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A B S T R A C T

We investigated the optical absorption properties of NbxTi1−xO2 thin films, a solid solution combining the
reduced titanium and niobium oxide phases TiO2 and NbO2. The optical absorption properties of NbxTi1−xO2

thin films prepared by pulsed laser deposition at 600 °C were shown to be large in magnitude at an almost
constant value of ≈17 µm−1. Because this large absorption coefficient is nearly independent of incident photon
energy in the visible range (400–700 nm), the NbxTi1−xO2 thin films appear optically black. Flat and homo-
genous, optically black coatings like these are desirable for color isolation in flat panel displays. The origin of flat
wavelength dispersion in NbxTi1−xO2 is the coexistence of semiconducting absorption and metallic light ab-
sorption mechanisms. Localized Nb-Nb dimers in the metallic NbxTi1−xO2 phase open an optical band gap which
gives rise to semiconducting behavior. We show here that reduction results in strong visible light sensitization in
normally transparent Nb-Ti oxides.

1. Introduction

Optically absorbing coatings are important for applications both
future and present in the electronics display industry. Organic light-
emitting displays (OLED) and liquid crystal displays (LCD), for ex-
ample, require a black matrix coating to optically isolate the colors of
individual pixels. Displays with good isolation have superior contrast
and can display dark colors. The black matrix also dictates the powered-
off appearance of these displays. Ideal coatings for this application must
meet two important criterion:

(1) They must be homogeneous and flat to avoid light scattering and
for compatibility with layered structures.

(2) They must have a large, consistent absorption coefficient, α(E) to
ensure wavelengths in the visible light region are absorbed with
constant intensity.

Materials with such dispersion behavior appear exceptionally black.
Organic molecules with a variety of bond lengths and vibrational modes
are known to absorb many wavelengths of light in the visible spectrum
[1,2]. Therefore, visible light absorbing coatings are typically made
from organic resins and pigments. However, organic compounds have

poorer thermal stability and resistance to ultraviolet radiation than
inorganic metal oxides. Additionally, metal oxide coatings are compa-
tible with many existing mass production facilities. A novel visible-
light-absorbing oxide film with flat wavelength dispersion should be the
key to improving the picture quality of LCD and OLED displays. It may
be possible to achieve such flat wavelength dispersion in metal oxides
by combining an oxide with strong short wavelength absorption with
another oxide which has strong long wavelength absorption. Short
wavelenth absorption known as Tauc absorption [3–5] is typically ap-
plied to semiconductors while long wavelength absorption is known as
Drude absorption [3,6,7] is typical of metals.

It is known that oxygen vacancies increase optical absorption in
metal oxides by introducing free carriers and mid-gap defect levels
[8–10]. A large amount of reduction has been show to lead to the
periodic ordering of oxygen vacancies in the form of crystallographic
shear planes [11]. For example, the Magnéli TinO2n-1 series crystallizes
into distorted rutile structures with shear planes along a pseudo-rutile c
axis where edge-sharing octahedra become face-sharing in order to
accommodate reduced Ti3+ cations [12,13]. These phases are con-
sidered metallic as their Fermi energies lie just below their conduction
bands [14]. Accordingly, Magnéli titanium oxides exhibit free carrier
conductivity and optical absorption. This optical absorption is strongest
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in the long wavelength near infrared region.
Another oxide with metallic behavior is NbO2. NbO2 is particularly

