledge, the lowest resistivity values at room temperature obtained so far
for polycrystalline NTO and TaTO thin films are respectively 4.6x10™* Qcm and 8.7x10™ Qem.'”?? In
order to obtain highly conductive polycrystalline TiO,-based TCOs, it is necessary to use a two-step
approach, which involves the deposition of amorphous films (e.g. by pulsed laser deposition or
sputtering) followed by a post-deposition treatment in reducing atmosphere (vacuum or H,). A
reducing deposition atmosphere is a basic requirement also for the synthesis of highly conductive
epitaxial films. However, the defect chemistry and its role in determining the functional properties are

still open issues for this new class of TCOs." #3174

The typical limitations in polycrystalline TiO,-based TCOs are connected to lower obtainable mobility

values with respect to the epitaxially grown films. In fact, for an optimal extrinsic doping level (5% and

6% for Ta and Nb respectivelylz’35

), it is usually possible to obtain large charge carrier densities
(usually in the range of 5 to 15x10%° cm™) for both epitaxial and polycrystalline thin films, while the
mobility value is more than halved due to the presence of different domain orientations (from values in
the range of 20 cm®V™'s™ for epitaxially grown films, down to values in the range of 5 cm*V™'s™ for

randomly oriented polycrystalline films),'!!#!7-19-22:2.28:30.36-40
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One of the most suitable and versatile synthesis techniques in order to finely control the
structure/property relation in doped oxide thin films is pulsed laser deposition (PLD).*' In this work we
systematically explore the optimization of both the electronic transport and optical transparency of
polycrystalline TaTO thin films deposited via PLD, in order to unveil the real potentialities of TaTO,

with particular interest on the possible advantages with respect to the better explored NTO."

TaTO films on soda-lime glass substrates have been obtained at room temperature by tuning the
oxygen background pressure and the laser fluence during the ablation process, and were then annealed
in different atmospheres (air and vacuum). We were able to obtain extremely low resistivity values of
the order of 5x10™ Qcm and transmittance in the visible region above 80%. Hall effect and absorbance
measurements were used to evaluate the electron conduction band effective mass. The obtained
electrical and optical properties are discussed in light of the material structural features, which can be
adjusted by tuning the different synthesis parameters (oxygen background pressure during the
deposition process, laser fluence, annealing atmosphere). The high electron mobility data are analyzed

in comparison to the most investigated Nb-doped TiO,.
2. Experimental Section

TaTO (Ta = 5% at.) and TiO; thin films were grown by PLD on soda-lime glass and Si(100) substrates
kept at room temperature, by ablating respectively Ta;Os:TiO; (molar ratio 0.025:0.975) and TiO, solid
targets with a ns-pulsed laser (Nd:YAG 4th harmonic, A = 266 nm, repetition rate f, = 10 Hz, pulse
duration ~ 6 ns). The energy density was varied from 0.9 to 1.5 J/cm? by changing the focused area on
the surface of the solid target (laser pulse energy measured before the focusing lens was kept at 75 m)J),
while the target-to-substrate distance was fixed at 50 mm. Where not otherwise specified we will refer

in the following to a fluence of 0.9 J/cm®. All the depositions were made in oxygen background
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pressure; TaTO films were deposited in the range 0.9 - 2.25 Pa, while TiO, films were deposited at 1

and 1.25 Pa.

All the as-deposited TiO,-based thin films were amorphous. In order to obtain single phase
polycrystalline anatase, we exploited a post deposition annealing treatment in vacuum atmosphere (p <
4x107 Pa) in a home-made furnace at 550°C (10°C/min ramp, 1 hour dwell) and in air at 550°C in a

Lenton muffle furnace (8°C/min ramp, 1 hour dwell).

Film thickness was evaluated by means of scanning electron microscopy (Zeiss SUPRA 40 field-

emission SEM) on samples grown on silicon.

The crystalline structure has been determined by micro-Raman measurements (Renishaw In Via
spectrometer with Ar’' laser, A = 514.5 nm — power on sample 1 mW) and x-ray diffraction
(PANalytical X’Pert PRO MRD high-resolution X-ray diffractometer, using CuKal radiation (A =
0.15406 nm) selected by a two-bounce Ge monochromator). XRD measurements were performed in
both 6-260 and grazing incident angle configuration (fixed incident angle ® = 5°). The lattice parameters
and the mean crystalline domain size were determined by evaluating peak positions and full width at
half maximum in grazing incidence angle configuration, since grazing scans gave more intensity for the
analyzed peaks. The thin film surfaces were investigated by means of optical microscopy (Leitz

orthoplan-pol).

