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Combinatorial Atmospheric Pressure Chemical Vapor
Deposition of F:TiO,; the Relationship between
Photocatalysis and Transparent Conducting Oxide

Properties

Andreas Kafizas, Nuruzzaman Noor, Penelope Carmichael, David O. Scanlon,

Claire J. Carmalt, and lvan P. Parkin*

Combinatorial atmospheric pressure chemical vapor deposition (APCVD)

is used to deposit anatase TiO, with a graded level of F-doping between

1.10 < F:Ti (at%) < 2.57 from the reaction of titanium tetrachloride, ethyl
acetate and trifluoroacetic acid at 500 °C on glass. The photocatalytic activity
and electrical resistivity of 200 allotted positions across a grid are screened
using high-throughput techniques. A blue region of film is singled out for
containing the lowest electrical resistivities of any previously reported doped
or undoped TiO,-based system formed by APCVD (p =~ 0.22-0.45 Q cm, n =
0.8-1.2 x 10'® cm~3, = 18-33 cm? V- s7'). The blue region contains a lower
fluorine doping level (F:Ti = 1.1-1.6%, E,,; ~ 3.06 eV) than its neighboring
colorless region (F:Ti = 2.3-2.6%, E,; =~ 3.15-3.21 eV, p = 0.61-1.3 Q cm).
State-of-the-art hybrid density functional theory calculations were employed
to elucidate the nature of the different doping behaviors. Two distinct fluorine
doping environments were present. At low concentrations, F substituting for

research has focused on improving the
photocatalytic efficiency under visible/
solar conditions by doping or forming
a composite material.®12l Of late, there
has also been increasing interest in
improving the material's electrical proper-
ties for optoelectronic applications.[3-19
Given the chemical, acid and long-term
humidity resistance of TiO,, the benefits
for improving the electrical properties
are clear when compared with traditional
transparent conducting oxide (TCO) mate-
rials such as In,03, SnO,, CdO, and ZnO.

Fluorine doping of TiO, (F:TiO,) has
been shown to enhance visible light
photocatalysis in powders,?°22 nano-
tubes!?*?4 and thin-films.?>-8] The mode
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O (Fo) dominates, forming blue F:TiO,. At high concentrations, negatively
charged fluorine interstitials (F;”') begin to dominate, forming transparent

F:TiO,.

1. Introduction

TiO, thin-films have been the subject of extensive study due
to their multi-functional application in photocatalysis,!!?!
water-splitting >~ gas-sensing,®l and more.”! The majority of
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of enhancement has been attributed to
a red-shifted bandgap, the creation of
surface oxygen vacancies, the enhance-
ment of surface acidity and the increase
of Ti** states.”) The gas sensing®” and
optical?'33 properties of F:TiO, thin-
films have also been studied. Recently, it has also been shown
that electrical resistivities (p = 1.6 x 1073 Q c¢m) not far from
fluorine doped tin oxide (p = 5-6 x 10™* Q cmB*3¢ can be
achieved in F:TiO, thin-films grown by an optimized physical
layer deposition (PLD) process.['”]

F:TiO, thin-films have mostly been synthesized by sol-
gel,2>%7] hydrothermal,l?®3% and physical vapor deposition
(PVD) routes.[>3233] Interestingly, thin-films of F:TiO, have not
previously been grown by chemical vapor deposition (CVD) and
in this article we demonstrate the first such case at atmospheric
pressure.

Atmospheric pressure chemical vapor deposition (APCVD)
is used to produce high quality and conformal TiO, thin-films
on the minute time-scale.’”) Crucially, TiO, thin-films with sig-
nificant variations in phase, thickness and doping level can be
achieved using combinatorial APCVD (cAPCVD).[13.16.17.38-41]
Traditionally, precursor gas flows are homogenized before
entering the reactor, whereas in cAPCVD precursors are intro-
duced at separate points.[*y This creates a precursor gradient
across the reactor, inducing combinatorial film growth and
producing a film with such a variety of make-up that different
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functional properties can be observed at distinct points along
the film. cAPCVD is a relatively new synthetic technique that
has primarily been used to understand the relationship between
composition and function in a number of systems.[1316.17,38-41.43]
For instance, in one study, the simultaneous investigation of a
range of anatase: rutile TiO, composite states grown across a
single thin-film showed how the much debated photocatalytic
synergy of the two phases is not present in thin-film form.*!
The convenience of having such a variety of unique materials
grown over a single film is two-fold. Firstly, only one synthesis
is required. Secondly, the increased sensitivity, speed and avail-
ability of modern characterization methods can be exploited
and a large body of unique states can be rapidly characterized
and inter-related.

Applying a combinatorial approach allowed us to investigate
200 unique states formed across a F:TiO, system. The posi-
tions were screened using tailored high-throughput methods,
revealing a blue patch of film with enhanced electrical con-
duction (p = 0.22-0.45 Q cm) that hitherto has not been
reported. A single horizontal strip of film that encompassed
both blue and transparent sections of the film was investi-
gated in greater detail in order to determine: (i) why a blue
region forms, (ii) why electrical conductivity is greater in the
blue region, and (iii) why photocatalysis was lower in the blue
region. To complement our combinatorial approach, a hybrid
density functional theory (DFT) investigation of the interac-
tion of fluorine dopants in bulk anatase TiO, was conducted,
revealing a strong dependence of the dominant defect mecha-
nism on the doping level. Moreover, the calculations showed
how F atoms substitute O sites (Fo) at low doping levels,
forming blue F:TiO,, but at higher doping levels negatively
charged fluorine interstitials (F;!) begin to dominate, forming
transparent F:TiO,.

2. Results and Discussion

2.1. Physical Characterization

An anatase TiO, thin-film with a fluorine doping gradient
(F:TiO,) was synthesized by cAPCVD on glass. The system was
designed to produce compositional and thickness gradients
across the substrate to rapidly allow access to a wide range of
composition and phase-space in a single experiment. The syn-
thetic process involved the reaction of titanium tetrachloride
(TiCly) [the Ti source] with ethyl acetate [the O source] and
trifluoroacetic acid [the F source] at 500 °C; coating the entire
glass substrate. The film showed color bands when viewed off-
angle due to the variation in film-thickness, characteristic of
thin-films with high refractive indices.'3] The color bands alter-
nated chiefly from green to pink to a point located within the
middle-left section of the film (i.e., the thickness maximum).
Interestingly, this also corresponded with the unexpected for-
mation of a dark blue patch (Figure 1). This blue color was seen
at all viewing angles (i.e., not an interference effect) and was
intrinsically due to F-doping. The film was adhesive, passing
the Scotch tape test, resisted scratching with a steel scalpel and
indefinitely stable in air over several months.
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Figure 1. Left: Photograph of the F:TiO, thin-film formed from the combi-
natorial APCVD of titanium tetrachloride, ethyl acetate and trifluoroacetic
acid at 500 °C with the relative point of entry of each precursor shown
above. Right: a superimposed grid reference of the 200 positions probed
by our screening tools (neighboring grid positions are spaced = 0.75 cm
apart from centre to centre).

2.2. Rapidly Probing the Material for Functional Trends

Rather than laboriously characterize the entire material by tra-
ditional methods, we instead quickly probed a large number
of locations using fast-mapping tools to discover regions of
interest, which were later investigated in greater detail. In this
case we applied three such tools to determine: (i) film-thick-
ness, (i) photocatalytic activity, and (iii) electrical resistance
across 200 positions on a grid (Figure 1).