interesting because it undergoes a transition from an insulating phase to
a metallic phase at around 800 °C [15–17]. This transition is accom-
panied by a transformation from distorted rutile type to regular rutile
type. In the insulating phase, alternating short (2.7 Å) and long (3.3 Å)
Nb-Nb dimers exist along the c axis [17]. The alternating bond length of
these dimers gives rise to a Peierls type instability along the c-axis by
changing domians of periodic potential in the lattice, causing an in-
sulator to metallic transition [15,17,18]. The instability opens an ap-
preciable band gap of indirect nature by splitting the Nb-4d bands
[17,18]. While the exact value of this gap is unclear, calculations have
evaluated it as low as 0.1 eV and spectroscopy measurements as high as
1.3 eV have been reported [15,16,18,19]. The transformation from in-
sulator to metal is based on the thermal dissolution of long Nb-Nb di-
mers [20]. Sakata found that over a large composition range, Nb and Ti
form a solid solution of NbxTi1−xO2. From 0 < x < 0.85, the solid
solution is metallic rutile type at temperatures as low as 500 °C [20,21].
Because the closed shell Ti structure is less likely to dimerize than open
shell Nb4+, the introduction of Ti lowers the transformation tempera-
ture from insulating to metallic. Sakata also reported a nonlinear in-
crease in the c axis, with 0 < x < 0.85 indicating the persistence of
some short Nb-Nb dimers. The existence gap forming short Nb-Nb di-
mers in a metallic phase makes the NbxTi1−xO2 system an excellent
candidate for a film that displays both long and short (Drude and Tauc)
wavelength absorption. However, the optical properties of this solid
solution have not been reported. Here we show that the optical ab-
sorption of NbxTi1−xO2 is characteristic of both short wavelength in-
direct gap absorption and long wavelength free carrier absorption. It is
also shown that redox interactions between Nb and Ti occur in the solid
solution.

2. Experimental

Films were synthesized by pulsed laser deposition (PLD). PLD tar-
gets were prepared using Nb(V) oxide powder (Kanto Chemical Ltd.:
purity 99.95%) and rutile Ti(IV) oxide powder (High Purity Chemical
Ltd.: purity 99.9%). Four targets, TiO2, Nb2O5, and TiNb2O7 and TiO2-
TiNb2O7 composite (25 cationic mol% Nb), were prepared by solid state
reaction at 1250 °C. All films were deposited on amorphous alkali-free
glass (OA-10G, Nippon Electric Glass Co., Ltd.:
15 mm× 15mm× 0.5 mm) using a KrF excimer laser (COMPex-
Pro205, COHERENT, Inc,: λ=248 nm) repeated at 5 Hz for 30min
with a laser fluence of 5.8 Jcm−2. The deposition chamber (PLAD-242,
AOV Co., Ltd.) was evacuated to an atmosphere of< 10−4 Pa. This
vacuum condition was required in order to obtain NbO2 rather than
Nb2O5 and substoichiometric TiO2−x rather than TiO2. The glass sub-
strates were heated to 600 °C by means of an infrared heating lamp.
This temperature was chosen because the phase study reported by
Sakata indicates both insulating NbO2 and metallic NbxTi1−xO2 are
stable at this temperature [20,21]. Films deposited at 600 °C under a
high vacuum were between 35 and 50 nm in thickness.

The structure of the as deposited films were characterized with
grazing incidence X-ray diffraction (D8 Advance, Bruker AXS) with a
grazing angle of 2° with a Cu-Kα radiation source (λ=1.5418 Å) and
Raman spectroscopy (HR-800, Horiba Jobin Yvon S.A.S.) using a He-Ne
laser (λ=632.8 nm). Surface morphology and average roughness were
measured by atomic force microscopy (AFM) (AFM, JSPM-5200. JEOL
Ltd.). The chemical states were measured using an XPS (Theta Probe,
Thermo Electron Corporation) with an Al-Kα source (λ=1486.6 eV)
from a flood type electron gun and spectroscopic ellipsometry (M-2000,
J.A. Woollam Co., Ltd.). Due to the insulating nature of the sample
surfaces, XPS peak positions were corrected using a carbon 1 s reference
set at 285.00 eV. Gauss-Lorentz deconvolution was used for Nb-3d
peaks. This fitting employed several fixed parameters; between the 5/2
and 3/2 peaks the area ratio and energy separation were fixed. Ti-2p

peaks were deconvoluted using a rutile powder reference sample. An
Nb-3 s peak near 470 eV was included in the Ti-2p peak deconvolution
in order to obtain an accurate fit for samples containing both Nb and Ti.

