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ABSTRACT: Epitaxial titanium nitride (TiN) and titanium oxynitride (TiON) thin
films have been grown on sapphire substrates using a pulsed laser deposition (PLD)
method in high-vacuum conditions (base pressure <3 × 10−6 T). This vacuum
contains enough residual oxygen to allow a time-independent gas phase oxidation of
the ablated species as well as a time-dependent regulated surface oxidation of TiN to
TiON films. The time-dependent surface oxidation is controlled by means of film
deposition time that, in turn, is controlled by changing the number of laser pulses
impinging on the polycrystalline TiN target at a constant repetition rate. By changing
the number of laser pulses from 150 to 5000, unoxidized (or negligibly oxidized) and
oxidized TiN films have been obtained with the thickness in the range of four unit
cells to 70 unit cells of TiN/TiON. X-ray photoelectron spectroscopy (XPS)
investigations reveal higher oxygen content in TiON films prepared with a larger
number of laser pulses. The oxidation of TiN films is achieved by precisely controlling the time of deposition, which affects the
surface diffusion of oxygen to the TiN film lattice. The lattice constants of the TiON films obtained by x-ray diffraction (XRD)
increase with the oxygen content in the film, as predicted by molecular dynamics (MD) simulations. The lattice constant increase is
explained based on a larger electrostatic repulsive force due to unbalanced local charges in the vicinity of Ti vacancies and
substitutional O. The bandgap of TiN and TiON films, measured using UV−visible spectroscopy, has an asymmetric V-shaped
variation as a function of the number of pulses. The bandgap variation following the lower number of laser pulses (150−750) of the
V-shaped curve is explained using the quantum confinement effect, while the bandgap variation following the higher number of laser
pulses (1000−5000) is associated with the modification in the band structure due to hybridization of O2p and N2p energy levels.
KEYWORDS: thin films, pulsed laser deposition, controlled oxidation, bandgap energy, oxynitrides, transition metal nitrides

1. INTRODUCTION
Providing clean and renewable energy is among the most
critical challenges of the 21st century.1−3 Overcoming the
energy challenge requires new conversion technologies that
can meet the growing global energy demand, which is
projected to rise to 24−26 TW in 2040.3 The conversion
technologies should be able to mitigate the rapidly increasing
carbon dioxide emissions. The present research aims to design
a titanium metal-based oxynitride (TiNO) homolog series
capable of supporting energy conversion reactions and to
understand materials’ fundamental physical and chemical
properties across different length scales. The transition metal
oxynitrides (TMONs) such as TiNO4−13 are preferred over
relatively more familiar transition metal oxides (TMOs) in the
fields of solar water-splitting and photovoltaic solar cells.14−20

The preference arises as TMONs are usually optically more
active in the visible light range in comparison to TMOs.9 This
difference in the physical and chemical properties of TMONs
and TMOs arises from the less electronegative and more
polarizable characteristics of nitrogen than that of oxy-

gen.11,18,19 Low bandgap, moderate electrical conductivity,
and good stability in low pH media are some of the added
advantages TMONs can offer over TMOs.11,12

The general formula of the TiNO homolog series, which
usually contains Ti vacancies, as it will be shown later, is
expressed as Ti Ti(vac) N Ox x x x(1 /3)

3
/3

3
(1 )
3 2+ + . The series exists in

the whole range of 0 ≤ x ≤ 1.21 In this formula, Ti3+ (vac) is
the number of Ti3+ vacancies in each formula unit. This
molecular formula takes into account the substitution of
trivalent N anions by bivalent O anions in an ionic TiN lattice
and the maintenance of charge neutrality in the lattice. The
formula is also built on the assumption that the valences of Ti,
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N, and O are maintained at +3, −3, and − 2, respectively. The
terminal compounds (TiN with x = 0 and TiO with x = 1) as
well as all the intermediate compounds with x between 0 and 1
have a rock-salt structure (Figure 1), but they possess wide-

ranging physicochemical properties.22 One of the terminal
compounds of the family, TiN (x = 0), has been known for its
well-established properties for decades.23−28 A controlled
variation of oxygen in TiNO can be used in the fabrication
of multijunction solar cells,29 electrocatalysts,23 photoelectro-
catalysts,30−32 photodetectors,33,34 and plasmonic35,36 and
metamaterial devices.37−39 Our success in producing semi-
conducting TiNO with room-temperature conductivity
(∼158−6493 Ω−1 cm−1) significantly higher than that of
carbon (∼1 Ω−1 cm−1) may open up the door for the
development of carbon-free support materials as an electro-
catalyst/photoelectrocatalyst in water-splitting research.
In this work, we have fabricated epitaxial TiN/TiNO thin

films with a controlled oxidation process using PLD. Tailoring
the properties of the TiNO system via controlled oxidation has
an energy advantage over the conventional method of bandgap
engineering of TiO2 via nitridation.