2.2.1. Film Thickness

The alternating color bands observed across the film were
due to variations in material thickness (Figure 1). Such bands
are observed in TiO, when films range in thickness from
=0.1-10 um.*3 The effect is due to the series of constructive
and destructive interferences of light as it passes through a
smooth and transparent medium. The reflectance/transmit-
tance spectroscopy of such materials reveals a series of undu-
lations when the conditions for constructive and destructive
interference are met and gives rise to the variety of colors seen
off-angle in TiO,. The thickness can be determined spectro-
scopically if the spectral dependence of the refractive index is
known.*4 The film-thickness was thus determined spectroscop-
ically by applying the Swanepoel method.[*! This was achieved
using an automated method that (i) measured the optical reflec-
tance over 300-1000 nm using a fiber optic and (i) fit the wave-
patterns to a thickness model; this required less than 3 seconds
of analysis per grid-position. Example wave-patterns for the
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Figure 2. A 3D contour map of film-thickness (nm) for all 200 grid-posi-
tions across the combinatorial F: TiO, thin-film.

10 positions across Row 8 are shown in the Supporting Infor-
mation (S1) and a 3D contour map of film-thickness for all 200
grid-positions is shown in Figure 2. Film-thicknesses ranged
from 230 to 1320 nm, maximizing where the color bands accu-
mulated in the middle-left blue portion of film (position B6
being the thickest point) and minimizing on the right side of
the film (Column J).

2.2.2. Photocatalytic Activity

The photocatalytic activity at each of the 200 allotted grid-posi-
tions was determined using a screening method that relies on
digital photography to monitor the reaction progression.[*047]
The film was first coated with an even layer of a resazurin-based
intelligent ink.*®! The ink-coated film was then exposed to UVA
radiation in intervals, with regular breaks for each photograph
to be taken. The UVA light instigated a photocatalytic reduc-
tion of the dye by the F:TiO,, causing it to change color from
royal blue (resazurin) to pink (resorufin) to colorless (di-hydro
resorufin); each a one-proton-one-electron process (Scheme 1).

o
1 i
N . N — N
A H +e X H+e
—_— LL LA
N
HO (o] 0 HO 0 0 HO (] 0

di-hydro resorufin
(colourless)

resazurin resorufin
(royal blue) (pink)

Scheme 1. The associated changes in the redox dye resazurin (royal
blue) during its photocatalytic reduction to resorufin (pink) and di-hydro
resorufin (colorless).
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The dye first turned pink on the outer-edges of the film, pri-
marily in the top and bottom-left regions where the film was
thinnest. This occurred after =35-50 min of exposure to UVA
light. This trend continued upon further exposures, with most
of the dye turning colorless in these regions after =140 min. At
this point, the dye starting turning pink in the thicker regions
of the film and by 280 min had turned the dye colorless. By
eye, the change in color in the dark blue region of film was not
obvious given the dark background. However, these changes
were picked up readily by the digital RGB Extractor color anal-
ysis system.l*) A reaction time-line of some selected photos is
supplied in the Supporting Information (S2). As the ink alone is
stable to several hours of such UVA exposure, the degradation
of the dye was attributed to photocatalysis alone.[*®l The rate
of photocatalysis was determined by modeling the changes in
digital color. Previous kinetic studies have shown that changes
in the red component of digital color are directly related to the
conversion of resazurin to resorufin.*#’l Therefore, changes in
the red component of digital color at each of the 200 allotted
grid-positions were extracted from each photo.*)) By fitting
the changes in the red component of digital color to a Boltz-
mann model,P% the time taken for the complete conversion of
resazurin to resorufin was determined at each grid position.
By knowing how thick the ink layer was, these times could be
converted into photocatalytic rates (molecules reduced cm™
s71). After measuring the photon flux experienced at each grid
position (1 = 3.47 x 10'%; 6 = 2.33 x 10'® photons cm™ s7}), the
formal quantum efficiency (FQE = molecules degraded/inci-
dent photon) was determined. Moreover, by assuming the level
of UVA light absorbed by this indirect bandgap semiconductor
varied in accordance with the following equation:*!]

UVA (%)absorbed = 0.0531 x film — thickness(nm) (1)

The formal quantum yield (FQY = molecules degraded/
photon absorbed) was also determined. A 3D contour map of
the FQY (107) is shown in Figure 3.

The FQY was lowest in the dark blue region of the film
(middle-left; FQY =1 x 107*) and highest in the thinnest and
most transparent sections (top, right, and bottom edges; FQY =
2 x 1073). As such, thinner sections of the film transferred photo-
generated electrons onto resazurin dye molecules with greatest
efficiency. The relationship between film-thickness and FQY
followed an exponential decay curve. A plot of the natural loga-
rithm of FQY and film-thickness is provided in the Supporting
Information (S3). The FQYs observed across this F:TiO, system
were lower than those previously observed for the same reaction
on undoped TiO, made analogously by APCVD (FQY = 2.5 x
1072).41 This suggested fluorine doping causes a reduction in
UVA photocatalysis; a case similar to that of nitrogen doping.['’]

2.2.3. Electrical Resistance

Electrical resistance (©/[J) was measured at each of the 200
grid positions by translating a four-point probe across the sur-
face. By measuring changes in voltage and current the sheet
resistance was determined using the following equation:>!

Voltage (V)

Q
sheet resistance (E) = 453 x Current (A)

Adv. Funct. Mater. 2014, 24, 1758-1771
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Figure 3. 3D contour map of the formal quantum yield (FQY = molecules
degraded/photon absorbed) for the 200 allotted grid-positions across the
combinatorial F:TiO, thin-film.

A 3D map of sheet resistance (Q/0J) was generated, shown
in Figure 4(a). Resistances varied from 1200 to 81 000 Q/C]. In
order to show that the increase in conductivity was not merely
due to an increase in the number of electron paths (i.e., film
thickness), this effect was removed by deriving electrical resis-
tivity (p = Q cm):

(a) b
1 (b)
2
3 Rs(10°0/n)
;‘ m7.20-8.00
6 | 6.407.20
7 | m5.60-6.40
g H4.80-5.60
10 | ®4.00-4.80
11 | 3.20-4.00
12 | w2.40-3.20
13
12 | " 160-2.40
15 | 0.80-1.60
16 | 0.00-0.80
17
18
19 A |
20 ABCDEFGHIJ

ABCDEFGHIJ

Figure 4. 3D contour maps of a) sheet resistance [Rs (10Q/[])] and b) ele
(Q cm)] for the 200 allotted grid positions across the combinatorial F:TiO,

Adv. Funct. Mater. 2014, 24, 1758-1771
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Q
resistivity (2.cm) = sheet resistance <5> x thickness (cm)

3)

With knowledge of film-thickness, the resistivity (Q cm) was
determined and a 3D map drawn (Figure 4(b)). No lasting rela-
tionship between film-thickness and electrical resistivity was
observed. The resistivity was lowest in the dark blue region of
film, minimizing at position C8 (p = 0.15 Q cm) and highest
in the transparent region of film, maximizing at position
J2 (p = 1.98 Q cm). The resistivity values achieved were lower
than the optimum values achieved in similar APCVD studies of
metal-ion doped TiO, (W:TiO,, p = 0.19 Q cm;!¥1 Nb:TiO,, p =
0.22 Q cm).[®l

Using these simple techniques we were able to rapidly
screen the photocatalytic and electrical properties of 200 select
positions across a combinatorial F:TiO, system. In order for
fair comparisons to be made (i.e., deriving the FQY and elec-
trical resistivity), film thickness had to be accounted for.