Spectroscopic ellipsometry was used to obtain the optical properties
of the film. Measurements of the phase and amplitude changes, Δ and ψ
were obtained at 50° and 70° from normal at a spectral range of
250–1000 nm. Our model included a 0.5mm Cauchy film as the sub-
strate, the deposited film and an air layer. The complex pseudo-di-
electric function was modelled from this data and the refractive index
(n) and extinction coefficient (k) were derived from this function. The
absorption coefficient is defined by =α πk λ2 / . A multi oscillator
scheme was used to model the dielectric functions of the films. Tauc-
Lorentz oscillators were used throughout except for the near infrared
region of the T100. A metallic type Drude oscillator was used for this
region because of its good fit to the data. In every case, the model
obtained a mean squared error below 10. The compositions of the de-
posited films and the naming conventions are summarized in Table 1.
The films are referred to by these names hereafter.

3. Results and discussion

The films were deposited under a high vacuum in order to introduce
oxygen vacancies and reduce the oxide cations for visible light sensi-
tization. While stoichiometric TiO2, Nb2O5 and Nb5+ doped TiO2 are
typically transparent the results of this study show that reduction is
highly effective to sensitize these oxides to visible light [16,22–25].
Since the films deposited at lower than 600 °C were largely amorphous,
only polycrystalline films deposited at 600 °C were used in this study.
Grazing incidence XRD and Raman spectroscopy were used for struc-
tural characterization and phase identification; these spectra are shown
in Fig. 1.

The XRD spectrum of the N100 film deposited under high vacuum at
600 °C was indexed to distorted rutile type (I41/a) NbO2. This is the
insulating phase of this film, its XRD spectrum is shown in Fig. 1a. T100
was largely amorphous due to deposition on the amorphous glass
substrate, thus oxygen deficiency related stacking faults are randomly
distributed throughout the film. However, the Raman spectrum of T100
shown in Fig. 1b, is consistent with the previously reported Raman
spectra of Magnéli type Ti4O7 [13] indicating localized Ti4O7 co-
ordination. While N100 was the low temperature insulating phase of
NbO2, the TN25 and TN67 films were indexed to the metallic regular
rutile phase of NbxTi1−xO2 showin in Fig. 1a. The absence of the XRD
peaks attributed to (1 0 1) and (2 1 1) planes might indicate a preferred
orientation near the surface where grazing incidence XRD analyzes.
This is likely because the planes perpendicular to the c-axis have lower
surface energy than the other planes in the rutile type crystal structure
[26]. The peaks of the Raman spectra of TN25 and TN67 films were
identical at 304 and 722 cm−1, as shown in Fig. 1b, and agree rea-
sonably well with the Raman data reported for metallic rutile type
NbO2 [27]. Broadening of these Raman peaks can be attributed to the
atomic displacement of Nb due to local dimerization. The Raman
spectrum of our NbO2 film matches previously reported data well [28].
The positions of the XRD peaks shown in Fig. 1a were used to calculate
the a axis lengths of TN67 and TN25, at 4.783 Å and 4.728 Å, respec-
tively. These values are consistent with the measurements of the a axis
versus composition in NbxTi1−xO2 reported by Sakata [20]. Expansion

Table 1
Naming conventions for thin films and the compositions of their PLD targets.

Sample Cationic mol% Ti in
targets

Cationic mol% Nb in
targets

Deposition Temperature
[°C]

T100 100 0 600
TN25 75 25 600
TN67 33 67 600
N100 0 100 600

A.E. Shimabukuro et al.



of the a axis with increasing Nb content is related to the incorporation
of Nb in the lattice.

