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ABSTRACT Nitrogen doping of TiO, films (N:TiO,) has been shown to improve the visible-light sensitivity of TiO,, thereby increasing
the performance of both photovoltaic and photocatalytic devices. Inductively coupled rf plasmas containing a wide range of nitrogen
precursors were used to create nitrogen-doped TiO, films. These treatments resulted in anatase-phased materials with as high as
34 % nitrogen content. As monitored with high-resolution X-ray photoelectron spectroscopy spectra, the nitrogen binding environments
within the films were controlled by varying the plasma processing conditions. XPS peak assignments for multiple N 1s binding
environments were made based on high resolution Ti 2p and O 1s XPS spectra, Fourier transform infrared spectroscopy (FTIR) data,
and literature N 1s XPS peak assignments. The N:TiO, films produced via plasma treatments displayed colors ranging from gray to
brown to blue to black, paralleling the N/Ti ratios of the films. Three possible mechanisms to explain the color changes in these

materials are presented.
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INTRODUCTION
n Ithough TiO, is widely used in photodevices, its wide

bandgap absorbs only a small fraction of the solar
spectrum, severely limiting its utility in both photo-
voltaics and photocatalytic devices. To circumvent this and
improve its absorption efficiency, TiO, is often modified or
sensitized, either directly or indirectly (1). Indirect sensitiza-
tion can be achieved through the use of dyes or inorganic
quantum dots that more efficiently absorb solar radiation,
such as in dye-sensitized solar cells. Alternatively, TiO, can
be more directly sensitized through the modification of its
bulk or surface properties, often through the introduction of
dopants, a method that is commonly used to improve
photocatalytic materials.
A variety of cationic and anionic dopants, including V, Cr,
C, F, S, and N have been used to increase the visible light
sensitivity of TiO, (2). In the past 25 years (3, 4), the
photocatalytic functions of nitrogen doped TiO, (N:TiO5)
have been widely studied along with its potential use in
photovoltaic devices (5—7). Although N:TiO, can absorb
lower energy solar radiation, the underlying cause of this
change remains unclear. One hypothesis, based on the
nitrogen chemical environment suggests the visible light
sensitivity of N:TiOy is the result of N atoms doped into one
of two different doping environments, referred to as substi-
tutionally- and interstitially doped N. These two moieties
have X-ray photoelectron spectroscopy (XPS) N 1s binding
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energies of 396 and 400 eV, respectively (8—10). Assign-
ment of XPS N 1s spectral peaks to specific binding environ-
ments is often ambiguous and the inclusion of collective
analyses of N 1s, Ti 2p, and O 1s binding regions, Fourier
transform IR (FTIR) spectroscopy data, and literature peak
assignment comparisons increase the reliability of peak
assignments. Moreover, this type of comprehensive materi-
als analysis can provide stronger correlations between
N:TiO, dopant profiles and their respective photosensitivi-
ties.

In addition to ambiguities regarding N 1s XPS assign-
ments and the origin of increased visible light sensitivity in
N:TiO,, disagreement also exists over whether introduction
of nitrogen changes the material’s bandgap. There are
several mechanisms that have been proposed to explain this
phenomenon. First, some researchers argue that the sensi-
tivity to lower-energy photons is a result of localized states
within the bandgap and not to a smaller bandgap (11—13).
Serpone and co-workers suggest the amount of dopant
required to actually lower the bandgap of N:TiO, materials
is much greater than commonly reported dopant levels of
<8% (1, 14, 15). One theoretical study found the bandgap
of N:TiO, was lowered to 1.80 eV in films with >16.7% N
content, with higher concentrations of N lowering the
bandgap even further (16). In contrast, other calculations
report significantly lower N:TiO, bandgaps with as low as
2.8% nitrogen (17). Nevertheless, photocatalytic devices
based on N:TiO, materials tend to have better performances
at low nitrogen doping values, specifically <1 % nitrogen
(18, 19). An additional consideration is the point at which
the material no longer behaves as doped TiO,, but rather
exhibits its own unique properties.
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A second explanation for increased visible-light sensitivity
of N:TiO, is that it arises from defect states, often described
as color centers, oxygen vacancies (Oyc), or F-type centers,
introduced by the doping process or the dopants themselves
(11, 20, 21). Here, F-type centers is used to describe three
types of defects found in TiO,: (a) F-centers, lattice sites
where an anion has been replaced by two electrons; (b) F*-
centers, Oy, replaced by one electron; and (c) F™2-centers,
which are equivalent to Oy, Electrons trapped at F-type
centers can be excited by photons, yielding various photo-
adsorption bands and concomitant color changes. Many
nitrogen doping processes involve reducing agents, which
favor formation of F-type centers. Indeed, the majority of
anionic dopants produce a yellowing effect in TiO, materials
(8, 22). Additionally, N:TiO, reportedly has a lower activation
energy for creating Oy, than TiO, (13, 17), suggesting
nitrogen dopants stabilize or allow formation of F-type
centers (23).

A third possible explanation for the increased visible
response of N:TiO; is plasmonic excitations. Plasmons give
rise to intense colors in metallic nanoparticles, but are also
found in other conductive materials (24). Bulk plasmons can
absorb energy according to eq 1

z \1/2
wP=( Ne ) 1)

*
m*e,

where w, is the plasmon frequency, N is the density of
electrons in the valence band, e is the charge of an electron,
m* is the effective mass of the electrons, and &, is the
permittivity of free space (25). In addition to bulk plasmons,
surface plasmons also absorb photons with their frequency
being a fraction of the bulk plasmon frequency. The three
mechanisms for increased visible response in N:TiO, are,
however, difficult to distinguish and may be substantially
interrelated.

Here, we characterized the composition and optical
properties of TiO, films treated in plasma discharges of
different N-containing gases, giving rise to N:TiO, films with
N content of 6—34 % . The photoelectric properties of N:TiO,
are highly dependent on preparation conditions; thus we
employed different plasma precursors, parameters, and
postplasma treatments to modify our TiO, films, resulting
in materials with an array of binding environments, as
measured with XPS. We have previously used nitrogen-
based plasmas to modify the surface of a variety of materials
(26—28). Thus, the primary goals of this work were to (1)
demonstrate the viability and controllability of plasma pro-
cessing in creating N:TiO, materials and (2) explore potential
origins for the resulting electronic properties. The ability to
understand and control nitrogen incorporation will ulti-
mately lead to improvements in photocatalytic and photo-
voltaic devices.