It was within the dark blue region of film that the lowest
electrical resistivity was observed. On the other hand, the lowest
photocatalytic efficiency was observed there too. Overall, a
trade-off between low electrical resistance and high UVA photo-
catalytic activity was present in this system. In order to acquire
a better understanding of this effect, the 10 grid-positions that
lay across Row 8 were investigated in greater detail. Further-
more a series of computational calculations were employed to
identify the nature of the fluorine dopant.

2.3. Understanding the Physical Reasons Behind the Observed
Functional Trends

There are often a number of physical properties that contribute
to any given functional effect. For instance, the photocatalytic
activity of a thin-film is primarily governed by: (i) the bandgap
energy, (ii) film-thickness, (iii) surface topography, (iv) film-
crystallinity and (v) the number of active surface sites.!l The

electrical conductivity of a thin-film is princi-

pally governed by the number of charge car-

1 riers (n) present and their mobility (1). The
2 physical properties that control these two fac-
i p (@.cm) tors are: (i) the dopant level (i.e., charge car-
5 | ®1.80-2.00 rier injection), (ii) crystal defects and grain
6 | W1.60-1.80 boundaries, (iii) surface microstructure, (iv)
7 | m1.40-1.60 film-thickness, and (v) film crystallinity.

& | m1201.40 Within the combinatorial F: TiO, system,
10 | ®1.00-1.20 a wide range of photocatalytic activi-
11 | 90.80-1.00 ties (Figure 3) and electrical resistivities
g = 0.60-0.80 (Figure 4) were observed. Row 8 was inves-
14 0.40-0.60 tigated in greater detail as it encompassed
15 0.20-0.40 both blue and transparent sections of film
16 0.00-0.20 and contained the most electrical conductive
17

sample (C8, p=0.15 Q cm).

2.3.1. X-Ray Crystallography

X-ray diffraction patterns revealed the exclu-
sive formation of anatase TiO, (I4,/ amd)

ctrical resistivity [p
thin film.
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(- Table 1. An amalgamation of physical and functional data of the 10 grid positions located across Row 8 acquired from a range of analysis methods
" including X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV-visible spectroscopy, Van der Pauw and Hall Effect electrical measure-
= ments, and photocatalytic efficiency to the reduction of a resazurin-based ink.
Grid Physical Properties Functional Properties
ml Position
mll
= XRD XPS Spectroscopy Electrical Photocatalysis
| a c Volume T F/100Ti  Bandgap | nd o T[%] Van  Hall¥) FQE FQY (10%)
A A A% [nm]? [eV] [nm]? [em™]9 @ 2500  der (10%)
nm Pauw
Resistivity n w
[Qcm] [107em™]  [em? Vs
A8 3.7975(2) 9.5181(2) 13723 (1) 94 (5) 1.24+012 3.062(1) 967 3.00 3960 4.1 027 045 -8.4 18 67+1.0 11317
B8 37980 (2) 9.5212(2) 137.34(1) 91(5) 1.10+021 3.060 (1) 998 3.16 4320 2.9 019 022 -8.4 33 58087 9.0+1.4
cs 3.8006 (2) 9.5217(2) 137.54(1) 89(5) 1.44+010 3.058 (1) 1025 3.03 4590 2.0 015 023 9.4 29 494073 7.7+1.
D8 3.8002 (2) 9.5260 (1) 13757 (1) 103 (6) 1.60+023 3.064 (1) 912 322 5230 3.0 016  0.29 -12 19 46+070  7.4+1.
E8 3.8014 (2) 9.5318(2) 137.74(1) 64 (4) 224+008 3.083(1) 793 283 4520 8.3 018 026 -3.7 67 44+066 11217
F8 3.8050 (1) 9.519(1) 137.82(2) 49 (3) 2.52+015 3.154(1) 653 237 1380 38 0.61 br br br 394058 127+1.9
G8 3.8001 (2) 9.592(4) 13851(6) 48 (3) 230+028 3.177(1) 557 239 1410 42 078  br br br 33+049 11.8+18
H8 38016 (2) 9.635(4) 139.25(6) 37(2) 244+023 3.188(1) 452 242 1970 43 087  br br br 31047 127£19
18 3.8034 (2) 9.633(5) 13936 (7) 41(2) 244+009 3.200 (1) 413 249 2500 46 095  br br br 414062 18.4+28
8 3.8060 (2) 9.631(2) 13951 (4) 45(3) 2.57+007 3.210(1) 368 235 2350 46 13 br br br 40£0.60 19.9+3.0

1762  wileyonlinelibrary.com

31 = average crystallite size; ®| = film-thickness; 9average between 500 and 1000 nm; 9br = beyond range of detection. Numbers in parentheses represent the error on

the last digit.

[see Supporting Information (S4)]. However, both the degree of
preferred crystal orientation and the unit cell (Table 1) changed
significantly across the row. Distinct trends were observed. For
instance, the unit cell volume increased across the row. More
specifically, a sharp increase in unit cell volume was observed
on movement from the blue region into the transparent region
of film. This was due primarily to a large increase in the ¢ axis,
increasing by 1.2% on movement from F8 (c = 9.519 (1) A) to
H8 (c = 9.635 (4) A). The average crystallite size, determined by
the Scherrer method,? was between =90 and 100 nm within
the deep-blue region of film (grid-positions A8 to D8) and
between =40 and 50 nm within the transparent region (grid
positions F8 to J8). An intermediate crystallite size of =60 nm
was observed at grid-position E8, a site located between the two
regions where the blue region began to fade. Stark changes
in preferred crystal growth were also observed on movement
out of the blue region into the transparent region. As such, the
degree of change in preferred growth relative to a single crystal
of anatase TiO, was also determined [see Supporting Informa-
tion (S5)].

Within the blue region, the greatest increase in preferred
growth relative to a single crystal was in the (004) plane (=60%
increase). On moving out of the blue region, the growth in
the (004) plane was inhibited when compared with the single
crystal, with an =60% decrease seen at grid-position E8. On
reaching the transparent region (grid positions G8 to J8),
growth in the (004) plane was entirely inhibited. A similar
trend was observed for growth in the (105) plane, being promi-
nent for locations within the blue region and inhibited for loca-
tions within the more transparent region. An inverse trend was
observed for growth in the (211) plane. Growth in the most
prominent (101) diffraction peak of anatase TiO, was inhibited
across the board with a less inhibited growth observed in the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

transparent region (=20% decrease) compared with the blue
region (=60% decrease).

2.3.2. Raman Spectroscopy

The Raman spectrum was measured for the 10 grid-positions
along Row 8. Similar to X-ray crystallography studies, the exclu-
sive formation of anatase TiO, was observed. The prominent E,
band was present at =148 cm™! and less intense bands at =200
(Eg), =394 (Byy), =517 (A, + Byg) and =638 cm™ (B,y)."%) The
position of the principle E; mode did not change significantly
across the row (148 + 0.4 cm™) but was consistently higher than
un-doped anatase TiO, (144 cm™);®3* a change often associ-
ated with doping.l>” Interestingly, there was a regular peak shift
across the row; the biggest shifts being present in the A, + By,
(516.4 to 519.2 cm™) and By, bands (637.1 to 638.4 cm™). As
the position of a Raman mode is a function of the atomic posi-
tions within the crystal, these changes were plotted against unit
cell volume (Figure 5). Two linear relationships were observed.
With increasing unit cell volume, the energy of the A, + By,
band increased (r2 = 0.86). Conversely, with increasing unit cell
volume the energy of the E, band decreased (r* = 0.90). More-
over, the biggest increase in energy was within the A, + By,
band, which is generated solely from vibrations in the ¢ axial
direction;¥ the axis in which unit cell expansion was greatest.