The electrical characterization was performed in the 4-point probe configuration with a Keithley K2400
Source/Measure Unit as a current generator (from 100 nA to 10 mA), an Agilent 34970A voltage meter

and a 0.57 T Ecopia permanent magnet.

Optical transmittance and reflectance spectra (in the range 250 - 2000 nm) were evaluated with a UV—
vis—NIR PerkinElmer Lambda 1050 spectrophotometer with a 150 mm diameter integrating sphere. All
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the acquired spectra were normalized with respect to the glass substrate contribution by setting to 1 the

intensity at the glass/film interface.

3. Results

3.1. Structural properties

TaTO and TiO, SEM micrographs show a similar ‘compact’ morphology for all the samples (a TaTO
micrograph is shown in Figure 1). All the TaTO thin films grown at different O, pressure are
characterized by the same thickness of 150 + 5 nm, while the TiO, ones are 250 + 5 nm and 150 = 5 nm

thick (for 0.9 and 1.15 J/cm? laser fluence respectively).

Figure 1. SEM micrograph of 150 nm thick vacuum annealed TaTO (1.25 Pa oxygen background deposition pressure) on Si substrate.

Raman spectroscopy was employed to analyze the structure of the films. All the acquired spectra for
the room temperature deposited samples are similar, showing broad bands typical of amorphous /
highly disordered titanium oxide (black line in Figure 2). On the other hand, five distinct peaks related
to the expected anatase active modes are present in the Raman spectra of all annealed films, regardless
of the annealing atmosphere. In Figure 2 (red line) it is possible to identify the three E, modes at 144
cm ', 197 cm ™' and 639 cm™ ', the B, mode at 399 cm ' and the peak at 519 cm ™', due to superposition
of the remaining A, and By, modes.”** We may conclude that both the annealing processes in air and

vacuum atmosphere (T = 550°C ) are efficient to crystallize the TiO,-based films in the anatase phase.
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Moreover for all the acquired spectra there is no evidence of rutile Raman modes, excluding the

formation of this phase under the used annealing conditions.

©CoO~NOUTA,WNPE
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29 Figure 2. Raman spectra of as-deposited (black line) and vacuum annealed (red line) TaTO thin films deposited at 1.25 Pa oxygen

31 background pressure.

The presence of anatase crystalline phase only for all the annealed films is confirmed by XRD
36 measurements. As an example, selected XRD diffraction patterns for vacuum annealed samples
38 deposited at two different oxygen background pressures (1.25 and 2 Pa) are shown in Figure 3 (a),
together with the XRD pattern of an undoped TiO, film. No rutile peaks are observed, as well as
43 tantalum oxide (TayOs) or metallic tantalum segregations. The crystalline quality of the vacuum
45 annealed TaTO films seems to be dependent on the oxygen background pressure during the deposition
48 process. In fact we are able to identify a narrow window of deposition pressures between 1.25 and 1.75
50 Pa in which both the most intense diffraction peaks of the anatase phase ((101) and (200)) are observed
52 in 0-20 configuration (see e.g. red line in Figure 3 (a)), while at lower (1 Pa) and higher (2 — 2.5 Pa)
55 deposition pressures a significant decrease of the (101) anatase reflection intensity is detected (see e.g.

57 purple line in Figure 3 (a)).
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Moreover, for the most crystalline samples deposited in the above mentioned pressure window (1.25 —

1.75 Pa), the introduction of Ta atoms in the crystal lattice seems to increase the intensity of the (101)

peak and simultaneously decrease the (200) peak with respect to undoped TiO,, in the 0-20

configuration (see e.g. red line and blue line in Figure 3 (a)). For undoped titanium oxide it is known

that, since the <101> surface has the lowest surface energy,"* anatase thin films grown on amorphous

substrates can result in either randomly oriented or <101> preferred-oriented polycrystalline forms.* In

our case, the variation in the intensity ratio of anatase x-ray reflections could be related to an effect of

doping or defect-induced lattice distortion or disordering (see Section 4 - Discussion).

| [arb. units]

Figure 3. (a) XRD diffraction patterns of vaccum annealed TiO, (blue line) and TaTO thin films deposited at different oxygen
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background pressures (1.25 — 2 Pa respectively red and purple line). (b) Mean crystalline domain size evaluated from XRD of TiO, (blue

spot on the left side) and TaTO samples deposited at different oxygen partial pressure (red squares), vacuum (filled) and air (empty)

annealed at 550°C.