EXPERIMENTAL DETAILS
Porous TiO, films were made by calcining a slurry of 5 nm
anatase powder, as described previously along with the tubular
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film label” plasma gas” time (min)° resting gas”
NH;(30)/NHs NH; 30 NH;
NH5/NH5 NH;5 2 NH;5
NH5(30)/0, NH;5 30 [}
NH5/0, NH5 2 Oy
Hy, N, /Ny H, then N, 2 N,
Hy/N, H, 2 N,
H,/NH; H, 2 NH;
N,/N, N, 2 N,
annealed air
urea/NHs urea 2 NH5

untreated TiO,

“Indicates designation used throughout text for conditions given.
b Gas used for plasma treatment; for H,,N,/N, treatments, films were
treated for 2 min in each plasma environment. “ Time of initial
plasma treatment. ¢ Gas environment used post-plasma treatment.
Resting time for all films was at least 10 min.

glass inductively coupled plasma reactor design (29—32). A
parametric study was conducted, resulting in the observation
that pulsed plasmas with relatively high peak power, short
duration time (2—30 min), and low pressures provided the
optimal conditions for nitrogen incorporation. Thus, plasmas
with nominally 314 & 1 W of matched, applied 13.56 MHz rf
pulsed power having a 70 % duty cycle with a 30 ms on time
were used. These conditions lead to a plasma density of ~0.56
W/cm?® during the on cycle. Unless otherwise noted, gas flow
was regulated to maintain a total reactor pressure of 60 £ 5
mTorr by MKS mass flow controllers. Precursor gases were
ammonia (Matheson Tri-Gas, product grade), hydrogen (Airgas,
product grade), and nitrogen (Airgas, UHP). Pellets of ~0.4 g of
solid urea (Acros, ACS) with 1/2 in. diameters were formed in a
pellet press (Carver 4350), and used as sputtering targets
positioned ~1 cm upstream from the sample. Samples were
placed parallel to the gas flow in the middle of the plasma coil
and were treated for either 2 or 30 min. Films were cleaned
prior to all nitrogen doping procedures with a 200 & 5 mTorr
pulsed oxygen (99.9 % Airgas) plasma for 2 min ata 70 % duty
cycle with a 30 ms on time (29).

Plasma treatments resulted in substrate temperatures of
<210 °C during a 2 min treatment and ~230 °C during a 30
min treatment. These elevated temperatures, along with reac-
tive sites created during plasma treatment, allow chemical
reactions to take place even after the discharge is turned off.
As a result, the environment in which the substrate is allowed
to cool to near room temperature can affect the properties of
the films. The plasma-treated TiO, films were cooled under the
flow of ammonia, hydrogen, nitrogen, and/or argon (Airgas,
industrial grade) gases for at least 10 min to explore effects on
film composition and optical properties. To identify the different
treatments, we have developed a shorthand notation that
describes both the plasma treatment and the subsequent cool-
ing environment, Table 1. For example, a TiO, sample treated
for 2 min with an NH; plasma and allowed to cool under an O,
flow is designated as NH5/O,. Likewise, a sample treated in the
same manner, but with a 30 min plasma exposure is designated
as NHs(30)/O,. The H,,N,/N, designation represents a TiO, film
treated in series with a 2 min hydrogen plasma, then a 2 min
nitrogen plasma, followed by cooling under N,. Films desig-
nated as “annealed” consist of NH5/NH5 films heated under
atmosphere in a furnace (Cress Electric, C-101) at 450 °C;
annealing time was 30 min unless otherwise stated.

Diffuse reflectance spectra were collected with a Varian
Cary500 UV—vis spectrometer with a praying mantis diffuse
reflectance attachment. A Teflon standard reference was used.
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Table 2. XPS Atomic Concentrations

film label % N % Ti % C (O + N)/Ti N/Ti

NH5(30)/NH5 31.5+2.1 36.4 £0.9 31.3+3.0 0.7+ 0.6 1.73 £0.10 0.86 £ 0.04
NH5/NH5 21.0£52 329 £27 409 £3.5 52£52 1.88 £0.19 0.64 £0.15
NH5(30)/0, 239£15 34.4£0.2 405+ 1.7 1.2+ 1.1 1.87 £0.07 0.70 £ 0.04
NH5/0, 159£04 31.6 £2.1 473 £ 0.4 51£25 2.00 £0.02 0.51 £0.03
Hy,N,/N, 18.1£1.9 329£0.6 45.6 £2.7 35+1.0 1.94 £0.10 0.55£0.05
Ha/N; 9.8 +32 31.9£0.7 54.6 £6.2 3833 2.02£0.22 031 £0.1
H,/N,-aged 73£3.1 29.7£0.5 585£1.9 45+ 1.7 2.22+£0.12 0.24£0.10
H,/NHj5 151£28 333 £ 1.2 46.7 £ 0.6 381 £2.1 1.86 £0.09 0.45 £ 0.08
N»/N, 9.2+ 1.1 31.4£03 559+ 1.4 3.54+0.8 2.07 £0.06 0.29 £ 0.03
annealed 6.6+ 1.0 28.9+0.9 62.0£0.4 2.6 0.6 2.37 £0.04 0.23 £ 0.04
urea/NHs 10.0£ 1.4 23.6 1.2 583 £32 73+£25 2.89£0.15 0.43 £ 0.06
untreated TiO, 25.8+£0.8 62.9+£29 11.3£3.7 2.44 £0.11

Absorption coefficients of the films were determined from the
spectra by use of the Kubelka—Munk function, F(r) (33). Tauc
plots were constructed with the assumption of an indirect,
allowed bandgap material (34). Tauc bandgap (Eg) values were
acquired by plotting (F(nhv)'*? vs hv and fitting a line to the
linear portion of the graph in the band edge region. When E,
values were calculated, film thickness and substrate effects were
not taken into account, thereby potentially introducing some
error as the Kubelka—Munk function assumes a smooth and
infinitely thick sample (35).