2.3.3. X-Ray Photoelectron Spectroscopy

The level of fluorine doping was determined by X-ray pho-
toelectron spectroscopy (XPS). As XPS is a surface sensitive
technique,P®! the surface was sputtered and analyzed for sev-
eral cycles in order to compare the surface and bulk doping
level. No surface segregation effects were observed, indicating

Adv. Funct. Mater. 2014, 24, 1758-1771
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Figure 5. A direct comparison of unit cell volume (A%) and shift in
Raman vibrational mode for the Ay, + By, (=517 cm™, triangles) and E,
(=638 cm™, circles) bands for the 10 grid positions located across Row 8
in the combinatorial F:TiO, thin film.

a homogenous incorporation of fluorine during film growth.
Notably, the XPS depth profile showed only Ti, O, and F were
present in the bulk, with other impurity elements such as C
being below the detection limits. However, the fluorine to
titanium ratio differed across the row (Table 1). A trend was
observed where the fluorine level (per 100 Ti atoms) increased
almost linearly from grid-position A8 (1.24 £ 0.12) to F8 (2.52
0.15) and then plateaued (Figure 6(a)).

A steep increase in fluorine dopant level occurred on move-
ment from the blue region (grid positions A8 to D8) into the
transparent region (grid positions F8 to J8). The unit cell con-
tinued to expand from grid-position F8 to J8 (Table 1), even
though the fluorine dopant level had reached a plateau. In

(@) (b)

www.afm-journal.de

addition, a decrease in the Ti 2p binding energy occurred on
movement from the blue region to the more transparent region
(Figure 6(b)). Of note, the binding energy in the blue region
was more cationic (i.e., more strongly Ti*'), therefore the blue
coloration was not attributed to the presence of Ti** ions.””l In
the blue region of film, the F 1s binding energy was 684.8 eV
on average. However, in the transparent region of film, the F 1s
binding energy decreased to 684.5 eV on average. Blue-colored
F:TiO, has not previously been reported.[20-222427:58-60] A range
of F 1s binding energies have been observed in the literature.
Todorova et al. showed that nanocrystalline F:TiO, powders
formed by sol-gel possessed a F 1s binding energy of 684.3 eV;
attributed to F~ ions chemically likened to TiF,[?") However,
Xu et al. attributed the two F 1s environments in their F:TiO,
sol-gel films of 684.3 eV and 688.4 eV to surface bound fluo-
rine and F~ ions that substitute O%- sites respectively.*”! There
was clearly inconsistency in the literature, with F 1s energies
between 684.1-685.3 eV attributed to F~ in some cases(2022:2460]
and surface bound fluorine in others.[?°%3 In this study, each
sample was probed several nanometers deep using Ar ion sput-
tering. As such, the binding energies were representative of
fluorine sites located in the bulk. There was agreement with the
studies of Di Valentin et al. who showed through XPS depth
profiling and EPR studies that two distinct F~ doping sites were
present in F:TiO, at 684.1 eV and 685.3 eV.°)l Two distinct
fluorine dopants were present in our system, one being more
prominent in the blue region and the other being more promi-
nent in the transparent region.

2.3.4. Scanning Electron Microscopy

The effect on crystal growth was further explored by scanning
electron microscopy (SEM) studies. Images are provided in the
Supporting Information (S6). The individual crystals were of a
similar size to those determined from line-broadening studies
of X-ray crystal data (Table 1), which indicated that each grain
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Figure 6. a) The fluorine dopant level (F atoms/100 Ti atoms) and b) the Ti 2p energies determined from the X-ray photoelectron spectroscopy of the
10 grid positions located across Row 8 in the combinatorial F:TiO, thin-film.
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corresponded to an individual crystal domain. The shape of
these crystals changed considerably on moving from the blue
region (A8 to D8) to the transparent region (F8 to J8). Within
the blue region, crystals were larger and more rounded. Within
the transparent region, crystals were smaller, flatter, and more
oblong. The crystallites formed at the bridging grid position E8
were more like those formed within the blue region but were
partly smaller and more triangular in shape.

2.3.5. UV-Visible Spectroscopy

The UV-visible transmittance and reflectance spectrum
(200-2500 nm) was measured for each grid-position across
Row 8. The refractive index (n) was determined by the
Swanepoel method (Table 1).4] This allowed film thickness to
be re-determined more precisely for each grid position across
Row 8 (Table 1). Grid positions within the blue region trans-
mitted near IR light (2500 nm) more weakly (=3 to 4%) com-
pared with grid positions contained within the transparent
region (=40 to 45%). This weak IR transmittance tailed off into
the visible between 750 and 1000 nm (the red region). The pref-
erential absorption of red light may have been the direct cause
for the blue color observed. Within the blue region visible light
was also more strongly absorbed, where the absorption coeffi-
cient was more than double in the blue region (<4500 cm™)
than in the transparent (=2000 cm™!) (Table 1). The average
level of transmittance in the visible region (400-1000 nm)
increased sharply on movement from the blue (=40%) to the
transparent region (=60%). A red-shift in the band-edge was
observed on movement out of the blue region into the trans-
parent (Supporting Information 7(a)) indicating an increase in
bandgap energy. The indirect bandgap at each grid-position was
determined from a Tauc plot (Supporting Information 7(b))!

Grid positions located within the blue region displayed con-
siderably red-shifted bandgaps (=3.06 eV) relative to un-doped
anatase TiO, (=3.20 V). Movement into the transparent region
was accompanied by an increase in bandgap (grid position F8,
=3.16 eV). Within the transparent region, the bandgap energy
increased almost monotonically from =3.16 eV at grid position
F8 to =3.21 eV at grid position J8. All grid-positions (except J8)
showed a red-shifted bandgap compared with un-doped TiO,.
Many previous studies on F:TiO, have demonstrated red-shifted
band-edges, however few have determined the band-gap energy
shift. In one study by Todorova et al. a lowered bandgap of
3.07 eV was observed in F:TiO, powders (F content = 16 at%)
synthesized by a sol-gel route. However, the powders contained
a 70:30 mixture of anatase (=3.2 eV) and rutile (=3.0 eV) TiO,
phases. Within N:TiO,, where nitrogen substitutes oxygen sites,
the bandgap decreases linearly with doping level.[**03-6%] Within
this F:TiO, system, no such relationship was found. In fact, a
reverse trend is observed across Row 8, where an increase in the
fluorine dopant level resulted in an increased bandgap. This rela-
tionship was attributed to a change in dopant site, as indicated
by our XPS analysis (Figure 6).