Since optical absorption is also dependent on surface roughness, we
analyzed surface morphology with AFM. The air-oxide interface of very
rough surfaces causes non specular absorption and reflection which
does not represent the optical response of a film’s bulk [29]. Atomic
force microscopy analysis on our films yielded acceptable surface
roughness values below 1 nm. TN25 had an average surface roughness
of 0.51 nm while TN67 had an average surface roughness of 0.68 nm.
Micrographs of the film surfaces are shown in Fig. 2. Such small surface
deviations are not significant sources of error for our absorption mea-
surements, and suggest these thin films are compatible with the layered
structures.

Film absorption spectra obtained from spectroscopic ellipsometry
and actual film appearances are shown in Fig. 3. N100 appears slightly
red because of its strong absorption in the blue region but weak ab-
sorption in the red region. T100 appears slightly blue due to its strong
red region absorption but weak blue region absorption. TN25 and TN67
have strong absorption in both blue and red regions and accordingly,
the films appear black with no coloration. For these NbxTi1−xO2 thin
films, no light scattering is visible and no surface roughness layers are
required for the analysis with spectroscopic ellipsometry as indicated

by the AFM images (Fig. 2). The variance in TN25 and TN67 absorption
coefficient throughout the visible spectrum is in the range of 3 μm−1.

The absorption spectra of our thin films was compared to Si, tita-
nium nitride and Fe3O4 dispersion data from the literature [30–32]. Our
experimental absorption spectra along with literature absorption
spectra are plotted in the visible region in Fig. 4. From this image, it is
clear that the absorption coefficients of both TN25 and TN67 are very
large and almost constant. While the wavelength disperson of Fe3O4,
which is used commercially as a black pigment, is also very flat, the
magnitude of its absorption is very small [33].

Since absorption coefficient uniformity and magnitude are im-
portant characteristics of absorbing films, a numerical assessment of
these quantities is required. We describe the magnitude of absorption
spectra using the film absorption coefficient value at 550 nm, the wa-
velength at which the human retina is most sensitive [34]. The uni-
formity of a spectrum can be described quantitatively by the average
deviation from the absorption coefficient at 550 nm. The average de-
viation is the absolute sum of deviations from the value at 550 nm
normalized by the number of data points in the set. For this analysis, we
used only data in the visible range (400–700 nm). These values are
marked by colored squares in Fig. 4 and are tabulated numerically
along with average deviations in Table 2. A material with ‘blackness’
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Fig. 1. Structural identification data. (a) Thin film XRD diffraction data with amorphous substrate background data subtracted, (b) Raman spectra of thin films. The
diffuse peaks of TN67 and TN25 are caused by localized Nb-Nb dimers which inhibit long range order.

Fig. 2. AFM images of (a) TN67 and (b) TN25. In both cases, the average surface roughness in less than 1 nm.
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suitable for the electronic display industry should have a large ab-
sorption coefficient at 550 nm with a small average deviation from that
value. The large absorption coefficients, at 550 nm, of both TN25 and
TN67 are comparable to that of metallic titanium nitride, and their
small average deviations are comparable to Fe3O4. This analysis shows
the rutile type NbxTi1−xO2 is an excellent candidate for optically black
absorbing layers because of its large, almost constant absorption coef-
ficient throughout the visible range.

The two primary mechanisms responsible for optical absorption
near the band edge are the primary interband transition and transitions
due to localized states. These localized transitions create Urbach tails
and result in a smaller amorphous band gap than the crystalline band
gap [35–38]. For the films deposited in this study, the absorption edge
is outside the visible range, and the primary character we observe is the
absorption tail. This is clear from the spectral shapes in Fig. 3a. The
shapes of these tails is related to the electronic structure and the type of
transition which results in the tails.

The metallic absorption tail can be clearly differentiated from the
semiconducting tail. Tauc suggested the energy dependence of the ab-
sorption tail in amorphous semiconductors is ∝a ω ω( )Tauc 2 [35]. Al-
though it is only applicable to allowed type transitions in indirect gap
semiconductors, this relationship has been used extensively to ap-
proximate the optical band gap with reasonable accuracy [3,39,40]. A
similar relationship was later derived for indirect gap semiconductors
with forbidden type transitions by Nakahara et al. where ∝a ω ω( ) 1

3 near
the absorption edge and ∝a ω ω( ) 2

3 at lower energies [41]. It then fol-
lows that the absorption tail of indirect gap semiconductors increases
with frequency, according to ∝a ω ω( ) n where n > 1 or decreases with
the wavelength, according to ∝a λ λ( ) n where n < 1.