XPS spectra were acquired using a Physical Electronics
PE5800 ESCA/AES system using a monochromatic Al Ky X-ray
source. A low energy (~1 eV) electron neutralizer was used for
charge neutralization. Both survey scans (187.85 eV pass
energy, with 0.800 eV/step) and high resolution scans (23.5 eV
pass energy, with 0.100 eV/step) were obtained for the TiO,
films. Spectra were either shifted to the Ti 2ps;, peak at 458.6
eV in TiO,(36), or to the Au 4f7, peak at 84.0 eV by using a
cleaned gold O-ring attached to the TiO, surface during analysis.
Shifting to the gold peak was performed in samples with
reduced Ti 2p environments; in unreduced samples the 458.6
Ti 2ps;, and 84.0 Au 4f;, eV peaks were aligned. All composi-
tional analysis values were collected from high resolution scans
employing a Shirley-type background subtraction in MultiPak
V6.1A. Curve fitting was performed using a combination of
Gaussian and Lorentzian functions that were allowed to vary in
Lorentzian character from 0—25 %, with each full width at half-
maximum (fwhm) < 2 eV. A2 kV 3 x 3 mm Ar ion beam from
a Physical Electronics ion sputtering gun (11—066) was used
to sputter the films to determine the effect on the nitrogen
binding environment. Additional compositional analyses were
performed to determine the crystallinity of the treated films
using X-ray diffraction (XRD) spectroscopy (Scintag X-2 with a
Cu X-ray source and Peltier detector). The angle was swept from
5—90° at 0.02°/s. The samples were analyzed in their porous
form on fluorinated tin oxide (FTO)-coated glass substrates.

FTIR was used to characterize the chemical environments of
treated materials. For each sample, 3—6 films were treated,
scraped off the substrate, and pressed into a 1/2 in. diameter
pellet. FTIR spectra were collected using a Nicolet Magna 760
spectrometer with a 1 cm™' resolution and an average of 32
scans.

RESULTS

XPS Compositional Analysis. XPS elemental com-
position data for TiO, films treated with different plasmas
are listed in Table 2. An array of compositions was obtained,
with average %N values ranging from 6.6 to 31.5%. The
highest N content is achieved using reductive plasma envi-
ronments, suggesting NHs is more effective than N, or urea
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at promoting N-incorporation. Longer treatment times in
NHs plasmas also resulted in higher N content, regardless
of the post plasma treatment. The films treated using NH5(30)/
NHs, NH5/NHs, Hy,N»/N,, and H,/NH5 treatment schemes
were all analyzed the same day as the plasma treatment in
an attempt to limit the aging/oxidation upon exposure to
atmosphere. Over time, the NH5/NHs-treated films gain O
content as a result of oxidation of less-stable nitrogen or
titanium environments and eventually resemble the NHs/
O,-treated films in atomic composition, Table 2. As antici-
pated, films exposed to an O, environment after plasma
treatment contain more oxygen than those cooled under
NHs. The incorporation of nitrogen in H, plasma-treated
films that were cooled under NH5 and N, demonstrate the
reactivity of plasma-reduced TiO, films. N»/N, and H/N,-
treated films are very similar in % N content. Higher N
content in N, plasma systems is achieved by first plasma
reducing the films and then treating the films in a N, plasma,
as in Hp,Ny/Np-treated films. Films treated in urea plasmas
for 2 and 10 min had similar amounts of nitrogen (data not
shown), suggesting that the films saturate quickly.

The thermodynamic stability of TiO, over the N—TiO,
materials studied here is manifested compositionally in post-
treatment annealing. NHs/NHs-treated samples contain 21.0
£ 2.1 % nitrogen, whereas an identical plasma treatment
followed by 30 min of annealing results in a dramatic
decrease in N content to 6.6 = 1.0 %. This trend also holds
for longer annealing times (data not shown), although the N
content decreases more slowly with additional annealing
time; specifically, after annealing for 120 min ~3% N
content remains. In contrast, oxygen incorporation increases
from 40.9 + 3.5% to 62.0 = 0.4 % upon annealing for 30
min.

Table 2 also lists N/Ti ratios for comparison to literature
values and (O + N)/Ti ratios, which provide further insight
into the Ti coordination in our materials. Specifically, an (O
+ N)/Ti ratio of 2 corresponds to TiO,-like coordination of
Ti when N and O are treated interchangeably. Similarly, an
(O + N)/Ti ratio of 1 more closely resembles the Ti coordina-
tion in titanium nitride materials (37). High (O + N)/Ti ratios
are indicative of O-terminated surfaces as discussed previ-
ously (29). On the basis of these criteria, the (O + N)/Ti ratios
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FIGURE 1. XRD data for a NH5(30)/NHj; film where peaks with index
labels correspond to peaks arising from the film. The SnO, (110),
(101), (200), (211), (310), and (301) peaks and the Sn (200), (101),
(220), (211), (301), and (321) peaks arise from the conducting FTO
substrate.

suggest our films are more similar to titania or titanium
oxynitride than to titanium nitride.

Given the high N content in some of our materials,
particularly NH5(30)/NH5 and NH5(30)/O,-treated films, we
explored the retention of the characteristic crystal structure
of anatase TiO, using XRD. Figure 1 shows XRD results from
a TiO, sample subjected to the NH5(30)/NH5 treatment. All
major peaks were assigned to either anatase TiO, or the FTO
substrate. The film contains no rutile phases, and the
absence of any TiN, or Tis—sO4N peaks (38) in these data,
despite similarities in film colors, suggests that NH5 plasma
treatment does not cause the formation of additional crystal-
line polymorphs. XRD data from annealed, NH5/O,-, and
NH5(30)/O,-treated films parallel those from the NH5(30)/
NHs-treated sample with film peaks corresponding to the
anatase structure.

High-resolution N 1s XPS spectra shown in Figure 2
illustrate the effect of processing parameters on films struc-
ture. Deconstruction of the spectra yields five distinguishable
binding environments, designated as peaks 1—5, with re-
spective binding energies of 396.3 £ 0.2, 397.2 0.2, 398.4
£ 0.2,399.9 £ 0.3, and 402.4 + 0.2 eV. Several observa-
tions can be made from the spectra in Figure 2. Comparison
of panels a and b in Figure 2 show that for NH5 plasma-
treated materials, changing the post-treatment cooling en-
vironment from O, to NHs results in a decrease in the
contribution of peak 1 and an increase in the contributions
of peaks 2 and 3. These changes are more pronounced with
increased plasma treatment time, Figure 2c. The urea
plasma-treated sample, Figure 2d, displays a significantly
different N 1s spectrum, with the dominant contribution
coming from peak 4, along with a small contribution from
peak 3. Comparison of panels b and e in Figure 2 show that
annealing of the NHs/NHs-treated sample yields a dramatic
increase in the contribution of peak 5. Figure 2e is repre-
sentative of spectra for all annealed N-TiO, films wherein
the incorporated nitrogen is found primarily in the peak 5
binding environment, regardless of its binding environment
prior to annealing. Peak 5 does not change upon soaking in
water, suggesting it is not a physisorbed species. After ~3
months of aging, the XPS spectrum for annealed films
changes somewhat, with peak 5 remaining and peak 4
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FIGURE 2. High-resolution XPS N 1s spectra with deconstructed fits
to the individual components. The vertical dashed lines represent
peaks 1—5 located at 396.3 &+ 0.2, 397.2 £ 0.2, 398.4 & 0.2, 399.9
+ 0.3, and 402.4 £ 0.2 eV, respectively.