40−43 The energy advantage
comes from the higher activation energy of the nitridation
process (672 kJ/mol) than that of the oxidation process (496
kJ/mol). The favorable energetics of an oxidation process
coupled with the existence of an isostructural rock-salt phase
between TiN (no oxygen substitution) and TiO (N fully
substituted with O�see Figure 1) is anticipated to result in
the realization of a much wider doping range of O into TiN
than N into TiO2. However, due to the absence of the
isostructural phase between TiN and TiO2, the substitutional
nitrogen doping beyond 5.5 atomic % has not been realized
when TiO2 is subjected to nitridation.44 The possibility of
oxygen occupying an interstitial site in the TiN lattice instead
of substituting the nitrogen is ruled out by the positive
incorporation energy for the interstitial site (+1.59 eV) and
negative incorporation energy (−3.54 eV) at the N substitu-
tional site.45 It is also worth noting that while the TiNO
obtained via oxidation of TiN has Ti3+cation vacancy defects,
TiNO obtained via nitridation of TiO2 has Ti3+ or Ti4+ cation
interstitial defects. Therefore, the physiochemical properties of

TiNO with the same elemental compositions obtained using
the two routes might differ significantly.

2. EXPERIMENTAL DETAILS
TiN/TiNO thin films were prepared on c-plane (0001) sapphire
substrates by a PLD (Excel Instruments Inc.) method using a
commercially available 99.99% pure TiN target and a KrF laser
(Coherent COMPexPro, λ = 248 nm, pulse duration 25 ns, 10 Hz
repetition rate). Prior to the deposition, substrates were first cleaned
with acetone and then with ethanol in a sonicating bath for 30−40
min to remove surface impurities. After mounting the substrate on the
substrate holder, the PLD chamber was pumped down to a base
pressure of ∼3 × 10−6 T. Then, a laser fluence of 2.5 J/cm2 was
focused on the TiN target for deposition while maintaining the
substrate temperature at 550 °C. The number of laser pulses varied
from 150 to 5000, corresponding to film deposition times of 0.25−
8.33 min. The thicknesses of these films, measured using optical
profilometry (3D Surface Profiler, New VK-X3000) and/or x-ray
reflectometry (XRR), were found to be 1.7, 2.5, 3.5, 5.2, 6.3, 12.5,
16.4, and 30.7 nm for films made using 150, 300, 500, 750, 1000,
3000, 4000, and 5000 laser pulses (P), respectively. The films were
characterized using XRD, XRR, XPS, and UV−visible spectroscopy.
An X-ray diffractometer (Bruker D8) was used to calculate the
thicknesses of the TiN films from XRR curves utilizing the Bruker
LEPTOS software (v7.10). The same diffractometer was used for
lock-couple 2θ-θ, phi scans, and omega-rocking curve scans. XPS
measurements were carried out using a Scienta Omicron ESCA 2SR
with operating pressure ∼1 × 10−9 T. Monochromatic Al Kα X-rays
(1486.6 eV) were generated at 250 W with photoelectrons collected
from a 2 mm-diameter analysis spot. XPS peaks were fitted using the
CasaXPS software; the binding energy of the adventitious C 1s peak
(at 284.8 eV) was used to calibrate the energy axis. Bandgaps were
calculated from a combination of reflectance and transmission data
measured on a Cary 5000 UV−Vis−NIR spectrophotometer in the
wavelength range 200−800 nm, step size 1 nm, and scan rate 300 nm/
minute. A DRA-2500 accessory with an integrating sphere was used to
collect the total diffuse plus specular reflectance and to measure the
total transmission. The integrating sphere is a spherical cavity whose
inner wall is coated with a highly reflective material such as
magnesium oxide and barium sulfate. In an integrating sphere, light
undergoes multiple reflections so that the intensity of the light
reaching the detector is angularly uniform.

To preserve the authenticity and reproducibility of data, we have
randomly deposited a set of films three times under identical
conditions. Their properties (thickness, FWHM, four-probe resis-
tivity, bandgap, and XPS compositions) are then measured at least
twice. Those measurements are used to establish the error bar for a
particular data point. A more specific error analysis approach used for
a particular technique is described in the appropriate section.