Furthermore, comparing XRD peak positions for vacuum annealed undoped and Ta doped TiO,

samples, it is possible to identify the presence of a shift to smaller angles for the doped samples (as

visible in Figure 3 (a)). This could be partially ascribable to a lattice expansion due to Ta incorporation

8

ACS Paragon Plus Environment



Page 9 of 36 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

in substitutional Ti sites, since the ionic size of Ta™ (0.064 nm) is slightly larger than that of Ti"
(0.061 nm).'>* Nevertheless the shift is also dependent on the oxygen background pressure used in the
deposition process; in particular the shift reduces as the oxygen deposition pressure is increased. This

will be further discussed in Section 4 (Discussion).

In grazing incident configuration (fixed incidence angle » = 5°), both (101) and (200) diffraction peaks
are detected for all the range of TaTO deposition pressures, with a stronger intensity with respect to 6-
20 measurements (not shown), and were employed to evaluate the mean crystalline domain size
according to Scherrer equation (Figure 3 (b)). The above mentioned narrow window of deposition
pressures (between 1.25 and 1.75 Pa) is confirmed to be the one with the higher diffraction peaks

intensity also in grazing incident configuration.

Domain size values for the vacuum annealed samples are reported in Figure 3 (b) (filled symbols),
showing larger values for deposition pressures in the range 1.25 — 1.75 Pa, thus confirming the
discussed ‘good crystallinity’ window. We also observe that the domain size for Ta-doped films is
larger or comparable with that found for undoped TiO,. The same analysis shows that a post
crystallization process in the presence of oxygen (annealing in air) increases the mean domain size with
respect to the vacuum annealing process (domain size respectively 78 and 102 nm for TiO, and TaTO

deposited at an oxygen background pressure of 1.25 Pa, empty symbols in Figure 3 (b)).

While the Scherrer equation provides an evaluation of the mean crystalline domain size in the almost-
vertical direction (which is basically limited by the film thickness), an optical microscopy analysis of
the thin film surface of vacuum annealed TaTO samples deposited at different oxygen pressures allows
the evaluation of the grain size in the horizontal plane (Figure 4). Circular macro-cracks are only
observed on the surface of TaTO deposited at 1 Pa (Figure 4 (a)), while for higher deposition pressures

the presence of macro-grains is clearly visible, as already observed by Pore et al.*’ for the post
9
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crystallization from amorphous phase of Nb- and Ta-doped TiO, films; in particular the macro-grain
dimension is following the trend obtained from the XRD analysis (Figure 3 (b)): in the narrow window
of deposition pressures for which the XRD crystalline domain size is larger, the grain size is of the
order of 25-30 um (1.25-1.5-1.75 Pa, Figure 4 (b)), while for higher deposition pressures (2-2.25 Pa)

the typical grain size decreases down to 10-15 um (Figure 4 (c)). This evidences are providing an

indication of the good crystallinity of the films.

Figure 4. Surface images captured using polarized light through optical microscope of vacuum annealed TaTO films deposited at 1 Pa

(a), 1.5 Pa (b) and 2.25 Pa (c).

3.2. Electrical properties

The as-deposited films have a typical resistivity value in the order of 10 Qcm without showing any
particular tendency with respect to the presence of doping or different oxygen deposition pressure. For
such measurements it was not possible to discern the contributions of charge carrier concentration and

charge mobility because of the highly scattered values obtained in Hall measurements.