appearing along with a small N/Ti ratio change from 0.26 to
0.30. When annealed films are subjected to sputtering by 2
kV Ar*, peak 5 decreases and peaks 1 —4 appear, with peak
1 being the most intense after five or more minutes of
sputtering. Other plasma treatments, Table 1, result in films
with spectra that are comparable to those displayed in Figure
2. Specifically, the spectrum in Figure 2a is representative
of those found for N,/N,, NH5(30)/O,, and H,,N,/N, materials,
and the spectrum in Figure 2b is representative of those for
H,/N,- and H,/NHs-treated TiO,.

Additional insight regarding the nitrogen binding in these
films can be gained from the Ti 2p binding environments.
The Ti 2ps, high-resolution XPS spectra of the N:TiO, films
are deconvoluted into five peaks, designated as peaks 1—5
with binding energies at 458.55 £ 0.07, 457.38 £+ 0.14,
456.19 £ 0.08, 455.24 £ 0.06, and 454.23 £ 0.06 eV,
respectively. The relative contributions of these peaks are
listed in Table 3 as a function of the different treatments.
The air unstable state (peak 5) only appears in films sput-
tered for >5 min. XPS high-resolution Ti 2p spectra are
displayed in Figure 3a—e, with peaks 1—4 appearing as
doublets (2ps, and 2p,p) from spin—orbit coupling. Un-
treated TiO; films, urea plasma-treated films, and annealed
films have Ti 2p spectra dominated by peak 1, wherein
>90 % of the titanium is in the Ti(—0), binding environment
corresponding to stoichiometric TiO,. The appearance of
peaks 2—4 in Figure 3a—c is, therefore, a reflection of the
extent to which treatment affects the chemical environment
of the titanium. More specifically, we associate lower-binding
energy peaks with reduced titanium. From the data, it is
clear that this effect is most pronounced in the case of the
NH5(30)/NH;-treated films, Figure 3c. Additional data found
in Table 3 show, for example, H,/N,- and H,/N,-aged films
have spectra resembling that portrayed in Figure 3b. Com-
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Table 3. Percent Relative Peak Area for Decomposed XPS Ti 2ps,, Peaks”

film label peak 1 (%) peak 2 (%) peak 3 (%) peak 4 (%) peak 5 (%) color?
sputtered (15 min) 34+ 6 20 + <1 16 £2 14+3 17+ 4 black
NH5(30)/NH5 35+ 4 24+ 2 21 +4 1942 - black
NH5/NHj3 50 + 4 25+ 1 18+ 1 7+5 <1 dark green
NH5(30)/0, 5243 20+ 2 15+ 1 3+£2 - dark brown
NH;5/O, 62+ 3 33+ 4 441 <1 - gold
H,, No/N, 53+ 6 33+ 3 11+3 243 - yellow/gold
Ha/N, 60 + 24 21 8 12+9 7+8 <1 dark blue
H,/Njaged 78+ 6 14+3 6+2 1£1 <1 gray
N»/N, 78 £ 1 16£1 5+ 1 1 £1 slightly yellow
annealed 93 + 2 7£2 <1 slightly yellow
urea/NHs 96 £ 2 4+2 white
untreated TiO, 98 + <1 2 +<1 white
literaturessignment TiO, TiON,, TiON,, TiN, Ti% TiN,
our assignment Ti(—O)s Ti(—0)s5(—N),; Ti*T(—0)s5(—N), Ti?T(—0)4(—=N), (—F"), Ti**(—=N)5,Ti®, Ti*"—F

“Peaks 1—5 are located at 458.55 & 0.07, 457.38 + 0.14, 456.19 £ 0.08, 455.24 + 0.06, and 454.23 + 0.06 eV, respectively. ? Indicates

color film appears upon removal from reactor or upon aging.

2 3 4 3 2
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FIGURE 3. High-resolution XPS spectra with deconstructed fits to the individual components for Ti 2p,, and Ti 2ps/, peaks (left) with Ti 2ps,
peaks 1—4 located at 458.55 4= 0.07, 457.38 4 0.14, 456.19 £ 0.08, and 455.24 & 0.06 eV, respectively; and O 1s peaks (right) with peaks 1—3

located at 530.0 £ 0.1, 530.7 £ 0.1, and 532.0 £ 0.1 eV, respectively.

mon literature assignments and our most probable assign-
ments for each Ti 2p binding environment are also listed in
Table 3, and discussed further below.

Table 4 explores the relationship between nitrogen and
titanium binding environments. Specifically, the % N in peak
1 of the N 1s binding environment corresponds to the % Ti
in peak 2 of the Ti 2p binding environment. Similarly, the
% N found in peak 2 of the N 1s spectra parallels the amount
of Ti found by combining peaks 3 and 4 of the Ti 2p spectra.
Ti 2p peaks 3 and 4 can be grouped together due to their
association with Ti’* binding environments. In most N:TiO,
films, the amount of N found in the N 1s peak 1 binding
environment is roughly equivalent to the amount of Ti found
in the Ti 2p peak 2 binding environment. The exceptions
are the NH5(30)/O,, NH5/O,, H,,N,/N, and N»/N, films. The
greater peak 1%N found in these films is explained by a
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binding environment where multiple nitrogen atoms are in
close proximity to a single titanium atom. A tetrahedral
titanium atom bonded to electronegative oxygen atoms is
capable of isolating two nitrogen atoms from each other to
the extent that their binding environments are not distin-
guishable from that of one nitrogen atom. This leads to
double counting of some of the N 1s peak 1 binding environ-
ments that represent the same Ti 2p peak 2 binding
environment.