3. RESULTS AND DISCUSSION
XPS survey scans acquired after Ar ions cleaning showed core
level lines originating from Ti (Ti 2s, Ti 2p, Ti 3s, Ti 3p), N
1s, and O 1s, as shown in Figure 2a. The presence of O 1s
peaks at 530.6−531.4 eV highlighted the presence of
oxynitride and oxide species (TiNO/TiO2) in the samples.
The oxidation of TiN to TiNO/TiO2 is caused by the presence
of residual oxygen in the PLD chamber.20,29 The atomic
percentages of Ti, N, and O in the thin-film samples are
summarized in Table 1. The features observed at 1067.9 and
974.6 eV correspond to Ti LMM and O KLL Auger peaks,
respectively.46,47

High-resolution spectra of Ti 2p core-level XPS peaks were
also recorded (Ti 2p: 445−475 eV) to further detail the
chemical state of the samples. Due to spin-orbit coupling, a
doublet of Ti 2p peaks was noticed in the XPS spectra, Ti 2p3/2
and Ti 2p1/2. It is to be noted that the high reactivity of TiN

Figure 1. Schematic representation of oxidation and nitridation
energetics and crystal structures of rutile and anatase TiO2, TiN,
TiN0.5O0.5, and TiO; the respective ionic radii are Ti3+ (blue circle) =
0.081 nm, Ti2+ (purple circle) 0.125 nm, N3− (red circle) = 0.132 nm,
and O2− (yellow circle) = 0.100 nm.20 Points A and C represent the
starting materials: anatase (A), rutile (R) TiO2, or rock-salt (RS) TiN
and product materials, RS TiO or RS TiNO, formed via route B
(nitridation) or route D (oxidation).
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toward oxygen often leads to the formation of TiNO and TiO2.
Thus, the Ti 2p spectra were deconvolved to correctly identify
and account for TiNO and TiO2 species in the samples shown
in Figure 2b. For the samples measured using XPS, the peak
positions of TiN 2p3/2, TiNO 2p3/2, and TiO2 2p3/2 matched
well with the literature.41,46,47 The gap between the 2p-doublet
peaks (2p3/2 and 2p1/2) of TiN, TiNO, and TiO2 remained
somewhat constant with an average of 5.79, 5.23, and 5.37 eV
for samples made using 1000 to 5000 laser pulses. However,
chemical shifts of the deconvolved peaks (to higher binding
energies) were evident for samples with higher deposition
times. For example, the TiN 2p3/2, TiNO 2p3/2, and TiO2 2p3/2
peaks demonstrated approximately 0.07, 0.14, and 0.09%
increases in their binding energy, respectively, signaling a
higher oxidation state of the samples. To avoid errors in XPS
data and their analysis, the following care was taken: XPS
spectra were recorded with low noise and a high peak-to-
background ratio, selecting proper model function, reducing
the number of free parameters by means of existing
information on well-known doublet splitting and intensity
ratios, running the fit procedure with Tougaard background
subtraction, and checking the values of the residual standard
deviation fittings. For example, the residual standard deviation
for our XPS fittings is ∼1.5 units (CPS), which is quite good.
The XPS percentage molecular fractions of TiN, TiNO, and

TiO2 are plotted against the number of laser pulses in Figure 3.
As seen in this figure, the molecular fraction of TiN decreases
by ∼35% and the fraction of TiNO increases by 50% with an

increase in the laser pulse from 1000 to 5000, while the
variation of the molecular fraction of TiO2 was much smaller
(∼15%). The near-time independent formation of TiO2 is
explained by considering the gas phase formation of TiO2 due
to the higher reactivity of titanium atoms/ions in the laser
plume with residual oxygen than with nitrogen atoms. It should
be noted that no oxygen or nitrogen was added to the chamber
intentionally during any of the film depositions. The TiN thin
film is oxidized on the substrate after its formation via a post-
deposition time-dependent oxygen diffusion process in the
presence of the atmosphere of residual oxygen. As a result, the
net nitrogen content in the films decreases with increasing
deposition time or number of pulses, while the O content
increases with increasing number of pulses. This increase in
oxygen percentage results in an increase in Ti−O and Ti−N−
O bonding percentage and possibly modification of the
chemical (and physical) state of the TiN/TiNO lattice. The
chemical formulas of the TiNO film deposited using 1000 to
5000 laser pulses are listed in Table 1. An equivalent chemical
formula is written to indicate the atomic fraction of oxygen
that is in excess of oxygen atoms needed for the formation of
TiNO in a rock-salt structure. For example, TiN0.60O1.09 (made
using 5000 laser pulses) is alternatively written as
TiN0.60O0.40 + 0.69. The first subscript number on O (0.40)
stands for the fractional level of the substitution on the N
positions, and the second number (0.69) stands for excess
oxygen in the film.
Applying the general formula proposed for the TiNO

homolog series described earlier in the introduction section,
the molecular formula of this TiNO can be written as
Ti Ti(vac) N O .1 0.4 /3