The post-deposition crystallization process in vacuum drastically decreases the resistivity values for all
the samples, as reported in Figure 5 where we show resistivity for undoped TiO, and TaTO (1.25 Pa
0O,), as-grown and after annealing. Undoped TiO, exhibits a drop of nearly 3 orders of magnitude,
reaching a resistivity value comparable with the best results obtained for PLD epitaxially grown

films.*® The TaTO film with the best electrical properties (grown at 1.25 Pa O,) showed a resistivity
10
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value of p = 5.73x10™ Qcm (see Figure 5) and sheet resistance Rg = 38 Q/0; to the best of our
knowledge, the resistivity value for the TaTO thin film is the lowest reported in literature for a

tantalum-doped TiO, polycrystalline film and in line with the best results obtained with the most

©CoO~NOUTA,WNPE

investigated NTOQ. 728304
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Figure 5. Effect on resistivity of the crystallization process exploited in vacuum atmosphere for TiO, and TaTO (deposited in an oxygen
36 background pressure of 1.25 Pa). The resistivity values for the as deposited films are represented with blue squares, while the crystallized

38 ones with red circles. In the inset table are reported mobility and electron density of the vacuum annealed samples.

41 The data reported in the inset of Figure 5 show that the difference between the electrical properties of
43 vacuum annealed doped and undoped thin films mainly resides in the charge carrier density, which for
46 TaTO is more than one order of magnitude higher, while the measured mobility is comparable. Still it
48 is interesting to underline the possibility to obtain such a high concentration of free electrons in
50 undoped TiO,: due to the absence of an extrinsic dopant, this evidence should be strictly related to the
53 presence in the anatase cell of a large amount of oxygen vacancies, which are known to effectively act

50
55 as electron donors.

60 11

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 12 of 36

p [Qcm] ulem’Vv's™
-@-p 412
107 B A\>“"“\f\\a — e . 4 10%
. i —A—m, {10
s
° =
10° / T%
/. 1 20
® A Jo 710
] ]
T T T T T T T v T T T 0 =
1.00 1.25 1.50 1.75 2.00 2.25 n_[cm™]
e

Deposition p,, [Pa]

Figure 6. Electrical properties of polycrystalline TaTO thin films (150 nm) deposited in different oxygen partial pressures and annealed
in vacuum atmosphere (550°C). The black spots represent the resistivity, the blue triangles represent the electron density, and the red

squares represent the electron mobility evaluated via Hall measurements.

Furthermore, for TaTO vacuum annealed samples, we found a strong dependence between the
electrical properties and the oxygen background pressure used during the deposition process. As visible
in Figure 6, resistivity values decrease by more than one order of magnitude while oxygen pressure
decreases from 2.25 Pa to 1.25 Pa and increase again with a further pressure reduction to 1 Pa. In the
same figure the variation of conduction electron density and mobility versus oxygen deposition
pressure is also reported. The decrease in electrical properties of the film deposited at 1 Pa is connected
to the drop of electron mobility (respectively 2.7 and 9.9 cm?V™'s™ for 1 and 1.25 Pa), in spite of the

highest conduction electron density (respectively 1.21x10*" and 1.1x10*' cm™ for 1 and 1.25 Pa).

In order to explore the optimization of the deposition process, the effect of a different laser fluence for
TaTO and TiO; thin films was also explored. As the amount of ablated material is related to the energy
density on target surface, it was necessary also to tune the oxygen background pressure during the

ablation process in order to optimize electrical properties. Finally it was found that for 1.15 and 1.5
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ACS Paragon Plus Environment



Page 13 of 36 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

J/em? laser fluences the best electrical properties for TaTO vacuum annealed films could be obtained
for 1 Pa oxygen pressure (with respect to the 1.25 Pa optimum condition found for the 0.9 J/cm?
fluence). The use of a higher laser fluence slightly increases the resistivity of the films (from 5.73x 10"
to 6.47x10™* Qcm, see Figure 7) due to a small decrease in the free electron density. On the other hand
by tuning the fluence it is possible to strongly enhance the electron mobility: for a TaTO 150 nm thick
deposited at a laser fluence of 1.15 J/cm® (1 Pa O,) it was possible to obtain p = 12.5 cm*V's™ (p =
5.90x10™ Qcm, n = 8.49x10%° cm'3, Rs = 39.3 /o). For comparison we studied also a vacuum
annealed TiO, 150 nm thick film deposited at the same laser fluence, which showed as well a

noticeable increase in the electron mobility (p = 6.46x10~ Qcm, n = 6.16x10" cm™, p = 15.7 cm*V''s"
b,