Similar to the high-resolution O 1s spectra discussed in
our previous work (29), the O 1s spectra here were decom-
posed into peaks designated 1—3, Figures 3f—j, with binding
energies of 530.0 & 0.1, 530.7 £ 0.1, and 532.0 £ 0.1 eV,
respectively. Peak 1, associated with the Ti(-O), binding
environment, dominates the spectrum of an untreated TiO,
film, and as with the Ti 2p spectra, the presence of additional
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Table 4. Comparison of N 1s and Ti 2p XPS Atomic Percentages from Each Environment

Nat % Tiat %

film label peak 1 peak 2 peak 2 peak 3 + 4 (N*/Ti*)4 color
NH5(30)/NH5 8.8 £ 0.7 164+ 1.4 9.1 £1.1 157+ 1.1 1.0£0.1 black
NH5/NH5 109+3 82+22 8.9+0.8 8.6=+1.5 1.2+03 dark green
NH5(30)/0, 177+ 1.3 6.2+0.8 10.0 £ 0.7 6.2+0.8 1.8 £0.1 dark brown
NH5/O, 145+ 0.5 1.3+£0.3 104+ 1.4 1.6+ 0.3 1.4£0 gold
Ha,No/N, 13.6 £1.5 45+0.7 109 £ 1 43+ 1.4 1.3+0.1 yellow/gold
H,/N, 52+1.8 36+ 1.4 6.7+2.6 6.1 £3.8 0.8+03 dark blue
H,/Naged 42+1.8 1.4+0.7 4.24+0.9 2.1£0.7 1.0£0.4 gray
No/N, 7.6 £ 1 1.6 £0.3 50£0.3 1.9+0.4 1.5+0.2 slightly yellow
annealed 1.3+0.2 02+0 2.0+0.6 0.7+0.3 slightly yellow
urea/NH; 03£0 09+05 03+05 white
untreated TiO, 05+03 white

“N* is defined as the N atomic % represented by peak 1 and Ti* is defined as the Ti atomic % represented by peak 2.

peaks indicates modification of the TiO, structure. Spectra
for NH5(30)/NH3, NH5/NH3, and urea-plasma-modified films
show an increase in the O 1s peaks 2 and 3 when compared
to annealed and NH3/O, modified films. Although not shown
in Figure 3, O 1s spectra of NH5(30)/O,- and NH5/O,-treated
films appear experimentally equivalent. O 1s peak assign-
ments are discussed below.

The XPS N 1s spectrum of a 100 % urea sample is similar
to the N 1s spectrum of our urea plasma-treated films with
the majority of the nitrogen existing in peak 4. During a urea
plasma treatment, crystalline deposits build up on the reac-
tor walls near the coil region, yet no wall depositions occur
in the coil region. This is likely the result of a wall temper-
ature difference. The N content of our urea plasma-treated
films decreases when placed in deionized water for several
hours, indicating that the nitrogen in this binding environ-
ment is relatively water-soluble. To verify that the urea is
not simply sputtered onto the TiO, films, we heated the films
to 150 °C and pumped to 10 mTorr for 60 min, allowing
any solid urea to sublime. Subsequent XPS analysis indicates
the component at 399.9 eV still dominates the N 1s spec-
trum, but the total % N decreases significantly. Under these
conditions, a 0.2 g urea pellet sublimes in minutes; therefore,
solid urea is not redeposited onto the surface of these films.

Further insight into the nitrogen binding environments
was pursued through FTIR spectroscopy, Figure 4. Broad
peaks at ~3600—3000 cm™!, attributed to the —OH stretch
in water absorbed by TiO, limit our ability to separate —OH;
from -NH, absorption peaks. In comparing FTIR spectra of
urea and urea-plasma-modified films (Figures 4a and b),
however, the FTIR absorbance peaks labeled 1—3 are more
distinguishable in the spectrum of the urea pellet. These
three absorbance bands (at ~3450, 3350, and 3200 cmm™1)
are assigned to NH,, NH, and —NH(C=O0) stretching, respec-
tively. The urea plasma-treated TiO, films give rise to more
intense peaks at 2200, 2050, and 1575 cm™! (absorption
bands 4, 5, and 7 in Figure 4), and a much weaker absorp-
tion at 1450 cm™! (peak 8). Absorption band 4 (~2200 cm™")
is assigned to N=C=0 stretching (39), or —N=C=N func-
tionality; band 5 (~2050 cm™') is assigned to C=C or C=N
functionality; band 7 (~1575 cm™") arises from NH bending,
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FIGURE 4. FTIR spectra of (a) urea mixed with KBr and (b, c) treated
TiO, films scraped off of substrates and mixed with KBr. Vertical
dashed lines represent peaks 1—9 located at 3450, 3350, 3200, 2100,
1675, 1625, 1575, 1450, and 1150 cm™!, respectively.

again indicating no residual urea precursor in the urea
plasma-treated sample; and band 8 (~1450 cm™") most
likely arises from —CH,, or —C—N species. Absorption bands
6 and 9 in spectra for both the urea pellet and the urea
plasma-treated TiO,, panels a and b in Figure 4, were
assigned to C=C, C=N, or —N—C=O0O species and NH,
rocking or C—O stretching species, respectively. Differences
in spectra shown in panels a and b in Figure 4 demonstrate
urea is not simply being deposited onto the films. The
spectra of the NHs/NH; and NH5(30)/NH; films are very
similar to the spectrum shown in Figure 4c for the NH5/O,
film.

Optical Investigation. A striking aspect of our treated
TiO, films is the wide range of color changes that occur as
the white, untreated samples become shades of yellow,
green, brown, blue, and black as a function of both the
plasma and the post plasma treatment conditions, Figure 5.
Notably, some of the samples change colors as they age,
whereas others retain their colors permanently, Table 5.
Although a description of these colorimetric changes is
somewhat subjective, it does provide additional perspective
on the structure and absorption properties of the materials.
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FIGURE 5. Photograph of films depicting the range of colors achieved via different film processing conditions, namely (left to right) NH5/
(30)NH5, NH3/NH5, NH5/(30)0,, NH5/O,, H»,N»/N,, Hy/N,-aged, and urea/NHj-treated films, respectively.

Table 5. Tauc Bandgaps for Modified Films

film label Eg (eV)* color
NH5(30)/NH5 black
NH5/NH5 dark green
NH5(30)/0, 1.52 £0.01 dark brown
NH5/O, 2.05+£0.09 gold
H,, No/N, 2.07£0.16 gold/yellow
H,/N, dark blue
H,/N,-aged gray
N»/N, 3.10 £ 0.09 slightly yellow
annealed 293 £0.11 slightly yellow
urea/NHs 3.33 4+ 0.01 white
untreated TiO, 3.34 + 0.07 white

“Values derived from UV—vis spectra as described in the text.