2.3.6. Reaction Chemistry

An anatase TiO, thin film with a fluorine doping gradient
(F:TiO,) was synthesized from the combinatorial atmospheric
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pressure chemical vapor deposition (CAPCVD) of TiCl,, ethyl
acetate (EtAc) and trifluoroacetic acid at 500 °C on glass. The
film showed no pin-hole defects and no particulates were seen
exiting the exhaust, demonstrating the reaction was surface
based. Although the APCVD formation of TiO, from TiCl, and
H,0 is a lower energy process than the reaction of TiCl, and
EtAc,[! thin-films formed from the prior reaction are notori-
ously blotchy and have a tendency to flake. This is because the
APCVD reaction of TiCl, and H,0 to TiO, proceeds readily in
both the gas phase and at the substrate, whereas the APCVD
reaction of TiCl, and EtAc to TiO, proceeds exclusively at
the substrate. The exact mechanism by which TiCl, reacts
with EtAc is not known. However, it has been suggested that
EtAc decomposes at the surface to produce oxidant species
such as ethanol (Equation (4a)), which in turn dehydrates to
evolve water and ethane (Equation (4b)). With water present,
the surface reaction may then proceed by hydrolysis of TiCl,

(Equation (4c)):16®!

CH3COOC2H5 — CH;CHon + CszO (43)
CH3CH20H d Hzo -+ C2H4 (4b)
H,0 + TiCl, — TiO,+4HCl (40)

The EtAc oxygen source was the limiting reagent in this reac-
tion (Table 2). This was fundamental to the quality of the films
as higher levels of EtAc can cause carbon contamination.'* The
TiCl, and EtAc precursors entered the reactor at the same side
through entry point A (Scheme 2). The thickest point of film
growth was not local to their point of entry, indicating the reac-
tion was not mass transport limited. In a typical cold-walled
APCVD reaction involving TiCl, and EtAc, film growth is surface
reaction rate limited and most rapid at the centre of the reactor
where the substrate is hottest.3%) However, in this system, the
most prominent point of film growth was shifted to the left (grid
position B6, see Figure 1). We therefore postulate that the intro-
duction of the fluorine precursor inhibited TiO, film growth par-
allel to its point of entry (Scheme 2). The fluorine doping level
was greater on its side of entry. This was similar to previous
cAPCVD studies of W: TiO,, where the parallel introduction

Table 2. Reaction conditions in the cAPCVD synthesis of F:TiO,.
The deposition was carried out for 210 s at a reactor temperature of
500 °C under an additional plain line flow of 6 and 3 L min™' through
entry points A and B, respectively. EtAc = ethyl acetate, F;C,0,H = tri-
fluoroacetic acid, T = bubbler temperature (°C), F = N, carrier gas flow
rate (L min™"), Vp = vapor pressure (mmHg) and a = mass flow rate
(1073 mol min).

Entry point
A B
Ticl, EtAc F3C,0,H
T[C] 75 33 40
F [L min"] 1.2 0.25 1.0
Vp [nmHg] 110 136 225
a[107% mol min'] 8.3 22 17
molar ratio 1.0 0.27 2.1
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Scheme 2. Schematic of the combinatorial APCVD apparatus used in
the synthesis of a F: TiO2 thin-film with graded composition. Bubblers
1, 2, and 3 contained titanium tetrachloride [Ti source], ethyl acetate [O
source] and trifluoroacetic acid [F source] precursors, respectively. A and
B are neighboring mixing chambers.

of WCly inhibited TiO, film growth but led to a higher level
of tungsten incorporation.'®l Across Row 8, the F-doping level
varied between =2.3 and 2.6% (F:Ti) on the right side of the film
(grid positions F8-J8) and between =1.1 and 1.6% (F:Ti) on the
left side of the film (grid positions A8-D8). The overall reaction
for the grid positions across Row 8 could be summarized as:

T1C14 + CH3COOC2H5 + F3C202H — TiOZ,XFX'i‘ by — products

)
where 0.011 < x < 0.026. Although the level of oxygen precursor
(EtAc) introduced into the reaction was almost 8 times lower
than the level of fluorine precursor (F3C,0,H), the amount of
oxygen incorporated was far greater than that of fluorine. If
we assume that the oxygen and fluorine present came solely
from the EtAc and F;C,0,H precursors respectively, than the
EtAc precursor reacted almost 400 times more rapidly than the
F;C,0,H precursor.

In the higher doping region, a transparent film was formed
with an expanded unit cell, smaller crystallites (=40-50 nm in
diameter) and strong preferred growth in the (112) and (211)
crystal planes. In the lower doping region, a blue colored
film was formed with a contracted unit cell, larger crystallites
(=90-100 nm in diameter) and strong preferred growth in the
(004) and (105) crystal planes. XPS studies indicated that the
F-dopants in the blue and transparent region were distinct, yet
both of —1 valency. As such, the varied physical changes (i.e.,
the direction, size and density of crystal growth) were attributed
to differences in F-dopant site that had knock-on effects on the
functional properties.

2.3.7. Physical-Functional Property Relationships

The electrical properties of the 10 grid positions located across
Row 8 were examined in greater depth by the Hall Effect
(Table 1). Only grid positions A8 to E8 (positions located within
the blue region) possessed resistivities within the detection
limits of our device. The resistivities measured by the Hall
Effect device were consistently larger than those measured by
the four-point probe (Table 1). The number of charge carriers (n)
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introduced into the system increased from =8.4 x 10" cm™ at
grid position A8, maximized at =1.2 x 10'® cm™3 at grid position
D8 and then fell sharply to a minimum of =3.7 x 10" cm™3 at
grid position E8. Conversely, the electron mobility (1) increased
sharply from =20 to 30 cm? V! s7! for grid positions A8 to D8
(positions completely within the blue patch) to =70 cm? V! 71
at grid position E8 (located at the edge of the blue patch). As
grid position E8 represented an intermediate state between blue
and transparent F:TiO,, this indicated electron mobility would
increase into the transparent region (grid positions F8 to J8). As
the resistivities were close to the lower limits that can be meas-
ured by the Hall Effect device, the derived charge carrier densi-
ties and mobilities were liable to have large associated errors.
As such, the quoted values are merely indicative. Temperature
dependent Hall Effect measurements were carried out on grid-
position C9 under liquid nitrogen (=196 °C), within an acetone
dry-ice bath (-78 °C) and again in air (25 °C) (Table 3). A rela-
tionship akin to an extrinsic semiconductor was observed, with
electrical conduction decreasing only marginally and charge car-
rier concentrations remaining high (within the 5 x 10'8-5 x 10°
cm™ range). Electron mobilities (0.50-2.0 cm? V! s71) varied
less significantly than charge carrier concentration, which
indicated grain boundary scattering was the more dominant
process. A significant increase in charge carrier concentration
(more than an order of magnitude) was observed at grid posi-
tion C9 (n = —4.4 x 10* cm™3) relative to its neighboring grid
position C8 (n = 9.4 x 10" cm™3). However, electron mobility
was substantially lower (i = 0.50 versus 29 cm? V! s71). Overall,
electrical conductivity was lower at grid position C9 than at C8
(0.28 versus 0.23 Q cm), where the discrepancies in Hall Effect
components may have been exacerbated by being at the limits
of the device.

The carrier mobilities observed in this F:TiO, system
surpassed those observed by Mohri et al. in their most
electrically conductive F:TiO, film synthesized by PLD
(4 < 10 cm? V7! 571).155] However, their film was far less resistive
(p = 1.6 x 1073 Q cm) than any material analyzed in this study
primarily because of the superior level of charge carriers intro-
duced (n = 1.6 x 102! cm™3). This was achieved at a F-doping level
of 5% (F:Ti). Comparing the two studies we find that the charge
carrier level was not linearly dependent on the doping level.
We attribute this to the ultra-high vacuum condition in which
their F:TiO, was formed, which typically leads to films of higher
purity and a reduced number of defects. The high level of charge
carriers achievable in F:TiO, was similar to that in optimized
metal-ion doped systems such as Nb (n = 2.0 x 10*! cm™)[!8l
and Ta (n = 1.4 x 10%! cm™3).1"% However, the mobility of these
carriers were comparatively hindered compared with Nb:TiO,

Table 3. Temperature dependent Hall Effect components measured at
grid position C9.

