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Optical properties and microstructure of Ta2O5 thin films

prepared by oblique angle deposition
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Tantalum pentoxide thin films are prepared by oblique angle electron beam evaporation. The influence of
flux angle on the surface morphology and microstructure is investigated by scanning electron microscopy
(SEM). The Ta2O5 thin films are anisotropic with highly orientated nanostructure of slanted columns.
The porous microstructure of the as-deposited films results in the decrease of effective refractive index and
packing density with increasing deposition angle. The anisotropic structure results in optical birefringence.
The in-plane birefringence increases with the increase of deposition angle and reaches the maximum of
0.055 at the deposition angle of 70◦. Anisotropic microstructure and critical packing density are the two
key factors to influence the in-plane birefringence.
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Recently, oblique angle deposition (OAD) technique has
attracted great attention due to its flexibility and low cost
in the fabrication of variable nanostructures. Through
tuning the obliquity and rotation speed of the substrate,
a variety of nanostructures such as pillar, helix, zigzag,
chevron, and dendritic shape can be fabricated[1]. Due
to the characteristic microstructure, films prepared by
OAD can be extensively used in optics[2−4], chemistry[5],
biology[6], and medicine[7] fields.

Tantalum pentoxide (Ta2O5) is an important mate-
rial and is widely used in industrial applications such
as low-inductance decoupling capacitors[8], alternative
gate insulator in field effect transistors[9,10], heat-barrier
coatings[11], etc. It also has high refractive index,
large band gap, excellent chemical stability, almost free-
absorption at 300−2000 nm[12], making it an important
potential material in optical applications such as filters,
solar cells, charge-coupled devices (CCDs), and high
power laser equipments[13−15].

In this letter, we prepare Ta2O5 thin films with OAD
technique. The tilted nanocolumn microstructure is
obtained through tuning the oblique angle of the sub-
strate. Through scanning electron microscopy (SEM),
ultraviolet/visible/near infrared (UV-vis-NIR) spectra
and optical anisotropy measurements, the relationship
between the microstructure and optical properties of the
films is investigated.

Ta2O5 thin films were prepared by oblique angle
electron beam (EB) evaporation at a base pressure of
2.0×10−3 Pa. BK7 glasses (Φ30×3 (mm)) and n-Si
(100) substrates were ultrasonically cleaned in acetone
and ethanol before introducing into the vacuum system.
Granular Ta2O5 (purity 99.99%) were evaporated from
an EB source located 27 cm from the substrate at an
O2 pressure of 2.7×10−2 Pa with a deposition rate of
0.76 nm/s. The deposition equipment was similar to
that in our previous work[16]. The substrate tilted angle

α was measured as the direction of the incident flux with
respect to the substrate normal. In our experiment, the
deposition angle α was fixed to be 0◦, 40◦, 60◦, 70◦, and
80◦ without substrate rotation. During deposition, the
substrate was kept at room temperature. The nominal
film thickness of 1.7 µm was controlled by the optical
thickness monitor.

The composition of the thin films was measured by
energy dispersive spectroscopy (EDS) equipped on SEM
(JSM-6535). Before EDS measurements, the sample was
deposited by a layer of carbon about several nanometers
for conduction. The morphology was observed by field
emission scanning electron microscopy (FE-SEM) in HI-
TACHI S-4700 microscope. For SEM observation, Ta2O5

films were coated with a thin layer of gold to improve
conduction. The cross-section was cleaved along the de-
position plane. The UV-vis-NIR spectra of the films were
measured by a Lambda 900 spectrophotometer. For the
polarization measurement, a polarizer was introduced
into the light path. The incident lights were two orthog-
onal polarization lights normal to the substrate surface.
The light incident plane was parallel to the deposition
plane and the wavelength range was 400−800 nm.