After a 2 min of NH;5 plasma exposure, the films turn a
dark blue color. Depending on the post-plasma treatment,
the films turn colors ranging from a dark green to gold. Films
allowed to rest under vacuum, argon, nitrogen, or an am-
monia flow (NH5/NHs) displayed a dark green color and films
resting under an oxygen atmosphere (NHs/O,) immediately
appeared gold. NHs/NHs-modified films age considerably
upon exposure to atmosphere, reverting to the gold color of
the freshly treated NHs/O, films over a period of about one
month. NH5(30)/NH5 and NH5(30)/O, films become black
and brown after treatment. Gold, black, and brown films do
not appear to age for a period of at least 5 months. N, plasma
treatments turn the TiO, films a faint yellow color and urea-
plasma-modified films (with or without an ammonia carrier
gas) appear yellow while still in the reactor under a vacuum,
but become white again after being removed from the
reactor and exposed to atmosphere.

H, plasmas were used to create reactive sites on the TiO,
surface, which were then allowed to react with a cooling gas,
thereby indirectly introducing nitrogen to the film. After 2
min of H, plasma exposure, the films appear dark blue;
subsequent exposure to NHs, N,, O,, and NO; gas flows
resulted in additional color changes. Films exposed to NH;
range from dark blue to dark green colored films which
become light green in a few days and ultimately turn gold
after a few months. Films cooled under N, are dark blue and
then age to a gray color. Films exposed to O, after a H,
plasma treatment immediately turned a dull yellow color,
and those exposed to N, become yellowish-gold in color. XPS
spectra of Ho/NH5 and Ha/N,-treated films are indistinguish-
able from those of NHs/NHs-treated films, and we assume
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FIGURE 6. Diffuse reflectance UV—vis spectra of TiO, films treated
with different plasma treatments as labeled.

that the electrical properties of the latter are representative
of all of these materials.

To quantify film color changes, we measured absorption
spectra using diffuse reflectance UV—vis spectroscopy, Fig-
ure 6. The relative intensities of the spectra loosely correlate
with the darkness of the films, with the highest and lowest
intensities corresponding to white and black films, respec-
tively. Urea plasma-treated films differ from the untreated
films only in the slightly lower intensity of the signal. The
progressively deeper shades of yellow seen in moving from
annealed, to N,/N,, and to H,,N,/N,-treated films are more
discernible from their diffuse reflectance spectra, Figure 6.
Aged H,/N,-treated films have a broad and diminished
reflectance and NH5(30)/O,-treated films have a lower in-
tensity corresponding to their dark brown color. As expected
from their dark color, the NH5/NH5 and NH5(30)/NH5 modi-
fied films are extremely low in reflectance.

Tauc bandgaps are determined from the diffuse reflec-
tance spectra by use of the Kubelka—Munk function (34).
Eg values, ranging from 1.52 to 3.33 eV, are calculated by
fitting data in the linear portion of the absorption band edge
of the Tauc plots, Table 5. The indirect bandgap for anatase
TiO, is ~3.2 eV (40), although higher experimental bandgaps
(3.3—3.5 eV) have been reported (41, 42). The NH5(30)/O,-
treated films display the lowest accurately determinable Ej.
Upon aging, the E; values for NHs/NHs-treated films ap-
proach those of NH5/O,-treated films (~2 eV). Poor reflec-
tance signal and/or nonlinearity of the band edge precluded
calculation of E, values for H,/Ny-aged, NH5/NH5, and NH5(30)/
NH; films. To explicitly connect the electrical properties of
these films with the compositional analysis achieved from
XPS, Figure 7 demonstrates the correlation between Eg and
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FIGURE 7. Correlation between calculated E; and amount of nitrogen
in the N 1s peak 1 environment for plasma-nitrided films. These data
support a localized-nitrogen-dopant light-absorption mechanism.
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FIGURE 8. Correlations between calculated E; and N*/Ti* ratios
calculated in Table 4. These data support a plasmonic light absorp-
tion mechanism.

%N in the N 1s peak 1 environment, and Figure 8 shows Eg4
values as a function of the N*/Ti* ratios, Table 4. The
connection between these data and the underlying mecha-
nisms for nitrogen incorporation are discussed in more detail
below.

DISCUSSION

As noted in the Introduction, the primary goals of this
work were to explore the use of nitrogen-containing plasmas
to controllably produce N:TiO, and to examine the underly-
ing mechanisms for doping resulting in increased sensitivity
to visible light. Thus, this work has focused on the charac-
terization of our plasma-modified materials utilizing prima-
rily XPS, FTIR, and diffuse reflectance UV—vis spectroscopy
to analyze the resulting film properties.

Production and Control of N Doping. N:TiO, films
produced here contain only anatase domains with the
highest N/Ti ratios reported to date of up to 0.90. No
evidence of TiN or cubic phased oxynitride (43) crystallinity
in either NH5(30)/NHs- or NH5(30)/O,-treated films is ob-
served. For crystalline phases other than anatase TiO, to
form, higher film temperatures would be required than those
reached in our plasma treatments. Because XRD completely
penetrates the films, anatase-phased TiO, could be any-
where in the nanoparticle films and the films with high N
content could have amorphous titanium nitride regions.
Treatment of TiO; in a reducing plasma environment (i.e.,
in the presence of NH5 or Hy) yields higher nitrogen loading
over a short time. In the literature, N/Ti ratios range from
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0.02 to 0.36, with the most common ratio being ~0.1,
corresponding to N:TiO, with ~5% nitrogen (14, 44—49).
The highest nitrogen doping for amorphous TiO, films is
~28% (50). Similarly, <23 % nitrogen was reported in rutile
films heated to 800 °C and 49 % in TiO, nitrided to mostly
crystalline TiN at 1100 °C for 5 h (36). Notably, high surface
oxidation of our porous films is evident by high surface
concentrations of oxygen and by the majority Ti(—O)e
binding environments found in all treated films, Table 3.
Additionally, the (O 4+ N)/Ti ratios in Table 2 reflect a titania
or titanium oxynitride material.