3
0.4/3 0.13
3

(1 0.4 0.6)
3

0.4
2+

=
+

= The lattice is electri-

Figure 2. (a) XPS survey scan spectra (0−1100 eV) for TiNO thin
films with different thicknesses prepared using 1000−5000 pulses (P)
showing Ti (2s, 2p, 3s, 3p), O 1s, and N 1s peaks (no background
subtraction performed); O 1s, Ti 2p, and N 1s peaks were identified
at binding energies of 531.4, 455.4, and 397.4 eV for the highest
thickness film prepared using 5000 laser pulses. For the TiNO film
prepared using 1000 laser pulses, O 1s, Ti 2p, and N 1s peaks were
identified at binding energies of 530.6, 454.6, and 396.6 eV. (b)
Deconvolution of the high-resolution Ti 2p spectra for a 30.7 nm-
thick film prepared using 5000 laser pulses after Ar+ sputtering
(including a Tougaard background).

Table 1. Ti3+ Defect Density Calculation from Ti Ti(vac) N Ox x x x(1 /3)
3

/3
3

(1 )
3 2+ + a

elemental percent chemical formula Ti3+ defect density per cm3

number of laser
pulses Ti N O actual

equivalent (showing excess oxygen,
OExcess)

Ti3+ vacancy per unit
cell total

actual
(TiNO)

1000 40.06 29.25 30.69 TiN0.73O0.77 TiN0.73O0.27+0.50 0.09 1.19 × 1021 2.82 × 1020

3000 41.09 28.39 30.52 TiN0.69O0.74 TiN0.69O0.31+0.43 0.10 1.34 × 1021 4.34 × 1020

4000 40.30 25.04 34.66 TiN0.62O0.86 TiN0.62O0.38+0.48 0.13 1.63 × 1021 5.43 × 1020

5000 37.15 22.41 40.44 TiN0.60O1.09 TiN0.60O0.40+0.69 0.13 1.64 × 1021 5.88 × 1020

aThe average variation in elemental composition data was less than ±2%, which was determined from the data on three samples deposited using
1000 laser pulses.

Figure 3. Molecular fractions of TiN, TiNO, and TiO2 in the thin-
film samples as a function of the number of pulses. The average
variation in data was less than ±2%, which was determined from the
data on three samples deposited using 1000 laser pulses.
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cally neutral following the departure of 0.13 Ti3+ cations per
lattice, which combine with 0.69 O2− to form stoichiometric
TiO2 (Ti0.13O0.26) or non-stoichiometric titanium dioxide. The
excess oxygen (0.69−0.26 = 0.43) can form O2 or bond with H
to generate O−H bonds; the O−H bonds were indeed
observed in the XPS O 1s peaks. The actual Ti3+ defect density
shown in Table 1 was calculated by multiplying the total Ti3+
defect density estimated from the charge balance formula with
the molecular fraction of TiNO obtained from XPS (Figure 3).
XRD patterns were recorded for all TiNO films, which

showed that (111) was the preferred orientation; a 2θ-θ XRD
pattern of a representative TiNO film made using 5000 laser
pulses is shown in Figure 4a. The peak positions matched with

JCPDS (JCPDS: 00-038-1420) data of the rock-salt structure.
The crystalline quality of the samples was evaluated by omega-
rocking curve analysis (inset of Figure 4a). The full width at
half maxima (FWHM) values (measured from the rocking

curves) were narrow, ∼0.033° to 0.046°, indicating the high
crystalline quality of the films. However, higher FWHM values
for samples made using a high number of pulses indicated
decreasing crystallinity. This may be attributed to an increase
in the defect density with an increase in the number of pulses
from 1000 to 5000 (Table 1). Lattice constants for the TiNO
films were found to be 4.23, 4.26, 4.27, and 4.30 Å for films
made using 1000, 3000, 4000, and 5000 laser pulses,
respectively.
The degree of in-plane alignment was determined using phi

(ϕ) scans of the TiNO film and sapphire substrate with the
rotation axis perpendicular to the film thickness (Figure 4b).
Sapphire shows a characteristic sixfold symmetry with a 60°
spacing of diffraction peaks.26,48 The appearance of TiN film
peaks spaced at 60° in the ϕ-scan also suggested a sixfold
symmetry of TiN thin films instead of threefold symmetry,
which can be explained based on TiN grain formation with a
twin structure.49 The ϕ-scan peaks of the TiN films were
relatively wider than the peaks for the single-crystal sapphire
substrate, which hints at disorder near the interface in the TiN
films.48,49