Finally we verified that the electrical properties are almost independent with respect to the TaTO film
thickness: this provides the possibility of tuning the sheet resistance. In fact by almost doubling the
thickness (295 nm) and maintaining the same laser fluence (1.15 J/cm?), we were able to obtain almost
the same resistivity (p = 5.57x10™ Qem, p = 13.0 cm®V's™, n = 8.61x10* ¢m™) and consequently the
sheet resistance dropped down to 18.9 Q/n. It is interesting to note that the mobility values reported in

this work are significantly larger than those reported in literature for polycrystalline films of doped

: 17,19,37,38,51
TiO,. 71373
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Figure 7. Electrical properties of TaTO films (150 nm) deposited at different laser fluence and vacuum annealed at 550°C. In the brackets
are reported the oxygen deposition pressures. The black spots represent the resistivity, the blue triangles represent the electron density and

the red squares represent the electron mobility evaluated via Hall measurements.

As clear from the behavior of vacuum annealed TaTO films deposited at different background
pressures, oxygen clearly plays a key role in determining the electrical properties; this is confirmed by
performing the crystallization process in air, which is known to be highly detrimental for both TiO, and
TaTO thin films.*” In fact, with our experimental setup, it was not possible to measure the resistivity (as
well as the resistance in 2-point configuration measurements), suggesting a resistance of all the air-

annealed films higher than 10 GQ.
3.3. Optical properties

As well as structural and electrical properties, the optical properties of TaTO thin films also appear to
be related to the oxygen background pressure during the deposition process. In Figure 8 total
transmittance spectra for vacuum annealed TaTO films are reported, highlighting a tendency towards
higher transmittance for higher oxygen background pressures during the deposition process. This is

particularly evident in the near-IR region, where the absorption is due to plasma oscillations of the

14

ACS Paragon Plus Environment



Page 15 of 36 The Journal of Physical Chemistry

“free” conduction band electrons (according to the Drude model), and lower transmittance at lower
pressures should be related to higher free electron density values (see Figure 6). Moving to lower

wavelengths it is possible to observe the presence of interference fringes in the visible range, whose

©CoO~NOUTA,WNPE

position and spacing is related to the film thickness and refractive index, and then a sharp drop in the

13 UV region because of the crossing of the optical band gap.
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Figure 8. Total transmittance spectra of 150 nm thick TaTO films deposited with different oxygen partial pressures and annealed in
42 vacuum atmosphere (550°C).In the inset graph the mean transmittance values evaluated in the visible region (A = 400 — 700 nm) are

44 reported as a function of different oxygen deposition pressures.
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Figure 9. Total transmittance (black line), reflectance (blue line) and absorbance (red line) spectra of 150 nm thick TaTO film deposited
at an oxygen partial pressure of 1.25 Pa annealed in vacuum atmosphere (550°C). The black dotted line refers to the total transmittance of

the same sample before the crystallization process.

From the transmittance spectra the mean transmittance in the visible range (Tys for A =400 — 700 nm)
can be calculated, finding in general higher values for higher oxygen background pressure during the
deposition process (inset of Figure 8). For the TaTO vacuum annealed film deposited at 1.25 Pa, which
shows the best electrical properties (p = 5.73x10™ Qcm), Tyis is 76.6%. For this ‘best’ film we report in
Figure 9 the transmittance, reflectance, and absorbance spectra, together with the transmittance
spectrum of the amorphous as deposited film. The comparison reveals that the obtained mean
transmittance value in the visible region is strongly dominated by reflectance (Ryis = 18.7%), while
absorption is as low as 5%. We also note that the as-deposited amorphous film (dotted line in Figure 9)
does not show the absorption in the near-IR due to plasma oscillations of the “free” conduction band

electrons.

We also studied the effect of the annealing process in air on the optical properties, finding that for

TaTO films deposited at 1 and 1.25 Pa, Tys is enhanced up to 79.9% and 80.0% respectively, while for
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oxygen background pressures higher than 1.25 Pa, Tys values remained almost unchanged regardless
of the annealing atmospheres. This fact could be related to the presence of a higher concentration of
oxygen vacancy defects for the vacuum annealed TaTO deposited at lower oxygen pressures (1 — 1.25

Pa), as it is known that this occurrence usually leads to a decrease in the total transmittance values.’*”>

Finally we investigated the effect of the laser fluence on the optical properties of 150 nm thick TaTO
films. In particular, for the sample deposited at a laser fluence of 1.15 J/em?® (see Figure 10 (a)), we
were able to obtain an increase of the total transmittance in the visible range of nearly 5% (Tvis =
76.6% and 81.1% respectively for 0.9 J/cm® and 1.15 J/em?), even though they maintain almost the
same electrical resistivity (p = 5.73x10* Qcm and 5.90x10* Qcm respectively for 0.9 J/cm” and 1.15

J/em?).
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Figure 10. (a) Total transmittance spectra of 150 nm thick TaTO films deposited at a different laser fluence (0.9 and 1.15 J/cm?) annealed
in vacuum atmosphere (550°C). (b) Total transmittance spectra of 150 and 295 nm thick TaTO films deposited at a laser fluence of 1.15
J/em? annealed in vacuum atmosphere (550°C).