A major tool used to describe the nitrogen in N:TiO, films
is high-resolution N 1s XPS spectra as these provide sub-
stantial information on the chemical environment (although
not specific chemical bonds) of the nitrogen atoms in the
film. Peaks 1 and 2 in N s spectra for N:TiO,, Figure 2, are
sometimes combined in the literature. Studies of the con-
trolled oxidation of titanium nitride materials suggest, how-
ever, that these are two distinct binding environments
(51—53). Recently Zhang and co-workers recognized this
distinction in high temperature nitridation of TiO, and
argued that peak 1 was a titanium oxynitride (36). This peak
is more often assigned to Ti—N or 8-N bonding species which
are found in TiN, materials (54). To clarify the analysis of N
s data in the present work, we examined the O 1s and Ti
2p spectra of our NH5/O, films, Figure 3. The O 1s spectrum
has no features at 532 eV, the region that would be consis-
tent with N—O or oxynitride species (36). By comparison,
literature assignments indicate peak 2 in the Ti 2p spectrum,
observed in our films, is an oxynitride (54, 55). Given that
our XRD data indicate the prevalence of the anatase struc-
ture, we have designated peak 2 in the Ti 2p spectrum to a
Ti(—OTiy)5(—NTiy); or Ti(—OTiy)4(—NTiy), environment. Thus,
our assignment of peak 1 in the N 1s region to an N(—TiOs);
or N(—TiO5),(—TiO4N); binding environment is consistent
with the Ti 2p spectrum and with Ti atoms in the Ti**
oxidation state. These Ti 2p (peak 2) and N 1s (peak 1)
environments arise from substitutional nitrogen doping
where oxygen atoms are replaced with nitrogen atoms. The
titanium is in a more reduced environment, yet not enough
to formally represent a Ti*" oxidation state.

The N 1s peak 2 has previously been assigned to TiN, with
a binding energy range of 397.1—397.5 eV, depending on
the N/Tiratio (56, 57). Peak 2 constitutes the majority of the
N 1s region in spectra of NHs/NH5 and NH5(30)/NH5 films.
The significant difference in binding energy for peak 2 in
spectra of these two films, Figure 2, results from the change
in TiN, content. The Ti 2p and O 1s XPS spectra for these
materials support this N 1s peak assignment. Peak 3 in the Ti
2p spectra has been assigned to an alternative oxynitride
species and to Ti’* species in Ti,O5 and TiN type materials
(65, 58, 59). Additionally the darker color observed has been
attributed to the creation of Oy, (60, 61), and to the Ti>" to
Ti*t optically allowed transition (62). On the basis of the
literature assignments, the number of deconstructed Ti 2p
peaks, and the stability of the binding environments, peak
3 (Ti 2p) is assigned to Ti**(—OTi,)s(—NTiy);. Peak 4 (Ti 2p)
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is assigned to a similar environment wherein the Ti*" is
bonded to more nitrogen atoms or some of the connecting
oxygen atoms are replaced by F-type centers. The increased
intensity of the O 1s peaks 2 and 3 in spectra of NH5(30)/
NH;5 films relative to NH5/NH5 films could indicate fewer
lattice oxygen atoms and more Ti>* states onto which
hydroxyl and carboxyl species have absorbed (63, 64). Thus,
peak 2 in the N 1s spectrum originates from a titanium
nitride-type environment with the titanium in a Ti** state.
Notably, the N=Ti**—0 species appears at a higher N 1s
binding energy than N—Ti**—0 as the Ti oxidation state
strongly influences binding energy. The chemical structure
of this environment probably resembles N(—Ti>*Os);-
(=Ti*"Os), or a hydrogenated titanium nitride species where
the titanium has been reduced to Ti**.

We also explored the origin of the N 1s signal at 399.9 +
0.2 eV (peak 4), which appears only in the spectrum of urea
plasma-treated films. Peak 4 has been assigned to intersti-
tially doped nitrogen (8, 65), Ti—O—N (14), TI—=N—0O (9),
Ti—O—N—O (66), NH, species (67, 68), chemisorbed N,
species (69), and molecularly absorbed y-N, species (47, 70).
The common peak assignment of absorbed y-N species can
be traced to Shinn and co-workers from nitridation of Cr/W
wherein they assigned the 400 and 405 eV peaks to well and
poorly screened vertically absorbed N, molecules, respec-
tively (71). Here, the nitrogen binding environment in H,/
N, films were similar to NH5/NHj5 films where the 399.9 eV
peak constituted only a small percentage of the N 1s region
(10£ 1 %). Additional C content and higher binding energy
peaks in the C 1s XPS spectra of urea plasma-treated films
suggest surface oxide or amide-type carbon species. Higher
binding energy peaks in the corresponding O 1s spectra
indicate carbonyl or NO oxygen species. From the XPS data
alone, we cannot discern the origin of the N 1s peak 4.
Differences in FTIR spectra obtained from a urea pellet and
urea plasma-treated films, Figure 4, permit a more specific
assignment of the N 1s peak 4. Using the FTIR assignments
given above and the solubility of this environment, peak 4
(399.9 eV) likely arises from weakly bound adsorbates
with functional groups that promote water solubility (e.g.,
—NH—CH=0, —N=C=0, —N=C=N—,and ~NH—COH=NH).

Also of interest is the shift toward higher binding energies
that accompanies annealing of N:TiO, films, yielding a peak
at 402.4 £ 0.2 eV (peak 5). Signal in this region has been
attributed to interstitially doped nitrogen, NO z* character,
y-N, molecular N,, and oxynitride species (14, 70, 72). Upon
annealing, the lower binding energy nitrogen environments
represented by peaks 1—4 migrate to this higher binding
energy environment. Shinn and co-workers observe the
opposite phenomenon when their films are annealed in
vacuum from 80—1350 K, with nitrogen in the higher N 1s
binding energy environment supplying the nitrogen that
migrates to a more reduced state. Our data suggest the 402.4
eV binding environment refers to a chemisorbed or trapped
species as it does not dissolve in water. The Ti 2p spectra of
annealed films show peak 2 accounting for 7 & 2% of the
Ti 2p region, assigned to an intermediate oxynitride species.
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Given the lack of a N—O signal in the O 1s spectrum,
however, it seems more likely that the N 1s signal at 402.4
eV arises from interstitial nitrogen dopants such as trapped
N,, or —N=N-— species that are more influenced by Ti*" sites
than O? sites. These species form during the annealing
process and then substitutionally order themselves during
Ar™ sputtering.

