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Optical properties of non-stoichiometric titanium oxides
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Optical properties of non-stoichiometric titanium oxides TiO2−δ with different magnitude of deviation from

stoichiometry δ have been investigated. The films were synthesized by ion-beam sputtering deposition method. The

composition of the films was determined by X-ray photoelectron spectroscopy. The relationship between the optical

parameters (n, k) of the films and their composition δ has been established. It was found that annealing of the

films of the composition δ ∼ 0.58± 0.02 at temperatures 350−600◦C leads to a significant increase in absorption

in the THz regions of the spectrum due to the growth of micron-sized plate-shaped crystals in the films, according

to the data of scanning electron microscopy.
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Introduction

Oxide films of transition metals have been widely

used in microelectronics and continuously studied [1–3].
Optical properties of thin films of titanium dioxide are

fundamentally depending on their synthesis method and

further treatment [4–7]. This is explained by a structural

diversity of titanium oxides resulting also in the diversity of

their optical properties. The interest in non-stoichiometric

titanium oxide films arose due to the fact that their partial

or complete crystallization may result in the formation of

crystalline phases with high electrical conductivity compared

to the super-oxide TiO2 [8]. As a result of crystallization,

amorphous films TiO2−δ (δ < 2) turn into a composite

material: clusters with metallic conductivity enclosed in a

dielectric matrix. Such a material has a high absorption

coefficient and a high temperature coefficient of resistance,

which is determined by the effective band gap of the

dielectric matrix [9]. Despite the fact that titanium oxide

films have long been practically used as heat-sensitive layers

and there are some papers [10] describing the synthesis of

such layers, no data on the relationship of parameter of

deviation from stoichiometry δ with its optical properties

was found in any publications. The purpose of this

study was to investigate the effect of parameter δ on the

optical properties of both, homogeneous and composite

non-stoichiometric titanium oxide films in a wide spectral

range from optical to terahertz. Composite films in this

study were formed by thermal annealing of homogeneous

films of non-stoichiometric composition. The study is of

practical interest in terms of fabrication of heat-sensitive

layers of microbolometers’ arrays.

Film synthesis

The ion beam sputtering-deposition (IBSD) method

was used to synthesize thin amorphous films of non-

stoichiometric titanium oxides TiO2−δ with precision com-

position control (δ = 0.02−1.18). The method is described

in detail in paper [11]. The residual pressure in the vacuum

chamber before the films sputtering was 10−4 Pa. A metallic

target of specific purity titanium (Ti¿99.92%) was used for

sputtering. The target was sputtered with ions of Ar+ with

an energy of 1200 eV. The ion current density per target

was kept constant and was 1.0mA/cm2. To obtain the

oxides, high purity oxygen was supplied to the chamber

(O2 > 99.999%). Different values of the parameter δ were

set by varying the oxygen supply. The partial pressure of

oxygen in the growth domain ranged from 0.6 · 10−3 to

10−2 Pa. The following wafers were used as substrates:

Si(100) KEF-4.5 wafers (for ellipsometry) and double-side

polished float-zone Si(100) wafers (for measurement of

optical properties in the infrared (IR) spectrum ) and Ge(
wafers for terahertz (THz) spectrum ). The temperature

of the substrates during growth was no higher than70◦C.

The deposition rate, as well as the film thickness, were

controlled by a quartz microbalance (Maxtek, Inc.). The

growth rate according to the quartz sensor depended on
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partial pressure of oxygen and was ∼ 0.08 nm/s. According

to ellipsometry the typical film thickness was about 50 nm.

The films were annealed in an optical warm-up furnace at

temperatures from the room temperature to 600◦C in the

pure argon environment with an addition of 2% vol.oxygen.

The heating (cooling) rate was about 10◦C/min. After

heating to a preset temperature, the sample was kept at

this temperature from 15 to 180 ◦min, and then cooled.

Research methods

The composition of the grown films was determined

by X-ray photoelectron spectroscopy (XPS) on spectrom-

eter SPECS UHV-Analysis-System with a spherical energy

analyzer PHOIBOS 150 and a radiation source Al Kα

(E = 1486.74 eV). The scale of the energy detector was

calibrated on peaks Au 4 f 7/2 (BE = 84.00 ± 0.05 eV)
and Cu 2p3/2 (BE = 932.66 ± 0.05 eV). To account for

charging of the film surface, XPS spectra were aligned

to the position of the carbon peak C 1s at 285.0 eV.