As for the thickness effect on the total transmittance, a nearly doubled thickness of 295 nm with respect
to the 150 nm thick TaTO already shown in Figure 10 (a) (laser fluence 1.15 J/em?) results in a

decrease in Tyis of 6% (from 81.1% to 75.2%, see Figure 10 (b)). Nevertheless we note that it could be
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possible to engineer the light transmittance at certain wavelengths in a very precise way taking
advantage of the position of the well-defined and peaked thickness fringes (e.g. total transmittance
higher than 90% in the regions of wavelength close to 390 and 480 nm for the 295 nm thick TaTO film,

blue line in Figure 10 (b)).
4. Discussion

Optical and electrical properties of TaTO films are strongly connected to the oxygen background
pressure during the PLD process, even though an annealing process is needed to crystallize the films in
the anatase phase. Oxygen vacancies (Vo) are known to play a fundamental role in the electrical
properties of TiO, because they should represent an effective doubly negative charged donor state,™
but the reported trends in the TaTO functional properties presented above are likely related to a more
complex defect chemistry. For instance, the abrupt increase in resistivity from the vacuum to the air
annealing process (from 5.73x10™ Qcm up to a resistance value higher than 10 GQ) is not easily
explained only with the absence of Vg resulting from an oxygen-rich atmosphere. In fact, the
incorporation of Ta as an active dopant (5% at.), due to the substitution of Ti atoms in the anatase TiO,
cell (Tar;), should provide a free electron concentration® in the order of 10*' cm™ (in line with our data
shown in Figure 5 for vacuum annealed TaTO); the amount of free electrons due to the formation of
doubly positive charged oxygen vacancies (Vo) during a vacuum annealing process has been proved to
be in the order of 10" ¢cm™ (i.e. for vacuum annealed undoped TiO,, see Figure 5). Therefore, in
agreement with what is supported by Huy ef al.,' the lack (or the reduced amount) of V, that should
be associated to oxygen-rich conditions cannot explain alone the highly insulating properties obtained
for TaTO air annealed films or the drop in conductivity for higher oxygen deposition pressures (see
Figure 6); nevertheless, we are aware that this has to be just considered as a too simple approach to a

complex problem. For instance, the possibility that the insertion of Ta in the anatase matrix could itself
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affect the concentration of produced oxygen vacancies in reducing atmosphere with respect to the
undoped TiO, should also be taken into account. One possible explanation to the oxygen-related loss
of conductivity suggested by Huy et al.,” is that the solubility of Ta in the anatase lattice is reduced in
oxygen-rich conditions, leading to the formation of the non-doping Ta,Os phase. However, O-rich
conditions are expected to reduce only slightly the Ta solubility (and the number of Tar; defects);**='*
we observe that in our structural characterization we did not collect any experimental evidence of Ta

segregated phases (see Section 3.1).

In this work we are not aiming to fully clarify this aspect, but still we can infer that there should be a
non-obvious interplay of different defects (e.g. oxygen - titanium - tantalum) governing the electrical
(and optical) properties. In a recent work Qi e al.** have discussed how Ti vacancies could play an
important role in the defect chemistry of TaTO. These defects can actually act as “electron killers” and
it has been shown that growing TiO,-based films under oxygen rich condition should promote the

occurrence of cationic vacancies and oxygen interstitials.*’>

The coupling between a decreasing
concentration of Vo and the occurrence of an increasing amount of electron “killer-defects” in the
anatase cell as the oxygen deposition pressure is increased could be related to the decrease in the
charge carrier density reported in Figure 6 (from 1.21x10*' cm™ to 9.26x10" cm™ when moving from
1 Pa to 2.25 Pa). Still it is difficult to state if the defect concentration in the crystal lattice is fixed by
the deposition process, and to which extent defects can be ruled by the annealing process. A study on
thermodynamics of defects formation at a given annealing temperature and in different oxygen partial

pressures would be recommended for this material, in order to clarify the kind of defects involved and

the kinetics of the formation process.