Because of their large free carrier concentration, the absorption tail
energy dependence can also be derived for semiconductors which be-
have like metals [3]. Typically, the plasma frequency, ωp, of metals is
well into the ultraviolet region and reflectance is dominant in the
visible range. However, for metal-like semiconductors, we can apply
Drude conductivity, = −∗σ ne τ m iωτ( )/( (1 ))Drude 2 to the complex di-
electric function, = + ∼ = +∼ε ω n ω ik ω ε πiσ ω( ) [ ( ) ( )] 4 /c2 where ω is in-
cident angular frequency, τ is the scattering time, m* is the effective
mass, εc is the core polarizability, ∼n ω( ) and ∼k ω( ) are the complex re-
fractive index and extinction coefficient, respectively. Given the re-
lationship, = ∼α ωk ω c(2 ( ))/ and assuming ωτ is much larger than 1 in
the visible range for a semiconductor with large free carrier
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Fig. 3. (a) Absorption spectra derived from spectroscopic ellipsometry with the visible spectrum represented graphically. (b) Film appearance and color transmit-
tance. TN67 and TN25 rutile type NbxTi1−xO2 films appear optically black because their absorption coefficients are almost constant in the visible spectrum.
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Table 2
Tabulated values for absorption coefficient at 550 nm and the average deviation
within the visible range.

Material Absorption coefficient at 550 nm,
α(550 nm) [µm−1]

Average deviation
[µm−1]

T100 (Ti4O7) 5.94 2.59
TN25 17.62 0.74
TN67 19.10 0.83
N100 (NbO2) 12.77 0.96
Fe3O4 [24] 1.19 0.28
Titanium nitride

[23]
22.51 4.64

Si [22] 0.42 1.21

A.E. Shimabukuro et al.



concentration, it can be concluded that very simplistic free carrier ab-
sorption in semiconductors is described qualitatively by ∝ −α ω ω( )Drude 2

or ∝α λ λ( )Drude 2 [3].
From the spectra in Figs. 3a and 4, it is clear that Ti4O7 (T100) has a

metal like absorption tail where α increases with wavelength. Similarly,
metallic titanium nitride has an absorption tail which increases with
wavelength. As expected, Si has a semiconducting band tail, and NbO2

(N100), which is known to be an indirect gap semiconductor, also has a
semiconducting band tail [15]. Since the Peierls gap in NbO2 opens in
the Nb-4d orbital, the transition should be forbidden [15,17,18]. Ac-
cordingly, the absorption tail of N100 appears to have two regimes of∝a λ λ( ) n.

The absorption tails of the TN25, TN67 and Fe3O4 do not obey the
aforementioned power laws. Optical absorption in magnetite Fe3O4

originates from distinct O-2p to Fe-4s and Fe-3d to Fe-4s transitions
[42]. Furthermore, both Fe2+ and Fe3+ exist simultaneously [42]. The
result is an absorption tail that is neither specifically semiconducting or
metallic. We believe a similar duality is responsible for the optical
absorption characteristics of rutile type NbxTi1−xO2 (TN25 and TN67).
It is likely that a Peierls gap in the Nb-4d orbital in the metallic
NbxTi1−xO2 phase gives the solid solution both semiconducting and
metallic absorption. By tuning the Nb-Ti ratio and thus the amount of
band opening Nb-Nb dimers, the uniformity of the visible range ab-
sorption spectra can be controlled.