Figure 1 shows the composition of as-deposited thin
films by EDS. It can be found that there is no other
impurity in the thin films except for Ta and O elements.
According to the analysis of element contents, the con-
tents of Ta2O5 is about 95.89 wt.-% and C is about 4.11
wt.-%, which means that as-deposited thin film is stoi-
chiometry. Hence the as-deposited thin films are Ta2O5

thin films.
Figure 2 shows the SEM images of Ta2O5thin films

deposited at different oblique angles. Through the top-
view images, it is found that films are loose and porous.
Size and number of the pores increase with the increase
of oblique angle. At the deposition angle α = 40◦, the
film surface is smooth and no distinct pores can be ob-
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served. At α = 60◦, the film surface is rough with many
apparent pores. While at α = 80◦, the film surface is full
of nanoclusters and pores. The nanoclusters are irregu-
lar with many small nanocolumns inside. Through the
cross-sectional images, it is observed that films consist
of tilted nanocolumns and open pores, which is consis-
tent with the results in Ref. [17]. The columns incline
towards one direction (flux direction) due to oblique de-
position and shadowing effects[18]. These cross-sectional
morphologies are in agreement with the zone I struc-
ture of Thornton’s model[19], which is caused by the
limited mobility of the incoming atoms during oblique
deposition. As the flux incident angle changes from
40◦ to 80◦, the intercolumnar spacing and obliquity of
columns increase with the increase of flux angle. The
highly orientated nanostructure of the slanted columns
indicates that Ta2O5 thin films are anisotropy with the
long axis parallel to the columnar growth direction. The
anisotropic structure will induce the anisotropic depen-
dence on the thermal, electrical, magnetic, and optical
properties of thin films[20]. Compared with the top-view

Fig. 1. Composition of as-deposited Ta2O5 thin films by EDS.

Fig. 2. Top-view (left) and corresponding cross-sectional
(right) images of Ta2O5 thin films deposited at (a) 40◦, (b)
60◦, and (c) 80◦, respectively.

and cross-sectional images at α = 80◦, the fan-out effect
is obvious. At the beginning, nanocolumns grow sepa-
rately and the columnar diameter is homogeneous. As
the growth continues, some small columns stop growth
and others cluster together to form larger columns, lead-
ing to the structural hierarchy shown in Fig. 2.

The column angle β, defined as the angle between the
substrate normal and the long axis of slanted columns,
is a significant structural parameter with optical proper-
ties. The experimental and estimated column angle β are
illustrated in Fig. 3. It can be seen that the column angle
β is less than the deposition angle α. Besides, the column
angle β increases with the increase of deposition angle
α. An empirical formula known as tangent rule (tanβ
= 0.5tanα) was proposed to estimate the function of α
and β[21]. The experimental column angle measured from
SEM images is about 18◦ at α = 40◦, which is close to the
value estimated by tangent rule. However, the difference
between the experimental and estimated values grow
larger for α >60◦, as shown in Fig. 3. Another formula
known as cosine rule (2sin(α−β) = 1−cos α) can be much
more successful in estimating the column angle of thin
films deposited at larger deposition angles (α >60◦)[22].
It can be found that the measured column angle deviates
from the empirical formula, which might be due to the
sensitivity of the columnar structure on deposition and
material dependent parameters. Additionally, the great
surface curvature of nanostructure films grown by OAD

Fig. 3. Column angle versus flux incident angle α.

Fig. 4. Transmission spectra of Ta2O5 thin films deposited at
0◦, 40◦, 60◦, 70◦, and 80◦, respectively.
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will distinctly change the direction of column growth and
can also induce the deviation.

The UV-vis-NIR transmittance spectra of thin films
deposited at different angles are shown in Fig. 4. For
the films with given thickness, due to the interference of
the incident light, constructive wave interference and de-
structive wave interference occur periodically. Hence, the
transmittance spectra of Ta2O5 films exhibit many peaks
and valleys. However, due to the absorption and diffuse
scattering of porous thin films, the maximum and mini-
mum of transmittance spectra deviate from those of the
substrate because of the refractive indices of thin films
higher and smaller than substrate, respectively. It can
be still found that the maximum of transmittance in-
creases with the increase of incident angle. It is known
that Ta2O5 is a high refractive index material (n = 2.2
at λ = 550 nm). The single-layer Ta2O5 on BK7 glass
substrate is a reflectance film and the maximum trans-
mission is lower than that of the substrate. While for
α = 80◦, the transmission is slightly higher than that of
the substrate, which means that n is close to the refrac-
tive index of the substrate. If thin films are deposited at
higher incident angle, n can be smaller than the refrac-
tive index of the substrate and single-layer Ta2O5 can be
used as anti-reflective films.