On the other hand, also the mobility of the vacuum annealed TaTO samples has been shown to be

connected to the oxygen background pressure during the deposition process (Figure 6). This trend
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could be linked to the structural properties of the films: the presence of circular macro-cracks only
observed on the surface of the TaTO deposited at 1 Pa (Figure 4 (a)), could explain its significant drop
in electron mobility; the decrease seen for deposition pressures higher than 1.25 Pa, is likely related to
the decrease of the crystalline domain size in both vertical and horizontal direction revealed by XRD
and optical microscope analysis (Figure 3 (a) and Figure 4). Nevertheless the role of an increased
concentration of the above mentioned “killer-defects” with the increase of oxygen deposition pressure
could also contribute to both the decrease in the electron mobility and the mean crystalline size and

should be considered.

In Section 3.1 we mentioned the presence of a shift of XRD reflections for vacuum annealed TaTO
with respect to undoped TiO, films, dependent on the oxygen deposition pressure (see Figure 3 (a)). In
Figure 11 we report the anatase cell parameters calculated from (101) and (200) XRD peak positions

evaluated in grazing incident angle configuration for vacuum and air annealed films (TiO, and TaTO

1.25 Pa).
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Figure 11. Anatase cell parameters (a and c respectively in (a) and (b)) evaluated for TiO, (blue circles) and TaTO (red squares) vacuum

(filled) and air (TiO, and 1.25 Pa TaTO - empty) annealed films. TaTO cell parameters are plotted as a function of the oxygen
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background pressure during the deposition process. The green dotted line represent the reference values for a nominally pure anatase
Ti0,.*
A comparison between doped and undoped vacuum annealed films shows that both a and c anatase cell
parameters (presented in Figure 11 (a) and (b) respectively) are generally larger for TaTO films: this
could be related to a lattice expansion due to Ta incorporation in Ti substitutional sites, as commented
above. Nevertheless, it is possible to notice that both a and c parameters are slightly decreasing
(approaching the values for the vacuum annealed TiO, cell) with increasing pop; this observation could
be related to a decreasing amount of oxygen vacancies as the deposition pressure is increased in TaTO
thin films. It is known from theoretical calculations that Vg are thought to give a small lattice distortion
in the TiO; anatase cell, but it is plausible that a strong interplay between Vo and substitutional Ta
takes place.””® The presence of a decreasing amount of Vo, as the deposition pressure is increased is in
line also with the transmittance data shown in Figure 8. Nevertheless when the crystallization process is
performed in air, on TaTO (1.25 Pa poy) there is an increment in ¢ coupled with a decrease in a; in this
case the change in the lattice parameters is difficult to explain only as a lack of Vo in the crystal lattice
and it is likely related to the presence of different defects induced by the annealing in the presence of
oxygen (e.g. Ti vacancies, O interstitials). Finally, looking at the undoped TiO,, it is possible to note
that the mismatch with respect to the nominally pure anatase cell parameters (green line in Figure 11°°),
is increasing for the sample annealed in air atmosphere; this evidence could again be related to the

above mentioned presence of oxygen-induced defects.

We also evaluated the optical gap for the vacuum annealed TaTO films by means of Tauc plots.
Because of the indirect band gap of TiO,, (ochv)o'5 versus hv was plotted in the proximity of the
absorption onset. The absorption coefficient a was evaluated from transmittance and reflectance spectra
via the Lambert-Beer law (with @ = —1/d (T/(1—R))). Thus the optical band gap AE; was extrapolated

with the intercept in the energy axis using a linear fit. The obtained optical energy gaps for the TaTO
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vacuum annealed films deposited at different oxygen background pressures are plotted as a function of

the charge carrier density (Figure 12), since we aim at evaluating the possible presence of a Moss-

Burstein effect due to the filling of the conduction band by free carriers.”
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Figure 12. Tauc optical band gap as a function of n
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for vacuum annealed TaTO films deposited at different oxygen partial pressures.

The charge carrier densities were taken from Hall effect measurements reported in Figure 6.