To understand the origin of lattice expansion with increasing
O content in the films, we performed molecular dynamics
(MD) simulations of isolated point defects in bulk TiN and
TiNO. The open-source MD code LAMMPS50 was used for all
simulations, and OVITO51 was used to visualize the atomic
trajectories. Atomic interactions were modeled using the
COMB3 potential parameterized for TiNO.52−54 The
COMB3 potential function was chosen for its relative
computational efficiency over ab initio methods and its ability
to model larger systems. While COMB3 does not explicitly
include electrons, a Coulombic force term is included.
COMB3 also allows for charge redistribution and charge
equilibration due to changes in the local atomic structure and
electronegativity differences between different element types.
Defect energies calculated with the COMB3 potential by

Figure 4. (a) XRD pattern for a TiNO thin film made using 5000
laser pulses. (Inset) FWHM values of the (111) peak versus the
number of laser pulses; the solid line is a guide to the eye. (b) ϕ scan
of the 5000-pulse sample showing sapphire substrate (113)�S and
TiNO film (200)�F peaks. The average variation in FWHM data
was less than ±1%, which was determined from the data on three
samples deposited using 1000 laser pulses.

Figure 5. (a) The (001) plane of atoms containing VTi + ON defect with atoms color-coded by the change in atomic charge (Δq) relative to the
perfect TiN lattice, with a color gradient having red spheres Δq = +0.1, white Δq = 0, and blue Δq = −0.1 in units of elemental charge (e). (b) The
same atoms colored by the magnitude of the displacement vector |ΔR⇀| relative to the perfect TiN lattice with the color gradient ranging between
red |ΔR⇀| = 0.05 Å and white 0 Å. (c) Plot of lattice strain along the [100] axis. (d) A representative snapshot of the atomic configuration of bulk
TiNO (TiN0.82O0.27) after energy minimization. Atoms are colored by type (Ti = yellow, N = blue, O = green). (e) Lattice constant as a function of
[O] fraction for the simulation data (blue circles) and experimental data obtained by (XRD) (red diamonds). For the experimental data, [O]fraction
= [O]total − [O]excess, as given in Table 1. In each atomic snapshot, spheres representing Ti3+, N3−, and O2− ions are scaled by their corresponding
ionic radius: 0.81, 1.32, or 1.0 Å.
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Cheng et al. yield similar trends to density functional theory
(DFT), although the incorporation energies tend to have a
larger magnitude relative to the reported DFT values.52 This
gives confidence that the COMB3 potential captures the
correct physics with respect to defect configurations. Cheng et
al. mentioned that the magnitudes of defect formation energies
are generally larger than those from DFT due to compromises
made during the parameterization of the potential function
that prioritized cohesive energy and phase ordering.52

To determine the minimum energy configuration of TiN
point defects and bulk TiNO structures in our simulations, a
simulated annealing approach was employed. In this
procedure, the atoms were assigned an initial temperature of
10 K. The trajectories of the atoms progress in an
isoenthalpic−isobaric ensemble. An MD time step size of 0.5
fs was applied. A viscous damping term of 0.01 eV ps Å−2 was
added to slowly remove kinetic energy from the system during
the annealing process. The system is assumed to have arrived
at a minimum energy configuration after 10,000 MD steps, at
which point the change in total energy was generally less than
10−6 eV/step.
A periodic cubic cell containing 11 × 11 × 11 unit cells of a

TiN lattice in the rock-salt structure was used to investigate the
lattice strains in the neighborhood of isolated Ti vacancies
(VTi), O substituted on N sites (ON), and combined VTi + ON
point defects. The number of unit cells was chosen to be
sufficiently large so that defects in periodic images of the
original cell do not interact. The minimum energy structures
are obtained before and after the introduction of the defect so
that changes in per atom charges and atomic displacements can
be mapped relative to the original lattice.
Figure 5a shows the change in per-atom charge relative to a