Possible Optical Mechanisms. Visual changes in
TiO, that accompany nitrogen doping are closely related to
the simultaneous enhancement of the material’s photosen-
sitivity. The origin of these color changes remains unclear,
with possible mechanisms including lowered bandgaps,
intrabandgap localized dopant states, intrabandgap F-type
centers, or plasmonic excitations. The first two are sup-
ported by the idea that specific XPS N 1s binding environ-
ments cause the visible light sensitivity of N:TiO, materials.
Lower Eg values could, however, result from any of the
above-mentioned phenomena. In practice, these explana-
tions are all closely related. Lowered bandgaps can be
caused by high concentrations of interbandgap localized
dopants or F-type centers; plasmonic energies can be altered
by trapping charges at various sites. Although this makes
distinguishing between mechanisms difficult, photocatalytic
and photovoltaic properties of these materials depend heavily
on photoabsorption mechanisms.

When TiO, is progressively doped with nitrogen, the
nitrogen could initially form localized states within the
bandgap of the material. Upon further doping, these states
could begin to broaden and overlap, causing absorption of
progressively lower energy photons. This phenomena is
observed in nitrogen doped diamond where yellow through
black diamonds are produced at high nitrogen doping (73).
In this case, the amount of a specific nitrogen environment
in the films would cause the color changes. Our E4 values
for annealed and N,/N,-treated films deviate from this
argument as two different N 1s binding environment display
similar colors. Their Eg values overlap, yet the majority of
the incorporated nitrogen is chemically different. This idea
cannot be ruled out; however, because the gray, yellow, gold,
and brown colors of other films appear to change with the
amount of nitrogen in the N 1s peak 1 environment, Table
4 and Figure 7. In fitting the Figure 7 data, both the annealed
and urea-treated films were not included in the linear
regression analysis because both have significant contribu-
tions from other binding environments besides the N 1s
peak 1 environment. Thus, the linear trend begins with N,/
Ny-treated films which have the least amount of nitrogen in
the N 1s peak 1 environment, and therefore, the least
amount of localized nitrogen band broadening.

F-type centers could also cause the optical absorption
differences in our N:TiO, materials. If defect states such as
Ti* —F"2, Ti*"—F", Ti*'—F, and Ti**—F*' environments were
detectable in the XPS spectra, their concentration would
have to be >1000 ppm and F-type centers in concentrations
of <1000 ppm can be sufficient to cause color changes. From
the Ti 2p peak assignments and relative contribution data,
Tables 3 and 4, we infer peak 4 in the Ti 2p spectrum is
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associated with F-type centers and nitrogen in the N1s peak
2 environment. The dark films resulting from NH5(30)/NHj3,
NH;5/NHs5, Ho/N,, and NH5(30)/O, treatments all contain >3 %
Ti in the Ti 2p peak 4 environment. If the concentration of
F-type centers is high enough, a shallow conduction band
could develop; thus, these films could be dark because of
high densities of Ti** sites or F-type centers which are highly
interrelated (74). The behavior of NH5/NH5 and H,/NH; films
over time provides strong indicators for F-type centers.
Specifically, peaks 3 and 4 in the Ti 2p spectra decrease in
intensity over time, accompanied by color changes from
dark green to light green and then to gold with no loss of
nitrogen, but a gain in oxygen. All of these data support the
conclusion that peak 4 is clearly associated with F-centers,
although electron paramagnetic resonance data are needed
to definitively detect F™-centers.

Interestingly, the plasmon frequency of TiN, films pro-
duces similarly colored films depending on the N/Ti ratio.
They can appear gray (N/Ti < 1), yellow or gold (N/Ti ~ 1),
and brown (N/Ti > 1) (75—78). These colors are similar to
those observed for our N:TiO, films with the same trend in
nitrogen composition. As more nitrogen is added, fewer
valence band electrons are available and lower energy
plasmons can be created according to eq 1. Available
valence electrons could be trapped by localized nitrogen
dopants, F-type centers, or other defects. Bendavid and co-
workers found that plasmons are not excited at N/Ti ratios
as low as 0.34 in films with TiN, containing <3 % oxygen
(75). A similar cutoff value of N/Ti could apply to these N:TiO,
materials. Plasmon energies (w,) are known to shift linearly
from 3.2 to 2.4 eV for TiN, materials (75, 78); therefore, the
concept of smaller Eg values resulting from plasmonic
adsorption is probable. Table 4 N*/Ti* ratios are comparable
to N/Ti ratios for TiN, materials and correlate with Eg values,
Figure 8. The Ny/N,-treated films are an obvious outlier in
Figure 8, which likely arises from the influence of hydrogen
in these systems. Notably, the slightly yellow color of the
annealed films does not initially fit the plasmon explanation
as these films should have a gray color given the small
amount of nitrogen in peak 1 (N 1s) and the concomitantly
low N*/Ti* ratio. The majority of the nitrogen in annealed
films appears in higher binding environments and likely
contributes somewhat to reducing valence band electrons.
Thus, the films appear yellow instead of gray. The E, for urea
plasma-treated films is not significantly different than un-
treated TiO,, most likely because the nitrogen (largely peak
4) does not significantly affect w,,. The gray H»/Ny-aged films
also fit this plasmonic absorption mechanism even though
Eg was not determined. Although plasmons are a reasonable
explanation for the color of these films, further experimen-
tation is needed to confirm the existence of plasmonic
excitations.

SUMMARY

Nitrogen doping of mesoporous TiO, with a range of N
content (6—34 %) has been achieved via plasma modifica-
tion, resulting in low-Eg anatase-phased N:TiO,. The nitrogen
environments are controlled by different nitrogen containing
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precursors as well as post plasma processing. Overall, as-
signments of the observed XPS N 1s binding environments
were elucidated as: peak 1 (396.3 £ 0.2 eV) is substitutional
doped N(—TiOs)5 or N(—TiOs),(—TiO4N), species; peak 2
(397.2 £ 0.2 eV) is attributed to N(—Ti**Os),(—Ti**Os), or a
hydrogenated hybrid of this species; peak 3 (398.4 & 0.2
eV) was not assigned as it was not well isolated; peak 4
(399.8 £ 0.2 eV) correlates to absorbed —NH—CH=O0,
—N=C=0, N=C=N, and/or NH—COH=NH type species;
and peak 5 (402.4 £ 0.2 eV), found in annealed films,
corresponds to trapped N,, or —N=N-— type species. The
N:TiO, films were gray, yellow, gold, brown, dark green,
dark blue, and black. The colors of oxidized films (gray-
brown) could be explained both by localized nitrogen dopants
and by plasmonic excitations, whereas darker colored films
are a result of Ti*" sites and F-type centers. Ultimately, the
performance of these materials in solar cell devices and/or
in photocatalytic processes is of significant interest. Ad-
ditional studies utilizing our N:TiO, materials in photovoltaic
and photocatalytic devices is underway.
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