T Resistivity n

(°Q) [Qcm] [x10' cm) [cm? V1 57
-196 0.57 =53 2.1

-78 0.58 -8.3 13

25 0.28 —44 0.50
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(L =70 cm? V7! s71) and Ta:TiO, (1 = 30 cm? V! s71), and more
akin to carriers found in W:TiO, (<10 cm? V! s71), which
resulted in a poorer overall conductivity.

The photocatalytic activity within the transparent region
(FQY = 12-20 x 10™°) was up to twice as efficient as those
observed in the blue region (FQY = 7-11 x 107). However,
these activities were significantly lower than those observed in
analogous photocatalytic studies of pure phase anatase TiO,
formed similarly by APCVD (FQY = 2.5 x 1073).*!] This may
have been due to the restricted growth in both the (101) and
(004) planes in both materials, where it has been shown that
optimal photocatalytic activity in TiO, nanocrystals is found
when the growth of these planes are equally promoted.l7:681 A
greater detriment to both the FQE and FQY of photocatalysis
was observed in blue F:TiO,. This was attributed to the more
inhibited movement of photo-generated charge carriers in blue
F:TiO, as opposed to transparent F:TiO,. For these reasons,
thinner regions of film displayed an enhanced FQY as pho-
togenerated charge carriers were more likely to reach the sur-
face and take part in photocatalysis (Figure 3).

2.3.8. Computational Analysis of Fluorine Impurities

A plot of formation energy as a function of Fermi-level position
for Fo (where F atoms replace O sites) and F; (where F atoms
sit at interstitial sites) impurities for both Ti-rich/O-poor and Ti-
poor/O-rich growth regimes is displayed in Figure 7. Fq, behaves
as a shallow donor in both growth regimes and is stable only in
the +1 charge state across the entire bandgap. This is consistent
with the high levels of conductivity present in this study and
reported elsewhere.[®) The F; site is an amphoteric defect in
anatase TiO,. It exists in all three charge states in the bandgap,
acting as an acceptor when the Fermi level is near the conduc-
tion band minimum (CBM) and as a donor when then Fermi
level is near the valence band maximum (VBM). At the idealized
oxygen-rich limit, the F;! starts to compensate electrons from
the Fq site when the Fermi level is just below the CBM. In our
synthesis, film growth did not occur in an O-rich environment.
Therefore, the formation energy of Fo will decrease towards
the O-poor value. Similarly the formation energy for F; will
increase towards the O-poor value and the intersection of these
lines (the point at which F;! starts to compensate F) will move
into the conduction band. Therefore, at low doping concentra-
tions, F impurities first occupy an oxygen lattice site (Fg). Such
F-doping was present in our combinatorial system within the
highly conductive blue region (grid positions A8 to D8). When
the doping concentration reaches a critical percentage, F;!
starts to dominate and kill free-electrons in this system. Such
F-doping was present in our combinatorial system within the
poorly conductive transparent region (grid-positions H8 to J8).
This explains the observed drop in conductivity as the doping
level increases beyond a critical value (found experimentally to
lie beyond a doping level of =2.3% F:Ti). Computation showed
that the core level for F; lies 1.17 eV closer to the VBM than F,.
This was in line with XPS evidence that showed a small shift in
the binding energy of the F 1s environment on movement from
the blue (684.8 eV) to transparent region (684.5 eV). This shift
was therefore representative of an average change in binding
energy as F;”! dopants began to form within the Fq, doped lattice
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Figure 7. HSEO6 calculated formation energies of F impurities in anatase
TiO,. The solid lines indicate Ti-poor/O-rich conditions, and the dashed
lines indicate Ti-rich/O-poor conditions. The solid dots represent the
transition levels, £(q"/q).

at higher F concentrations. This was in agreement with the
studies of Di Valentin et al. who also observed two distinct F~
doping sites that also differed in energy by =1.2 eV.[%

Figure 8 displays the electronic structure of these defects.
Figure 8(a) illustrates that excess electrons from F dopants
are donated directly into the conduction band (degenerate
semiconductor) and is further evidence of Fq formation in the
blue region. Figure 8(b) shows that F; dopants possess a deep
acceptor level =2.8 eV above the VBM caused by a hole centered
primarily on the F impurity. This type of F-doping could explain
the phenomenon of visible light photocatalysis in some F-doped
TiO, samples?*-28 through a multi-photon excitation process.
Figure 8(c) shows how F;! dopants do not possess a defect state
in the band gap as excess electrons fill the unoccupied acceptor
level from Fi. In the transparent region of our film poor elec-
trical conductivity was observed. XPS analysis signified the
presence of F anions in the —1 charge state and visible light
photocatalysis was not observed. These evidences signified the
presence of F;! formation in the transparent region. The UVA
photocatalysis doubled when moving from the blue to trans-
parent region. This was attributed to a change in dominance

Adv. Funct. Mater. 2014, 24, 1758-1771



s
Mot oS
www.MaterialsViews.com

B S A S
(a) F,

-1

-6 -2
Energy (eV)

Figure 8. Partial energy density of states (PEDOS) for a) Fo, b) F;, and c)
F'in the 108 atom anatase TiO, supercell. The highest occupied state is
indicated by the vertical dashed line in each case. The three PEDOS are
aligned (set to 0 eV) relative to the highest occupied point in the valence
band. The density of states included a Gaussian smearing of 0.2 eV.

of F-dopant (from Fg to F;!) and rationalized in terms of
increased electron mobility. Although electrical conduction in
the transparent region was too low for electron mobility to be
measured (grid positions F8-]8), an intermediate point at grid
position E8 possessed an electron mobility more than double
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Table 4. HSEO06 calculated relaxed volumes for defects in the anatase
TiO,.

Cell Volume [A%]
Pure 137.84
Fo 138.17
Fi 138.42
Fi”l 139.16

that of any other measured point (Table 1). This indicated elec-
tron mobility would increase with further movement into the
transparent region. Although increased F;' doping killed free-
electron carriers (n), the higher electron mobilities contained
in this region would have better allowed free movement of
photo-generated electron-hole pairs that facilitate photocatal-
ysis. This case is analogous to N: TiO,, where nitrogen dopants
that replace oxygen sites (No) inject free-electron carriers but
severely hinder electron mobility and nitrogen dopants that
move into interstitial sites (N;) do not inject free-electron car-
riers but do not hinder electron mobility.**7%71 Interestingly,
when electrically neutral F; dopants enter the lattice an acceptor
level is observed in the DOS; analogous to N; dopants.’)

The large volume increase observed experimentally upon
surpassing a critical fluorine doping level was observed compu-
tationally as well. In Table 4 we show the volumes for the pure
and defective supercells which have been allowed to relax after
incorporating the F impurity. Although the Fq causes a small
expansion of the lattice, the formation of F;' causes a much
greater expansion; consistent with the X-ray crystallography
(Table 1).