VTi + ON point defect relative to the perfect TiN lattice. Atoms
have been colored by the change in charge (Δq) with a color
gradient, blue being −0.1, white being neutral, and red being
+0.1 in units of elemental charge, e. In Figure 5a, the
simulation cell has been sectioned such that only atoms lying
on the (001) plane containing the defect are shown. Atoms are
drawn to scale according to their respective ionic radii (0.81,
1.32, or 1.0 Å for Ti, N, or O, respectively). The Δq on atoms
immediately surrounding the Ti vacancy becomes more
positive because the Ti atom is no longer present to donate
electron density to the more electronegative N or O anions
that surround the Ti lattice site. Atoms one to two lattice
distances from the defect center become more negative as they
donate some of their electron density to the atoms in the
immediate vicinity of the defect. Δq decays to near zero at
distances greater than three lattice units from the defect. Figure
5b shows the magnitude of the lattice expansion relative to the
initial perfect lattice, |ΔR⇀|. Here, the gradient from red to
white indicates |ΔR⇀| ranging from 0.05 to 0 Å. This lattice
expansion can be explained in terms of the relative changes in
charges surrounding the defect. The positive Δq on atoms
adjacent to the defect center is no longer counterbalanced by
neighboring Ti atoms and causes an electrostatic repulsion. At
the same time, the negative Δq on atoms one to two lattice
units away from the defect causes an electrostatic attraction
and pulls the inner atoms further from the defect center. The
net result is a displacement of atoms away from the defect
center, which results in local lattice expansion surrounding the
defect. The lattice strain along the x = [100] direction, as
indicated by the vector superimposed in Figure 5b, is shown in
Figure 5c for VTi + ON, VTi, and ON defects. The lattice strain

in the [100] direction is calculated as Δx/x0, where Δx is the
change in atom position relative to the perfect lattice and x0 is
the position of the atom in the perfect lattice. The strain is
greatest in the immediate vicinity of the defect, ranging
between +4 and +6% depending on the defect type. The strain
field decays rapidly as the distance from the defect center
increases. Thus, the increase in VTi as required to maintain
overall charge neutrality with increasing ON can be used to
explain the experimentally observed increase in lattice constant
with increasing O concentration.
To further test this hypothesis, we have simulated bulk

TiNO at different O:N ratios. Starting from a 6 × 6 × 6 unit
cell block of TiN in the rock-salt structure, we randomly
substitute a given fraction of N sites for O. To maintain charge
neutrality, one Ti atom is randomly removed for every three O
for N substitutions. For example, in the 6 × 6 × 6 unit cell
block, there are 1748 total atoms, half of which (864) are N. If
25% of the N is randomly replaced with O, 216 O atoms are
added, leaving 648 N atoms in the lattice. To maintain charge
neutrality, 72 Ti atoms must also be removed. Applying the
formula in Table 1 yields a chemical formula of TiN0.82O0.27 for
this example. After the initial structure is generated, the
minimum energy configuration is determined using the
isobaric−isoenthalpic thermal annealing algorithm described
above. The volume of the resulting system is used to calculate
the lattice constant of the resulting structure according to
a V /60

3= , where V is the final total volume of the simulation
cell after equilibration and 6 is the number of unit cells in each
direction. Shown in Figure 5d is the minimum energy
configuration for TiN0.82O0.27. Atoms are colored by type,
with Ti = yellow, N = blue, and O = green. As before, atoms
are scaled by their respective ionic radii. The original rock-salt
structure is maintained upon the addition of O to the lattice.
This process was repeated for N:O ratios varying between 0
and 0.5 (corresponding formula units from TiN to TiN0.6O0.6).
The resulting lattice constant as a function of [O]fraction is
plotted in Figure 5e. To test for consistency in the simulation
results, the lattice constant was calculated for five different
random starting configurations for [O]fraction = 0.6, which
represents the largest compositional variation tested relative to
the ideal TiN structure. The associated error was too small to
be shown when plotted in Figure 5e. Satisfied that the variation
was small, no additional simulations were run. For comparison,
the experimental lattice constants obtained via XRD for
samples prepared with 1000, 3000, 4000, and 5000 laser pulses
have been plotted alongside the simulation data. For this
graph, the O concentration for the experimental data was
adjusted to fit the simulation data according to [O]fraction =
[O]total − [O]excess, as expressed in Table 1. Experiment and
theory show similar trends in that the lattice constant increases
with increasing O in the film. This result tends to support the
theoretical explanation that the electrostatic interactions in the
vicinity of VTi described above leads to lattice expansion in
TiNO with increasing O composition. The rate of increase in
lattice constant with respect to [O]fraction varies considerably
between theory and experiment. This may be attributed to the
fact that the current model does not include excess O in the
form of TiO2 or O2 incorporated into the film. The
development of a more detailed model that includes TiNO,
TiO2, and O2 will be left to future work.
The modified chemical state and structure of the TiN/TiNO

thin films have been found to strongly impact the
optoelectronic properties of the samples, as reflected by their
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bandgap data presented in Figure 6. The bandgap measure-
ments were carried out using a UV−vis diffuse reflectance