Absorption in TN25 and TN67 films is more complicated than a
simple mixture of N100 and T100. Using the measured absorption
spectra of T100 and N100, the mole fraction was synthesized based on
the addition absorption curves for TN25 and TN67. Curve synthesis for
TN25 was carried out by scaling the absorption values of T100 by 75%
and adding them to the values of N100 scaled to 25%. A similar pro-
cedure was used for TN67, using 33% and 67%, respectively. These
synthesized curves are shown in Fig. 5. The deviation between mea-
sured absorption spectra and synthesized absorption spectra for TN25
and TN67 is likely due to slight oxygen non-stoichiometry and inter-
actions between Nb and Ti cations.

XPS measurements gave insight into the chemical interactions
taking place in the NbxTi1−xO2 solid solution. The integration of de-
convolved metal peaks and O-1s peaks yielded average values for
composition and cationic valencies. The calculated average chemical
states of are as follows: T100→ Ti3.35+, N100→Nb4.25+, TN67→
Ti3.76+&Nb4.33+. These values are in good agreement with the stoi-
chiometry of the film phases: Ti4O7, NbO2, Nb.67Ti.33O2. Since the XPS

measurent is a surface sensitive method, we expect the bulk to be more
reduced than the measurements indicate. For example, the XPS spec-
trum of N100 shown in Fig. 6c exhibits a high concentration of Nb5+

which should not be present in NbO2. This large concentration of Nb5+

must be due to film storage in open atmosphere.
XPS measurements were important to understand cationic interac-

tions in NbxTi1−xO2. The Nb2+ state in TN67 not seen in N100 can be
seen in Fig. 6. Additionally, more of the Ti cations were oxidized in
TN67 than in T100. We see that Ti tends to reduce Nb in solution. This
is likely attributed the formation of a fully coordinated Ti octahedron
which is more energetically favorable than a fully coordinated Nb oc-
tahedron according to the reported free energy of formation values
[43]. From the valency information alone, inferences can be made re-
garding the band structure of NbxTi1−xO2: namely, the conduction
band consists of TiO2-like Ti-3d orbitals, NbO2-like Nb-4d orbitals and
probably some hybridization of the two. Due to the contribution of Nb-
Nb dimers, there is also a small gap in the conduction band. Combined,
these conduction band features give rise to the non-typical absorption
spectra of the TN25 and TN67 films. It is possible that other as-yet
unknown chemical mechanisms are at play in the NbxTi1−xO2 solid
solution. Some research has suggested Nb-Ti hybridization forms a non-
bonding band near the valence band [44]. We can speculate that exotic
orbital hybridizations or charge transfer complexes exist, but only in
depth ab initio calculations can shed light on these processes.

4. Conclusion

We studied the optical absorption properties of the reduced titanium
and niobium oxide phases Ti4O7 and NbO2 as well as the solid solution
of the two. The visible spectrum absorption coefficient power law,∝α λ λ( ) n where = −n 2 for semiconductors and =n 2 for metals ap-
plies reasonably well to insulating NbO2 and metallic Ti4O7. The ab-
sorption spectra of solid solution NbxTi1−xO2 appears to be a combi-
nation of both types. Due to its large, nearly constant absorption
coefficient throughout the visible range, this rutile type NbxTi1−xO2 is
an excellent candidate for optically black absorbing layers. Localized
Nb-Nb dimers in the metallic NbxTi1−xO2 phase open an optical band
gap resulting in the coexistence of semiconducting and metallic ab-
sorption mechanisms in a single phase. The extent of this semi-
conducting and metallic character can be manipulated by controlling
the Nb-Ti ratio. The Nb-Ti solid solution was found to be rather complex
from an electronic perspective because of cationic reduction and
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Fig. 5. Measured and synthesized absorption spectra for (a) TN67 and (b) TN25.
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oxidation since Ti tends to reduce Nb. Due to this effect, the absorption
spectra of the NbxTi1−xO2 is different from that of numerical combi-
nation of NbO2 and Ti4O7. Further investigation is necessary to eluci-
date how this cation interaction impacts the band structure, and, in
turn, the optical absorption properties of the solid solution.
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