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SiO2 films are deposited on Si substrates by an ion beam sputtering technique and continuously annealed
in a quartz culture dish in air at various annealing temperature ranging from 20 to 750 ◦C with a step
of 100 ◦C for a fixed time of 24 h. The effects of thermal treatment on optical anisotropy properties of
SiO2 films are investigated by spectroscopic ellipsometry. When the annealing temperature is 550 ◦C,
the optical anisotropy properties of SiO2 film is minimum. The obtained results indicate that the optical
anisotropy properties of SiO2 films can be improved by a proper thermal annealing process.
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SiO2 is a very important low refractive index material
and can be used in combination with high refractive in-
dex material such as Ta2O5 to manufacture the coat-
ings with ultra-low optical loss. Because of its sta-
bility, amorphous nature (no grain boundaries), high
density, adjustable refractive index, and low particu-
late contamination, SiO2 has many typical applications,
such as high-reflection coatings, antireflection coatings,
all-dielectric mirrors, beam-dividers, band-pass filters,
and polarizers[1−4]. Several different deposition meth-
ods have been tried to get high quality SiO2 films in-
cluding ion beam assisted deposition (IBAD)[5], molecu-
lar beam epitaxy (MBE)[4], radio frequency magnetron
sputtering[6], plasma enhanced chemical vapor deposi-
tion (PECVD)[7], and reactive pulsed laser deposition
(RPLD)[8]. The refractive index of SiO2 films can be
matched easily by adjusting the deposition conditions
and the partial pressure of oxygen.

In order to design high reflective and antireflective coat-
ings with low optical loss more accurately, it is necessary
to precisely measure and calculate optical constants of
high and low refractive index materials. The determina-
tion of the optical constants of thin films is of great im-
portance for the design of any optical and optoelectronic
device. The methods used for the determination of opti-
cal constants are usually classified as single-wavelength
methods[9−11] and multi-wavelength methods[12,13]. In
the multi-wavelength methods, the optical constants are
strongly related to one another and to the wavelength,
and this dependency can be represented by certain opti-
cal dispersion equations. As a result, the latter methods
are relatively insensitive to random measurement errors
and lead to better results.

Thermal annealing is an effective method to improve

optical properties of SiO2 films. After annealing, the
transmittance and rigidities of SiO2 films had been great
improved, and the obtained best annealing temperature
is 600 ◦C[6]. The dielectric properties of SiO2 films can
be improved and a blue shift of the infrared absorp-
tion spectral peak in a Fourier transform infrared attenu-
ated total reflection spectrum was observed with thermal
annealing[14].

In this letter, SiO2 films are deposited on Si (110)
substrates by an ion beam sputtering technology. Spec-
troscopic ellipsometry is mainly used to measure opti-
cal constants of the SiO2 films. Cauchy and Uniaxial
layer model are used as the fitting model to study the
effect of thermal annealing on refractive index and opti-
cal anisotropy properties. The effects of different ther-
mal annealing temperature on optical anisotropy proper-
ties of SiO2 films are investigated.

The Si (110) is chosen as the materials of substrates
and the substrates are 100 mm in diameter and 0.3 mm
in thickness. SiO2 target with the purity of more than
99.995% and the diameter of 14 inch is used as thin films
forming material. Due to ion beam sputtering being one
of the best deposition methods for achieving the low ab-
sorption and low scattering coating, so we choose ion
beam sputtering as the deposition methods in our exper-
iment. The designed physical thicknesses of SiO2 films
were all about 860 nm. When SiO2 films have been pre-
pared, we will both measure ellipsometric spectra data
before and after thermal treatment for SiO2 films.

Air-annealing experiments were carried out in a high
temperature cabinet (PHH101S, ESPEC, Japan) with
temperature control precision of ±1 ◦C. In order to study
the effects of annealing temperature on optical properties
of SiO2 films, sample 1#, 2#, 3#, 4#, 5#, 6#, 7#, and
8# were continuously annealed in a quartz culture dish
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in air at various annealing temperature ranging from 20
to 750 ◦C with a step of 100 ◦C for a fixed time of 24 h.

The spectroscopic ellipsometry is in general more accu-
rate in determining optical constant because of the sen-
sitivity of the phase difference for small variations in the
optical thickness. In order to study the effects of anneal-
ing time and temperature on optical properties of SiO2

films with amorphous structure, we have recorded the
ellipsometric parameters ψ and ∆ of these samples at
different annealing times and temperatures.

WVASE32 software was used to fit the measured Psi
(ψ) and Delta (∆) data. In the fitted process, the optical
model consisted of the Si substrate, the effective medium
approximation (EMA) with 50% Si and 50% film bulk,
the Cauchy layer, simple graded index material and a
top surface roughness layer with 50% voids and 50% film
bulk was used to fit the thickness and refractive index
of SiO2 films with the measured Ψ and ∆ experimental
data. The best numbers of sublayers is proved to be 51,
so 51 sublayers were all chosen in the calculation of op-
tical constants of SiO2 films in our experiments.