spectrophotometer coupled with an integrating sphere. It
should be noted that a diffuse reflectance is ideally suited for
powder samples where the optical angle of incidence ≠ angle
of reflection). The smooth, shiny, and epitaxial thin-film
samples, such as in the present study, mostly reflect the
incident light specularly, where the angle of incidence = angle
of reflection. Such thin-film samples can be analyzed either in
diffuse reflectance or in specular reflectance mode. A standard
light trap, mounted at the specular reflectance angle on the
internal surface of the integrating spheres, allows the
measurement of the diffuse component only. On the other
hand, in the present study, our system is capable of only
mounting a white specular plate at the specular reflectance
angle on the internal surface of the integrating sphere. Thus, all
the UV measurements in this study involve data collection in
the total reflectance mode.
The bandgap excitation wavelength values were noted from

the x-axis intercepts of the tangents at the point of inflection
on the absorbance curves (before the curve minimum from the
origin side). As seen in Figure 6, the absorption wavelength
needed for the electronic excitation from the valence band to
the conduction band decreases from 490 nm (away from blue
light) to 368 nm (more toward blue light) as the film thickness
changes from 6.3 to 30.7 nm. The decrease in the wavelength
of the absorption light is termed as blueshift. However, the
values of the tangent intercepts for lower-thickness films
indicate that the blueshift trend is reversed (called negative
blue shift or redshift), i.e., the absorption wavelength increases
from 506 nm (more toward blue light) to 617 nm (away from
blue light). These opposite optical properties of thinner and
thicker samples are also reflected in Figure 7. The bandgap of
the samples was calculated using eq 1 for an indirect
semiconductor from the Tauc plot, which is used in the case
of composite samples consisting of mixed phases.55−58 In the
case of a direct bandgap semiconductor, the left side term has
an exponent value of 2.55 The XPS data on our samples have
indicated the presence of TiO2, TiNO, and TiN.

h h E( ) ( )1/2
g (1)

where h is Planck’s constant, υ is the photon’s frequency, α is
the absorption coefficient, and Eg is the bandgap. By plotting

(αhυ)1/2 against photon energy (hυ) and through extrapolating
the linear part of the (αhυ)1/2 curve to zero, the optical
bandgaps of TiN films were obtained according to the Tauc
plot.25,57 A representative plot of (αhυ)1/2 vs hυ is displayed in
the Figure 6 inset for the sample made using 750 laser pulses.
As shown in Figure 7a, the optical bandgap of the TiN/

TiNO films showed a strong dependence on the film thickness.
The data points in Figure 7a are also marked with their
electrical resistivity that varied from 6312 to 232 μΩcm for
samples prepared using 150 to 5000 laser pulses, respectively.
The data points are also marked with the corresponding N/O
ratios obtained from the XPS measurements. The V-shaped
variation of the bandgap as a function of the number of laser
pulses is explained by dividing the curve into two regions,
marked I and II. In region I, films are made using laser pulses
from 150 to 750 pulses, which correspond to the time of
deposition from 15 to 75 s. The thicknesses of these films are
1.7 nm (∼4 TiN lattice constants thick) to 5.2 nm (∼12 TiN
lattice constants thick), as shown on the top x-axis of this
figure. The TiN films are believed to be negligibly oxidized in
region I due to a lack of surface oxidation at the base pressure
of 3 × 10−6 T.59,60 These films are non-continuous and can be
regarded as zero-dimensional islands indicating the TiN film
formation via the Volmer−Weber Island mechanism where
adatom−adatom interactions are stronger than those of the
adatom with the surface.61,62 The resistivity of the TiN made
using 150 laser pulses is in the range of several mega ohms; it is
practically immeasurable by a voltmeter. The first measured
resistivity value is 6312 μΩcm, which is for the TiN film made
using 300 laser pulses. The TiN film made using 750 laser
pulses marks the transition of region I to region II, i.e., the
transition from 0D non-continuous oxygen-free TiN films (or
negligibly oxidized TiN films due to high time constant of TiN
to TiNO reaction) to partially oxidized 2D continuous TiN
films. The resistivity of partially oxidized TiN films, i.e., TiNO
films, decreases continuously with an increase in film thickness.
It may be noted that a trustworthy experimental evidence
about the absence of TiNO phase using XPS cannot be
obtained since the thinner films were not fully covering the
substrate, and hence, a large portion of the oxide substrate was
uncovered. However, the TiN films, even with these small
thicknesses, would be interspersed with a small fraction of

Figure 6. Absorbance as a function of wavelength for the TiNO thin
films made using 150 to 5000 laser pulses. The blue dashed line
(tangent) points to the absorption wavelength (368 nm) of the
sample made using 5000 laser pulses (30.7 nm). (Inset) An example
of the bandgap estimation (2.03 eV) using the Tauc plot for a TiNO
film made using 750 laser pulses (5.2 nm thick).