According to the transmission spectra, the optical con-
stants of thin films at different angles are calculated
by the envelope method[23]. The dispersion curves at
wavelengths of 400−700 nm are fitted by Cauchy dis-
persion equation (n(λ) = P1 + P2/λ2 + P3/λ4, k(λ) =
A1 +A2/λ2 +A3/λ4, where P1, P2, P3, A1, A2, and A3

are all the fitting parameters), as shown in Fig. 5. It
is found that the refractive index n and extinction coef-
ficient k decrease with the increase of incident angle α.
With the incident angle increasing, the columnar spac-
ing is increasing and columns are more apart. There
are more pores in the films. Hence, the effective refrac-
tive index inevitably decreases. While due to the in-
creasing columnar spacing, the oxidation is more efficient
and adequate. Therefore, the absorption and k are also
decreasing. Based on the Burggeman effective-medium
approximation[24],

p
A

εA − ε

εA + 2ε
+ p

B

εB − ε

εB + 2ε
= 0, (1)

where ε, εA, and εB are the dielectric functions of ef-
fective medium, material A, and material B; p

A
and p

B

represent the packing densities of materials A and B,
respectively. The relationship between refractive index
n at λ = 550 nm and the corresponding packing density
p can be obtained, as shown in Fig. 6. It can be found
that n and p are decreasing with the increase of incident
angle. When the incident atoms arrive at the substrate
surface normally, Ta2O5 films are compact and the pack-
ing density is close to 1. At α = 0◦, n is about 2.11 and p
is about 98% of the bulk. While for α = 80◦, n is about
1.56 and p is only about 52% of the bulk. The decrease of
refractive index and packing density in OAD Ta2O5 film
can be ascribed to the porous structure in SEM images.
By adjusting the flux incident angle, the effective index
and packing density of OAD films can be engineered in
a continuous range of values. One can also combine the
microstructure evolution with the tailorable refractive

index to produce refractive index gradient materials and
other new optical filters.

When the transmission spectra are measured with two
orthogonal polarized lights, in-plane birefringence is de-
fined as the difference (∆n) of two in-plane refractive
indices[25]. Figure 7 illustrates the in-plane birefringence
∆n of Ta2O5 OAD films. The birefringence increases
with the flux incident angle. At α = 70◦, the bire-
fringence reaches the maximum of 0.055. A greater
flux incident angle results in a decrease of birefringence,
which means that there is an optimum deposition an-
gle for the maximal birefringence. Small incident angle
results in weakly anisotropic structure, while too large
incident angle induces too much porous structure, which
does not favor the improvement of in-plane birefringence.
Anisotropic microstructure and packing density can be
balanced with each other. There is a critical packing
density to determine the in-plane birefringence[26]. Ac-
cording to the results shown in Fig. 6, it can be deduced
that the critical packing density for Ta2O5 is about 0.56,
which is consistent with the result calculated by effective
medium model. The maximum birefringence of OAD
Ta2O5 films is higher than that of some common crystals
(e.g., for MgF2, ∆n = 0.012; for quartz, ∆n = 0.009). It
is suggested that OAD can offer an effective method to
obtain the larger birefringence and it is flexible to design
wave plate and polarizer.

In conclusion, Ta2O5 thin films prepared by OAD
technique are anisotropic with highly orientated slanted
columns. The column angle of thin films is smaller than
the incident angle and increases with the increase of flux
incident angle. Due to the shadowing effect and low
atom mobility, the Ta2O5 thin films are a mixture of
tilted columns and pores. The porous microstructure
of the as-deposited films results in the decrease of effec-
tive refractive index and packing density with increasing

Fig. 5. Dispersion curves of optical constants. (a) Refractive
index; (b) extinction coefficient.
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Fig. 6. Refractive index and packing density versus flux inci-
dent angle α at λ = 550 nm.

Fig. 7. In-plane birefringence versus flux incident angle α.

deposition angle. The anisotropic microstructure results
in the optical anisotropy and forms the birefringence
which varies as a function of the flux angle and reaches
the maximum of 0.055 at α = 70◦. The OAD technique is
an effective method to obtain large birefringence. Ta2O5

thin film deposited by OAD is a potential candidate for
phase retarder and polarizer.
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