At the end of the introduction section three questions
were posed in relation to this F:TiO, system asking: (i) why
a blue region forms (ii) why electrical conduction is greater
in the blue region, and (iii) why photocatalysis is lower in
the blue region. In relation to why a blue colored material is
formed we found that the substitutional Fy doping primarily
found in this region forms a degenerate semiconductor with
a significant level of charge carriers (=1 x 10'® cm™) that
absorb strongly in the late visible-NIR region (i.e., red light)
thus making the material appear blue. Electrical conduction
in the blue region was greater as Fg fluorine dopants acted as
shallow donors whereas F; ™' dopants, which become dominant
in the transparent region, killed free-electron donation. It was
postulated that lower levels of photocatalysis were present in
the blue region due to the inhibited movement of photo-gen-
erated charge carriers (i.e., due to restricted electron mobility).
Although our findings wholly support the answers to the first
two questions posed, the observed trends in photocatalysis
could also be attributed to differences in preferred crystal
growth and the number of active surface sites that facilitate
photocatalysis.

Within this combinatorial system, a trade-off between low
electrical resistance and high UVA photocatalytic activity was
present with either Fy doping (blue region) or F, ! doping
(transparent region). Experimentally, a high growth rate/
substrate temperature and a lower F-doping level favored Fq
doping. Insights from our computational analysis (Figure 7),
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indicates that a higher level of Fy doping can be achieved in
F:TiO, before F;! doping predominates if grown in more
Ti-rich/O-poor conditions. In such a case, a more conduc-
tive material should form due to the injection of free charge
carriers. Such an improved material might be achieved
through APCVD by increasing the F/Ti and Ti/O precursor
ratios. Visible transparency could be improved by decreasing
film thickness (i.e., simply decreasing the deposition time),
whilst maintaining the aesthetic blue-tinge. Although the
best TiO,-TCOs produced by physical deposition methods are
up to 103 times more conductive than the most conductive
material reported herein,’?) achieving a low resistance TiO,-
based TCO by a low cost and up-scalable method such as
APCVD is essential if this is to become a marketable product.
Improving the photocatalytic activity of blue F:TiO, remains
a significant challenge as electron mobility decreases at the
expense of increases in free charge carriers. We thus postu-
late that an increased active surface area might circumvent
the reduction in photocatalytic activity at the cost of increased
haze and transparency losses, opening up applications as
robust TCO layers with the added benefit of a self-cleaning
function. The color and high IR reflectivity also makes this
material a desirable candidate for aesthetic blue-colored solar
control glazing.

3. Conclusions

An anatase TiO, thin film with a graded level of fluorine
dopant (F:TiO,) was formed from a combinatorial atmos-
pheric pressure chemical vapor deposition (cAPCVD) on
glass from the reaction of titanium tetrachloride with ethyl
acetate and trifluoroacetic acid at 500 °C. The photocatalytic
activity and electrical resistivity of 200 allotted positions across
a grid (10 x 20; columns x rows) were screened using high-
throughput methods. A blue region of film was singled out for
containing the lowest electrical resistivities of any TiO,-based
system formed by APCVD before (p = 0.22-0.45 Q cm, n = 8.4—
12.4 x 1077 cm3, p = 18-33 cm? V-1s7Y).

The Dblue region contained a lower fluorine doping level
(F:Ti = 1.1-1.6%) than its neighboring transparent region (F:Ti
=~ 2.5%). Substantial changes in unit cell volume, preferred
crystal growth and size, Ti 2p and F 1s binding energy and
bandgap energy were seen above a critical doping level (F:Ti >
2.3%), indicating the presence of two unique fluorine dopant
sites. The two types of F-dopant were identified by ab initio cal-
culations alongside experiment to be:

« Fo dopants that replace oxygen sites, observed below the
critical doping level (blue F:TiO,), which introduce electron
charge carriers more freely (n = 8-12 x 10 cm™)

« F;! dopants that sit at interstitial sites, observed above the
critical doping level (transparent F:TiO,), which kill free-elec-
tron donation and causes the lattice to expand significantly
(by up to 2.4% against pure TiO,)

By using the combinatorial approach, a composition was
found between the transparent and colored regions that simul-
taneously acted as a photocatalyst and transparent conducting
oxide. Analyzing combinatorial systems in conjunction with
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high-throughput screening tools and cutting edge computa-
tional defect chemistry analysis provides a shortcut to under-
standing physical-functional property relationships in great
depth and offers a rapid method for discovering optimum com-
positions and new materials.

4. Experimental Section

All chemicals were purchased from Sigma-Aldrich Chemical Co;
resazurin 92%, hydroxyethyl cellulose (HEC) [average M, = 90 000],
glycerol 99.5%, isopropanol 99.98%, acetone 99%, ethyl acetate
(EtAc) 99%, titanium chloride (TiCly) 99.9%, and trifluoroacetic acid
(F3C,0,H) 99%. Di-nitrogen gas cylinders were supplied by BOC. The
glass substrate, consisting of a standard piece of 3.2 mm thick float
glass coated with a 50 nm silica (SiO,) barrier layer was supplied by the
Pilkington NSG Group.

Combinatorial Film Synthesis: An anatase TiO, thin-film with a fluorine
doping gradient (F:TiO,) was grown by combinatorial atmospheric
pressure chemical vapor deposition (cAPCVD). This involved
the reaction of TiCl, [Ti source] with ethyl acetate [O source] and
trifluoroacetic acid [F source] at 500 °C. The film was grown on standard
float glass of dimensions 90 mm x 225 mm x 3.2 mm (length X breadth
x thickness) inside a cold-walled reactor heated on its underside using
a graphite block. The substrate was coated with a SiO, barrier layer that
prevented the migration of ions from within the glass into the film. A
schematic of the cAPCVD apparatus is shown in Scheme 2.

The reagents were volatilized in heated bubblers and then
transported to their respective mixing chamber by an inert N, carrier
gas. TiCl, and EtAc were carried from bubblers 1 and 2, respectively,
to mixing chamber A, where the gas streams were combined. F;C,0,H
was transported from bubbler 3 to mixing chamber B. Additional plain
flows of N, gas introduced the precursors from their mixing chambers
through a baffle manifold and into the reactor. The Ti and O sources
entered the reactor at the same inlet and the F source was introduced
through an adjacent inlet. This created a horizontal gradient in the F:
Ti precursor ratios and the range of deposition conditions required for
the combinatorial aspect of this work. The heat gradient experienced
within cold-walled reactors from heat dissipation (+15-20 °C) coupled
with the asymmetric introduction of the precursors that formed TiO,
caused a film with a thickness gradient to be formed. The parameters
used to deposit the combinatorial film are shown in Table 2. The carbon
heating block was maintained at 500 °C during the 210 s deposition.
Mass flow rates (10 mol min™') were derived from vapor pressure
(mm Hg) curves yielding molar ratios of each precursor (normalized
to TiCl, at 1.0).173

Screening Methods: Film-thickness was determined using a Filmetrics
F20 instrument. Optical reflectance spectra were recorded over the
300-1000 nm range using a fiber optic detector (<3 s) and used to
determine film thickness with derivations based on the Swanepoel
method*’l by automated software. The refractive index of a TiO,
standard was used in each calculation.

The sheet resistance was measured using a fixed-width spring-
mounted four-point electrode (=1 cm wide). A constant voltage
was applied using a Maplin N93CX switching mode power supply.
Voltages and currents were measured using a Caltek CM2700 and a
Sinometer M-830B meter diode respectively. The electrode was placed
at the heart of each position analyzed. As each grid position was
spaced 0.75 cm apart this meant there was 0.25 cm over-spill onto
neighboring sites.