Figure 7. (a) Bandgap of TiN/TinO samples as a function of the
number of pulses; the solid line is a guide to the eye. (b) Schematic of
size effect on the bandgap increase and energy states (ΔE) separation
(left: bigger particle, right: smaller particle). (c) Schematic of bandgap
reduction due to hybridized valence band made of O2p and N2p
orbitals (left: pure O2p orbital, right: hybridized O2p and N2p orbitals).
The average variations in bandgap and resistivity data were less than
±2 and 5%, respectively, which was determined from the data on
three samples deposited using 1000 laser pulses.
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TiO2 formed in the laser plume due to the high reactivity of Ti
with oxygen. Using the linear variation of the TiO2 fraction
with laser pulses, the fraction of the TiO2 phase in the films
made using 150 to 750 laser pulses is extrapolated to be 4 to
6%.
In region I, the bandgap of the 0D non-continuous TiN

films increases gradually from 2.03 to 2.47 eV with decreasing
number of laser pulses used to make them. This behavior is
attributed to the size effect of islands in an almost non-
continuous thin-film structure. Applying the idea of the density
of states and the Fermi function in region I, it can be shown
that E N

Dg
E
3 and E

D
1

3 .
63,64 As shown schematically in

Figure 7b, the separation between energy states (ΔE) and the
separation between the valence and conduction band (i.e.,
bandgap, Eg) increase with a reduction in the island dimension
(D). If ΔE is more than Eg, the excitation of an electron from
the valence band to the conduction band is restricted and
unoxidized TiN films, which should have ideally behaved
metallic, start exhibiting high resistivity and semiconductor
characteristics.65

Applying the quantum confinement effect, the bandgap
energy of the TiN films made using 150 to 750 laser pulses was
fitted to the following equation:66−69

E E B t/g g,bulk
2= + (2)

,where Eg,bulk is the band gap energy of the bulk TiN crystal, B
is the quantum confinement constant, and t is the thickness of
the TiN films. As seen in Figure 8, the bandgap energy data fits

well with eq 2 with the goodness of the fitting (R2) value close
to unity (0.99) and a low reduced chi-square (χ2) value was 3.6
× 10−4. From this fitting, the values of Eg, bulk and B were found
to be 1.96 and 1.45 eV nm2, respectively; Eg,bulk agreed well
with the bandgap value of bulk TiN.58

In region II, the bandgap increased from 2.03 to 3.21 eV for
TiN films made using 1000 to 5000 laser pulses. As is evident
from XPS results, the TiN films in region II, made using a
significantly higher number of laser pulses, are all partially
oxidized (and should be more correctly called TiNO) but still
have the rock-salt lattice structure. As the number of laser
pulses increases, the TiN films have more time for oxidation
via surface diffusion of the residual oxygen in the deposition
chamber to the TiN films. Consequently, O content in the
TiNO films increases with increased laser pulses. In other
words, N/O increases with a decrease in the laser pulses. The

decrease in TiNO bandgap values with a decrease in the laser
pulses (or a decrease in the N/O ratio) is explained on the
basis of the partial substitution of nitrogen by oxygen. When N
atoms in TiN are partially substituted by O atoms, the top of
the valence band consists of hybridized orbitals of O2p and N2p.
Since the energy of N2p is higher than that of O2p, the valence
band maximum in the oxynitride system is located at higher
potential energy than that for pure TiO2 due to the
contribution of N2p orbitals, as shown in Figure 7c.55,70 The
bandgap of the resulting TiNO compound, as evident from the
experimental data in Figure 7a, has been tuned to lower than
3.5 eV enabling them to respond to visible solar light.

4. CONCLUSIONS
A systematic study was carried out to understand the effects of
elemental chemical states and structural phases in TiN/TiNO
thin films on their electrical and optical properties. XPS survey
scans and deconvolution of high-resolution scans were used to
identify the increased presence of TiNO and TiO2 species in
the samples made using large numbers of pulses, i.e., higher
thickness. The modified chemical composition and structural
properties of the TiNO thin films were found to cause a V-
shaped variation of bandgap with respect to the number of
pulses. The increasing bandgap of the ultra-thin films’ (made
using less than 750 laser pulses) was attributable to the size
effect. Thin films made using more than 750 laser pulses were
more prone to oxidation, which resulted from an increase in
the bandgap. The study suggests that the TiN/TiNO thin-film
system is a promising photoelectrocatalyst, electrocatalyst, and
non-carbon support material needed in clean energy and
water-splitting research.
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