As observed in Figure 12, AEg shows a trend as a function of the charge carrier density. The reliability

of these data is confirmed by the evaluation of the energy value obtained by the y-axis intercept of the

linear fit, i.e. 3.31 eV. In fact this value is in line with the band gap of anatase TiO,, which is known to

be around 3.2 — 3.4 eV.>'" Since in a simplified Drude model picture the shift in the optical band gap

should obey the equation:

2 2
AEG = h /Zm* (37521'1) /3

from the slope of the linear fit we are able to estimate the electron effective mass to be m" = 2.9m,,

where m, is the electron rest mass. The evaluated m” should be considered as a combination of the two

different values of effective mass reported for the anisotropic anatase cell, the orthogonal m; and

22

ACS Paragon Plus Environment



Page 23 of 36 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

parallel m, (with respect to the tetragonal axis), since it is likely that the electron path is almost
randomly oriented with respect to the cell. While m; was evaluated to be in the range 0.4 - 0.6 m,,
which is actually the usual TCO range,® m} is definitely higher since no value smaller than 3.5 m, has
ever been theoretically deduced from anatase band structure calculations.'™®" According to these
values, the electron effective mass evaluated in this work from optical measurements seems to be
consistent. Nonetheless this value should be read just as an estimate since it does not take into account
the many-body effects and the nonparabolicity of the conduction band, which usually lead an
overestimate of the deduced m”. Moreover, based on the comparison between experimental data and
DFT calculations, Huy er al.>°' found a severe increase of m, with increasing charge carrier
concentration for both NTO and TaTO. The enhancement of the optical effective mass with carrier
density in the direction parallel to the main axis of the Ta-doped system was calculated to be less than
60% of that in Nb-doped anatase."> Since a higher m” should be detrimental for charge carrier mobility,
the large values of the mobility reported in this work for TaTO polycrystalline films with respect to
NTO ones could be possibly explained in this way (up to p = 13.0 ecm?*V's™ for n = 8.61x10%° cm™).
This represents a 40% improvement with respect to the highest mobility values reported for a
polycrystalline NTO film (n = 9.1 em’V's™! for n = 1.7x10*' cm™), interestingly obtained for a (001)
preferential orientation.”’ Of course we are aware that in polycrystalline films scattering by grain
boundaries can play a relevant role in determining electron mobility; however, no evidence of mobility

values higher than 8 cm?V™'s™ has been reported for randomly oriented polycrystalline NTO films.

Finally we discuss the light absorption by the gas of conduction carriers: the plasma wavelength A, can

be evaluated from the relation:

w1/
_ oo [ B2 2
Ap =2me nge?
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where g, €,, ¢, m", and e denote the dielectric constant of vacuum, the high-frequency permittivity, the
speed of light, the effective mass, and the electronic charge, respectively. Since €, was reported to be
equal to 5.9 for TiO,,* and the electron effective mass was estimated in this work to be m" =2.9m,,
the maximum absorption by electrons in the conduction band can be estimated to be at a wavelength of
4160 nm for n = 1.1x10*' cm™. This value seems to be consistent with the transmittance spectra shown
in Figure 9, although it was not possible to experimentally verify the maximum 2, absorption, due to
the upper limit of our experimental setup (Ay, =2000 nm). This high value of A, is definitely an

advantage for TCO applications, since for other materials such as ZnO, In,O3 and SnO, based TCOs,

the useful number of the free electrons is limited by a shift (< Vvm®™) of A, in the visible region.®”® This
makes TaTO a very interesting material for application as a TCO in solar cells, in which an enhanced
transmittance at longer wavelengths with respect to the visible region (400 — 1100 nm) is a preferred

property. 14
5. Conclusions

We have performed a thorough investigation of the electrical and optical properties of Ta-doped TiO,
polycrystalline films in order to understand and control the real potentialities of this novel TCO. It has
been shown how it is possible to combine low resistivity values of the order of 5x10™* Qcm with mean
transmittance in the visible region exceeding 80%. We discussed the effect of the oxygen background

pressure during the deposition process and the role of the post annealing atmosphere.

We were able to estimate the optical electron effective mass and we analyzed the obtained data in view
of the high mobility values obtained for our polycrystalline thin films (up to 13 cm®V™'s™). This shows
how Ta could have definite advantages with respect to the most investigated Nb as a TiO, dopant for
TCO applications.
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