The photocatalytic activity was assessed using a screening method
employing dye degradation that relies on digital photography to
monitor the reaction progression.[*64’] A resazurin-based intelligent ink
was the test organic.*¥l The ink consisted of resazurin (40 mg) redox
dye in an aqueous solution (40 mL) with glycerol (3 g) and hydroxyl-
ethyl cellulose (0.45 g) that was aged for a day before use. The F:TiO,
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film was first washed with distilled water, rinsed with isopropanol and
then placed under UVC irradiation (254 nm, 2 x 8 W — Vilber Lourmat
VL-208G) for 1 hr to ensure the surface was free from contaminants.
An even layer of ink was applied onto wall-mounted combinatorial
films using an aerosol-spray gun (SIP Emerald Spray Gun/Halfords
Plc) at an air-pressure feed of 3.5 bar. A blank microscope slide
(VWR ISO 8037/1, 76 x 26 mm) was coated simultaneously in order
to assess the thickness of the ink-coating by UV-visible spectroscopy
(PerkinElmer Lambda 25 UV/VIS spectrometer). Photocatalysis was
instigated using UVA irradiation (365 nm, 2 x 8 W — Vilber Lourmat
VL-208BL) and monitored by digital photography (Epson Perfection
1200 Photo Scanner). The red—green—blue components of color were
extracted from each digital image using RGB Extractor.l*] The time
taken for the red component of digital color to plateau at each grid-
position was determined by fitting the color data to a Boltzmann
model using Origin 8.0.50

Physical Characterization: X-ray crystallography was carried out using
a micro-focus Bruker GADDS powder X-ray diffractometer, with a
monochromated Cu K (1.5406 A) source and a CCD area X-ray detector,
capable of 0.01° resolution in 28 with an automated X-Y movable stage.
Patterns were fit to a Le Bail refined model using the GSAS-EXPGUI
software suite.’”¥ Raman spectroscopy was conducted using a Renishaw
1000 Raman spectrometer equipped with a red laser (633 nm) over
the 100-1000 cm™ energy range. X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermo K-Alpha spectrometer using
monochromated Al K radiation. Survey scans were collected over
the 0-1400 eV binding energy range with 1 eV resolution and a pass
energy of 200 eV. Higher resolution scans (0.1 eV) encompassing the
principal peaks of Ti (2p), O (1s), F (Is), C (1s) and Si (2p) were also
collected at a pass energy of 50 eV. An Ar-ion gun was used to etch the
surface layers of samples to record a depth profile. A sputtering time
of 5 s per level was used. The survey and high resolution scans were
collected once again between each sputter cycle for a total of 4 levels.
Peaks were modeled using CasaXPS.I’l Peak positions were adjusted
to adventitious graphite (284.5 eV) and areas were converted using
the appropriate sensitivity factors’®! to determine the concentration
of each state. The average concentration relative to total titanium
at the four depths was taken as the fluorine doping level, with the
standard deviation taken as the error. The surface microstructure was
investigated by scanning electron microscopy (SEM) using a JOEL-
6307F field emission instrument. Transmittance and reflectance spectra
were recorded over the 200-2500 nm range using a Helios double beam
instrument. Room temperature Hall effect measurements were carried
out on an Ecopia HMS-3000 in the Van der Pauw configuration.B]
Measurements were acquired at 0.58 T and a current of 0.1 UA on
square-cut samples (=0.75 x 0.75 cm). Silver paint (Agar Scientific) was
used to form ohmic contacts, the integrity of which were tested prior to
measurement.

Theoretical Methods: Calculations were performed using the VASPI’]
code, with the projector augmented wave approach!’®l used to describe
the interaction between the core (Ti:[Ar], F:[Kr], and O:[He]) and valence
electrons. The calculations were performed using the screened hybrid
functional as proposed by Heyd, Scuseria, and Ernzerhof” in which
a percentage of exact nonlocal Fock exchange is added to the Perdew,
Purke and Ernzerhofl®% functional with a screening of ® = 0.11 bohr™
applied to partition the Coulomb potential into long range and short
range terms. The HSEO06 approach consistently produces structural and
band gap data that are more accurate than standard density functional
approaches, such as the local density approximation (LDA) or the
generalized gradient approximation (GGA).B1-34 A cut-off of 500 eV and
a k-point mesh of 6 x 6 x 2, centred on the I point were found to be
sufficient. All calculations were deemed to be converged when the forces
on all atoms were less than 0.01 eV.A™.

Two doping mechanisms, fluorine replacing a lattice oxygen (Fo) and
fluorine on an interstitial site (F;) were tested in a 108 atom (3 x 3 x 1)
supercell, with a k-point mesh of T'-centred 2 x 2 x 2. The formation
energy of a defect determines its equilibrium concentration. For defect D
in charge state q, the formation energy is given by
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AHp(D-q) = (EPT— EM)+ > ni (Ei + i)

bl (©)

+(Efermi + €1/gm) + Eatignlq]

where E' is the energy of the pure host supercell, and EP, 9 is the energy
of the defective cell.B>-#7] E; corresponds to elemental reference energies,
i.e., Ti(s), O,(g), and F,(g) energies, L; is the chemical potential of the
species in question and n is the number of atoms added to or taken
from an external reservoir. Electrons are exchanged with the Fermi level
(Ef), which ranges from the VBM (E; = 0 eV) to the CBM. &gy is the
VBM eigenvalue of the host bulk and E;jigq[q] is a correction used to align
the VBM of the bulk and the defective supercells and also to correct
for finite-size effects in the calculations of charged defects, performed
using the freely available SXDEFECTALIGN code.® These finite-size
effect corrections are necessary as the charge introduced into a cell can
cause a spurious interaction with its periodic image, which can affect the
energetics.[83% A correction for band filling by defect levels resonant in
the conduction band was also included.%

The chemical potentials, L, reflect the specific equilibrium growth
conditions, within the global constraint of the calculated enthalpy of
the host, in this case TiO,: uTi + 2uO = AHf(TiO,). The lower limit for
nO, which characterizes a Ti-rich/O-poor environment, is determined
by the formation of Ti,O3: AUTI = [2AH(TiO,)-AH(Ti,03)]; ALO =
[2AH{(Ti,03)-3AH(TiO,)]. The upper limit for uO (Ti-poor/O-rich
conditions) is governed by O, formation. The F chemical potential was
defined with respect to the formation energy of TiF;.

The thermodynamic transition levels (ionization levels) of a given
defect, e5(q/q’), correspond to the Fermi-level positions at which a given
defect changes from charge state q to q'.

)

e (fi’) _ AH/(D,q) -~ AH/ (D, q))
q 9 -q

The HSEO06 calculated a and c lattice parameters for anatase TiO, are
3.784 A and 9.626 A respecitively, which are in very good agreement with
the experimental lattice parameters of 3.784 A and 9.512 A respectively.']
The HSEO6 calculated indirect band gap is 3.28 eV, in good agreement
with recent HSE06 studies of anatase TiO,.’? Importantly, HSE06 has
been shown to provide a correct description of related degenerate TCO
Nb-doped anatase,®>*4l whereas as the DFT+U functionall®! and other
hybrid DFT functionals®® have qualitatively failed to reproduce the
degenerate semiconducting nature. The HSE06 approach also fulfils the
“generalized Koopmans theorem”l®® for acceptor and donor defects in
anatase TiO,,1®3l which makes it the obvious choice to study defects in
F-doped TiO,.
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