Expansion of XPS experimental spectra in the energies

region Ti 2p and O 1s was performed by Gaussian functions

after background subtraction as per Shirley method. The

ratio of atomic concentration of O to Ti was defined from

the integral intensities of the photoelectronic lines O 1s
and Ti 2p accounting for the corresponding coefficients of

elements atomic sensitivity [12].
To find the optical constants of the film (refrac-

tive index n and absorption coefficient k) within

the wavelengths (350−1100 nm) a spectral ellipsometer

”
ELLIPS-1891-SAG“ was used (Institute of Physical Prob-

lems SB RAS) [13]. The spectral resolution of the device

was 2 nm, and the light beam incident angle on the sample

was 70◦ . A four-zone measurement technique was used,

followed by averaging over all four zones. The experimental

spectra of ellipsometric angles 9 and 1 were further

compared with the calculated spectra obtained by solving

the inverse ellipsometry problem. A single-layer optical

model was used for ellipsometric calculations. The spectral

dependences of ellipsometric angles in the entire spectral

range for m number of points of the spectrum were adjusted

by minimizing the error function σ :

σ 2 =
1

m

m
∑

i=1

[

(1exp − 1calc)
2 + (9exp −9calc)

2
]

,

where 9exp, 1calc and 9calc, 1calc — experimental and

calculated values of ellipsometric angles 9 and 1 respec-

tively, m — number of spectrum points. In IR range

(2−20µm) the films’ optical parameters were measured

using spectrophotometer Infralum FT-801, and in THz

range using spectrometer Bruker VERTEX 80v.

The structural properties of TiO2−δ films were studied

using Raman scattering method on spectrometer T64000

(Horiba Jobin Yvon). The spectral resolution of RS

spectrometer was not higher than 2 cm−1. A solid-

state fiber laser line with a wavelength of 514.5 nm

Table 1. Film samples TiO2−δ : PO2 — partial pressure of oxygen

in chamber during growth, δ — deviation of chemical composition

from stoichiometric data as obtained from XPS analysis

� PO2 δ

(×10−3 Pa)

T1 0.65 1.18

T2 1.22 0.58

T3 1.52 0.18

T4 1.77 0.11

T5 2.98 0.05

T6 9.23 0.02

Table 2. XPS data approximation parameters: BE (binding
energy) — energy position of Gaussian line, FWHM — full width

at half maximum

XPS-peak Component BE, eV FWHM, eV

Ti 2p3/2 Ti4+ 458.75 1.09

Ti3+ 458.30 1.09

Ti2+ 457.10 1.09

Ti1+ads 455.71 1.30

Ti0 454.20 1.30

O 1s TiO2 530.14 1.18

Ti2O3 530.20 1.18

TiO 531.80 1.18

Oads 531.10 2.63

was used for excitation. RS spectra were measured

in backscattering geometry at room temperature. The

polarization of the scattered light was not analyzed. The

laser beam radiation power on a sample was 1mW. In

order to minimize the structures heating under laser beam,

the sample was placed just below the focus, the spot

size was about 8µm. In addition to Raman scattering

method, scanning electron microscopy (SEM) on a Hitachi

SU8220 instrument was used to visualize clusters in

films.

Experimental findings and discussion

Composition of films

To compare the growth conditions and parameter δ, char-

acterizing the composition deviation from the stoichiometric

one, various titanium oxide films were grown (Table. 1).
Further, these films were grown by XPS method.

To determine the parameter δ, the experimental peaks

Ti 2p and O 1s were approximated by Gaussian lines,

each of which corresponded to a certain degree of titanium

oxidation. Due to spin-orbit splitting the peak Ti 2p is

represented by a doublet of two Gaussian lines. The

energy gap in the doublet was taken equal 5.8 eV, while the

intensities ratio for Ti 2p1/2 and Ti 2p3/2 peaks — 1:2 [14].
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Figure 1. Experimental XPS-spectra (points) of TiO2−δ films and their approximation within the energy levels range Ti 2p: a – T1, b —
T2, c — T3, d — T4, e — T5, f — T6.
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The selection of the number of components was carried out

in such a way as to approximate the experimental XPS-

peaks with a minimum number of components, taking them

in different proportions (Fig. 1). 4 components with the

following oxidation states were used: Ti4+ in titanium oxide

TiO2, Ti
3+ in titanium oxide Ti2O3, Ti

2+ in titanium oxide

TiO, component Ti0, corresponding to metallic titanium.