Over part of the spectra for many non-absorbing ma-
terials, the refractive index n can be represented by a
slowly varying function of wavelength. The refractive in-
dex dispersion can be modeled by Cauchy formula[9,15,16]

n = An +
Bn

λ2
+
Cn

λ4
, (1)

where n is the refractive index, λ is the wavelength in
µm, An describes the long-wavelength asymptotic index
value, and Bn and Cn are the dispersion terms that add
upward slope to the index curve as wavelengths become
shorter (Bn and Cn >0). Equation (1) can describe dis-
persion for a material that is essentially non-absorbing
over the measured wavelength range. Equation (1) can
provide a means to curve-fit dispersion. However, the
Cauchy term is most effective when curve fitting normal
dispersion (n decreasing with wavelength). The Cauchy
dispersion relation was design to model the normal dis-
persion seen in transparent materials.

In order to obtain more accurate optical anisotropy
properties of SiO2 films with different annealing tem-
peratures, we further chose Uniaxial layer model as
the fitting model after finishing the fit of thickness
and refractive index. In the fitting process, a model
consisting of a Si substrate, the Cauchy layer, dNz
layer, Nz(cauchy)/100%(dNz) layer, and Uniaxial layer
are employed. The Cauchy layer, dNz layer, and
Nz(cauchy)/100%(dNz) layer don’t need to fit the thick-
ness and they are all zero thickness. The entire film
thickness is represented by Uniaxial layer and the dummy
layers are used only to define a set of optical constants.

Spectroscopic ellipsometry measurements were made
with a two-channel spectroscopic polarization modula-
tion ellipsometer in the spectral range from 0.6 to 5.2 eV
with an interval of 0.04 eV at an angle of incidence 65◦

by Woollam variable angle spectroscopic ellipsometry.
Due to obtaining more accurate optical constants in the
visible range, so the wavelength range was chosen from
400 to 800 nm in the fitting process. The experimental
and model fit of Ψ and ∆ data before and after anneal-
ing are shown in Fig. 1. Compared with the measured
ellipsometric spectra of SiO2 films before annealing, the

corresponding spectra extend to blue shift after thermal
annealing. It can be seen that the fit data agree very
well with the experimental data.

Using the calculated methods as above, the measured
ellipsometric data with different annealing temperatures
are all fitted to study the effect of thermal annealing
on optical anisotropy properties of SiO2 films. Various
calculated refractive indexes from z direction to xy plane
with different annealing temperatures are shown in Fig.
2. As the annealing temperature of SiO2 films is in-
creased, the various quantity of refractive index from z
direction to xy plane of SiO2 films become diminution,
when the annealing temperature reaches 550 ◦C, the var-
ious quantity of refractive index from z direction to xy
plane reaches the least, and then the various quantity
of refractive index become large as the annealing tem-
perature continues to increase. The least corresponding
variation quantity is all below 0.0005 in the wavelength
range from 400 to 800 nm. The obtained results illus-
trate that optical anisotropy properties of SiO2 films can
be improved.

The obtained typical refractive index curves for xy
plane and z direction of SiO2 films after coating and
after thermal annealing with 550 ◦C temperature are
shown in Fig. 3. It can be seen that the various quantity
of refractive indexes of xy plane are different from the
values of z direction after coating. Before annealing, the
difference of refractive indexes between xy plane and z
direction are large and the variety is about 0.002. After
thermal annealing with 550 ◦C temperature, the calcu-
lated refractive indexes between xy plane and z direction
are almost the same.

The refractive indexes of SiO2 films with different
annealing temperatures were calculated from the mea-
sured Ψ and ∆ data. The various quantities of re-
fractive indexes with different annealing temperatures
at 633 nm are shown in Fig. 4. As the annealing

Fig. 1. (Color online) Experimental and model fit of (a) Ψ
and (b) ∆ data before and after annealing.

 
 
 
 
 
 
 
 

Fig. 2. (Color online) Various refractive indexes from z direc-
tion to xy plane with different annealing temperatures.
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Fig. 3. (Color online) Refractive index curves for xy plane
and z direction of SiO2 films after coating and after thermal
annealing.

Fig. 4. Various quantity of anisotropy and refractive indexes
from z direction to xy plane after annealing, from after an-
nealing to before annealing at 633 nm.

temperature of SiO2 films is increased, the refractive
index of SiO2 films become diminution, when the an-
nealing temperature is 550 ◦C, the various quantity of
refractive index reaches the largest, and then the various
quantity of refractive index become diminution as the
annealing temperature continues to increase. The vari-
ous quantities of refractive indexes from z direction to xy
plane after annealing at 633 nm are also shown in Fig. 4.
It can be seen that the tendency of various quantity of
refractive index are the same between optical anisotropy
properties and refractive index.

In conclusion, SiO2 films on Si (110) substrate are
prepared by an ion beam sputtering technology, and
thermal annealing effects on optical anisotropy proper-
ties of SiO2 thin films are investigated. Spectroscopic
ellipsometry is used to measure Ψ and ∆ data. Cauchy
and Uniaxial layer model are used as the fitting model

to study the effect of thermal annealing on refractive
index and optical anisotropy properties. As the anneal-
ing temperature of SiO2 films is increased, the various
quantity of refractive index from z direction to xy plane
of SiO2 films become diminution, when the annealing
temperature reaches 550 ◦C, the various quantity of re-
fractive index from z direction to xy plane reaches the
least, and then the various quantity of refractive index
becomes large as the annealing temperature continues to
increase. The tendency of various quantity of refractive
index is the same between optical anisotropy properties
and refractive index. The obtained results indicate that
optical anisotropy properties of SiO2 films can be im-
proved with appropriate thermal annealing.
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