In addition, taking into account the non-stoichiometric

composition and amorphous structure of the films, the peak

Ti1+ was added. A similar decomposition into Gaussian

lines was performed for experimental peaks of O 1s .
The Gaussian lines parameters were selected with self-

consistency for both peaks Ti 2p3/2−2p1/2 and O 1s and for

all samples. Parameters of Gaussian lines corresponding to

the minimum deviation of the experimental points from the

theoretical curves are presented in Table 2. The broadening

of peaks Ti0 and Ti1+ in comparison with other titanium

peaks is probably due to oxygen adsorption on the samples

surface. Broadening was also observed for component

Oads of the oxygen peak O 1s . This component of the

oxygen peak, just as it was done in paper [15], was

not taken into account when calculating the parameter δ .

Selected parameters of Gaussian lines (Table 2) have good

approximation of experimental results and are consistent

with the known tabular XPS-data of TiO2 [16]. The obtained

dependence δ on oxygen partial pressure in the growth

area (Fig. 2) made it possible to further determine the

composition of films without XPS- measurements.
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Figure 3. Experimentally obtained spectral dependences of refractive and absorption indices of films TiO2−δ (dots) and their

approximation (solid lines). Data for metallic titanium were taken from the database [17] and shown as a dashed line.

Table 3. Model parameters for approximating optical properties of metal films

� δ Lorentz-Drude model

e∞, eV E1D , eV E2D , eV Ai Ei , eV Ŵi

T1 1.18 2.0 19 15 9.5 1.7 1.1

T2 0.58 3.0 12 17 19.0 1.1 1.2

Optical properties in visible and near
IR regions

The optical constants (n, k — respectively, the real and

imaginary parts of the complex refractive index) of non-

annealed films in visible and near-infrared spectral regions

are shown in Figs. 3 and 4. T1 and T2 films are highly

absorbent with anomalous dispersion, which is typical for

metallic films. The optical constants of metallic titanium are

presented for comparison [17]. Absorption coefficient k for

metallic titanium is close to the absorption coefficient for T1

film, and absorption coefficient n — to T2-T4 films.

Optical constants of T1 and T2 films are well approxi-

mated via Lorentz-Drude oscillator model [18]:

ε̇(E) = ε∞ −
E2
1ρ

E2 − jE2ρE
+

θ
∑

i=1

Ai E2
i

E2
i − E2 + jŴi EiE

, (1)

where ε̇(E) — function of complex dielectric permittivity

of photon energy, E = hc/λ — photon energy, h — Planck

constant, c — light velocity in vacuum, j — imaginary

unit, ε∞ — value of ε̇(E) at E → ∞. Second term of

expression (1) implies the contribution of the free charge-

carriers, E1ρ, E2ρ — constants. The third term describes

the contribution of inter-band transitions as the excitation of

damped harmonic oscillators: Ai , Ei and Ŵi — respectively,

the force, energy and broadening function of i-th oscillator

among θ taken into account. It turned out that for a

satisfactory approximation of the experimental spectra, it
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Figure 4. Spectral dependencies n(λ) for TiO2−δ films at

δ < 0.05 (dots) and their approximation via Cauchy model (solid
lines).

was sufficient to use only one term in the sum describing the

inter-band transitions (θ = 1). The dispersion functions n(λ)
and k(λ) for absorbing films were calculated by the ratio:

ε̇(E) = Ṅ(E)2, where Ṅ(E) = n(E) − jk(E) — complex

refractive index. The data obtained are listed in Table 3.

For samples T5 and T6, the dispersion looked normal

(refractive index n decreased with increasing wavelength,

and the absorption coefficient k = 0). This dependence

is well described using the polynomial Cauchy dispersion
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Table 4. Model parameters for approximating optical properties

of dielectric films

� δ Cauchy model

a b c

T5 0.05 2.30 1.00 · 104 130 · 108

T6 0.02 2.20 8.33 · 104 1.98 · 1010

model, which is used to describe transparent dielectrics:

n(λ) = a +
b
λ2

+
c
λ4

,

where a, b, c — Cauchy coefficients (Table 4).

Annealing of the films did not affect their optical

properties at temperatures up to 300◦C, which indicates a

sufficiently high stability of non-stoichiometric films. Signif-

icant changes in optical constants (n, k) were observed only

after annealing 600◦C and only for films samples δ > 0.11

(T2, T3) (Fig. 5). Optical constants of films samples with

δ ≤ 0.11 (T4−T6) remained practically unchanged.

Optical spectra n(λ) and k(λ) for T3 and T4 films could

be approximated neither by Cauchy model nor by Lorentz-

Drude model (Fig. 3). By the nature of their optical

spectra, they occupy a transition region between metallic

and dielectric films. The T3 sample is closer to metallic in

terms of properties and contains metal clusters, and T4 —
to dielectric and does not contain metal clusters, which was

confirmed by plasmon peaks in RS spectra.

RS spectra

When the deviation from stoichiometry was large enough

the film of T1 sample (δ = 1.18) turned out to be non-

transparent for the excitation emission (λ = 514.5 nm)
(Fig. 6, a). Therefore, the signal in RS spectrum from the

silicon substrate was not observed. With lower δ and higher

transparency of the film a peak appeared responsible for the

long-wavelength optical phonon 520.6 cm−1 in silicon, as

well as singularities related to the two-phonon scattering —
two acoustic phonons (2TA, 300 cm−1), optical and acoustic

phonons (TO+TA, 650 cm−1). In addition, in samples

T2−T3, the RS spectra showed the presence of a wide

peak, presumably corresponding to plasmons. In T4 sample

the plasmon peak was not manifested clearly. Plasmonic

peaks can be associated with the presence of crystal

clusters with high conductivity in the films. A further

decrease in the parameter δ (samples T5 and T6) led

to the disappearance of plasmons. Annealing of films at

temperature 330◦C showed an increase in plasmon peaks

in samples T2 and T3. The starting material for cluster

growth in non-stoichiometric films are titanium atoms

(or oxygen vacancies) that are excessive in comparison

with the stoichiometric composition, which apparently have

the ability to diffuse even at low temperatures (330◦C).

Probably, with a decrease in parameter δ , such Ti atoms

(oxygen vacancies) begin to be lacking for cluster growth.

RS spectra showed that clusters are present in T2 and T3

films both, before and after annealing. It was unexpected

that SEM method failed to visualize such clusters. It was

probably because of insufficient resolution of SEM, which

was bout 10 nm.

Structure according to SEM data

RS spectra have shown that clusters are present in sam-

ples with metallic spectral dependences of optical constants

(Fig. 6). Therefore, the samples with δ > 0.11 (T1−T3)

were taken for structural studies. According to SEM data,

the initial structure of the synthesized films was amorphous

and remained so during annealing to temperatures of

300◦C. Since it was found that significant differences in

the optical spectra are observed during annealing at higher

temperatures (Fig. 5), the samples were annealed at a

temperature of 600◦C for 15min.

The crystal structure was most clearly manifested after

annealing of T2 and T3 film samples (Fig. 7). SEM

image shows the appearance of micron crystals in the films.

Considering the thickness of initial films, which was 80 nm

the crystals obviously have a lamellar shape.

Optical losses in IR and THz regions

The most interesting from practical standpoint are com-

posite films, i.e. consisting of conductive clusters in a

dielectric matrix [9]. These are δ > 0.11 films. It should

be noted that in these films, changes in optical properties

are most pronounced during annealing: a multiple increase

in the absorption coefficient was observed k (Fig. 5, b).

To study optical losses in IR and terahertz regions of

the spectrum, 300 nm thick films grown on double-side

polished Si (FZ) substrates and Ge substrates were used.

Optical losses (A) were found by formula A = 1− R − T ,
where R and T — reflectance and transmittance coefficients,

respectively.

Fig. 8, a illustrates the spectra of optical losses for

the samples of films grown with δ = 0.18, 0.58 for IR

spectrum region (b) — with δ = 0.58 for THz spectrum

region. The spectra are presented after smoothing the

interference peaks. It can be seen that annealing of films

increases optical losses in both, IR and terahertz ranges

of electromagnetic radiation. Obviously, the increase in

optical losses is a consequence of the formation of a

composite material due to the crystallization of films. In

the terahertz region of the spectrum, the effect of annealing

on optical losses is more significant, probably due to the

formation of lamellar clusters with sizes reaching several

microns.
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Conclusion

A laboratory technology has been developed for the

synthesis of thin amorphous films of non-stoichiometric tita-

nium oxides TiO2−δ with precision composition control over

a wide range (δ = 0.02−1.18). An relationship between

parameter δ and optical constants n(λ) and k(λ) in visible

and near-infrared wavelength bands (λ = 0.35−1.0µm)
was found. Films with a deviation from the stoichiometry

δ > 0.18 exhibit metallic properties, and optical constants

are well described in the framework of Lorentz-Drude

model. Films with a deviation of δ < 0.05 behave like

dielectric films, and the optical constants are described by

Cauchy model. Annealing of films at temperature 600◦C

in argon atmosphere with a 2% volume addition of oxygen

leads to a significant change in the optical properties of

metal films, but does not affect the dielectric films. In IR

and THz bands, annealing of films with δ > 0.18 increases

optical losses in films, which is probably explained by higher

size of conducting clusters in the dielectric matrix. Films

with δ = 0.11−0.58 are of great interest for creating heat-

sensitive layers of microbolometers’ arrays.
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