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Accurate analysis of ellipsometric data for thick
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Using e-beam evaporation, the ellipsometric parameters of thick transparent films are studied with the
modified analysis method for the SiO2 film samples deposited onto the Si substrate. The ellipsometric pa-
rameters are measured at the incidence angles changing from 50◦ to 70◦ and in the 3–4.5 eV photon energy
range. The error in the conventional method can be significantly reduced by the modified ellipsometric
method considering the spatial effect to show good agreement between the theoretical and experimental
results. The new method presented in this letter can be applied to other optical measurement of the
periodic or non-periodic film structures.
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Spectroscopic ellipsometry is widely used as an effective
and nondestructive optical technique to determine phys-
ical parameters of film structures, such as refractive in-
dex, extinction coefficient, physical thickness, and so
on[1−9]. Spectroscopic ellipsometry typically measures
the change of polarization between the incident and re-
flected electromagnetic waves interacting on the sam-
ple. The polarization state is determined by the di-
rect measurement of the ratio of the complex reflection
coefficients (magnitude and phase) of two orthogonal lin-
ear polarizations at a particular angle of incidence.

Thick transparent film, such as the SiO2 film deposited
on the Si substrate with the film thicker than the inci-
dent wavelength, can be applied in various fields, such as
microelectronics, micromechanics, integrated optics, and
so on. Spectroscopic ellipsometry is the unique technique
applied to study the optical properties of thick transpar-
ent films[10−13]. In terms of the conventional ellipsome-
try method, there are mainly two issues involved in the
film data analysis procedure: (1) requirement of an ini-
tial estimate of film thickness in approximation close to
the true value, and (2) the application of the optimal nu-
merical algorithm in data analysis with minimal error.
However, in the situation in which the film thickness is
close to the incident light wavelength, the data analysis
with the conventional ellipsometric method can result in
larger error in certain conditions, because spatial effects
have not been taken into account in the data analysis
procedure.

A modified ellipsometric analytical method is hereby
proposed to reduce the error occurring in the conven-
tional method by taking the spatial interference effect
into consideration[14]. The accuracy of the modified el-
lipsometric data analysis is tested and proven for the film
thickness of less than 200 nm, i.e., the film thickness is
less than the incident wavelength. However, for a film
thicker than the wavelength, the accuracy of the modified

ellipsometric analysis method has not yet been studied
and reported. In this letter, we focus the ellipsometric
study on the experimental condition, in which transpar-
ent film thickness is larger than the wavelength of inci-
dent light. Two samples with different thickness of SiO2

films deposited on the Si substrate are produced using
e-beam evaporation. Through the modified ellipsometric
method, the error between theoretical and experimental
ellipsometric data for thick film has been significantly de-
creased, especially under the condition where the phase
delay is equal to about mπ for the integer number m
ranging from 8 to 16. The results given in this work reveal
that higher accuracy can be achieved with the modified
ellipsometric method in the wider range of the film thick-
ness, which can be applied to other optical measurement
with the data analysis for thick film structures.

The schematic diagram of a single SiO2layer deposited
on the Si substrate is shown in Fig. 1. The light is inci-
dent at the angle θ0 from air onto the transparent SiO2

film with thickness d and refractive index n1. The Si sub-
strate has a complex refractive index of ñ2(ñ2 = n2 +ik2,
where n2 and k2 are the real and imaginary parts of the
index, respectively). The light propagating in the film
comes out along the y direction with a phase delay of
δ = 4πn1d(cos θ1)/λ, where λ is the wavelength and θ1

is the refraction angle at the SiO2 film side. When the
light propagates from medium i to j, the light path direc-
tions at the interface of the two media obey Snell’s law
expressed as

ni sin θi = nj sin θj. (1)

In terms of multiple reflection interferences occurring
in the film structure, the effective reflection coefficients
for the monolayer film structure are given by[15]:
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Fig. 1. Schematic diagram of the single-layer air/SiO2/Si film
structure with thickness d, where θ0 and θ1 are the incident
and the refractive angles at the SiO2film side, respectively;
and n0, n1 and ñ2 are the refractive indices of the medium of
air, SiO2 film, and Si substrate, respectively.
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where rp and rs represent the reflection coefficients of
the light polarized in parallel and perpendicular to the
incidence plane, respectively.

The conventional ellipsometry equation is given
as[16−18]

rp

rs
= tanΨ exp(i∆), (3)

where Ψ and ∆ are the ellipsometric parameters as mea-
sured in the experiment. When light is incident obliquely
onto the film surface, there is an actual spatial separation
along the x direction between the two neighboring light
beams under the condition θ0 6= 0. Taking consideration
of the spatial effect, the modified reflection coefficients
of thin films rp

sp and rs
sp (the subscript sp refers to the

term “spatial”) can be presented as
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where g1 = exp(−x2/2w) is the spatial distribution of the
first reflected beam, the spatial distribution parameter of
gk(x) is assumed to have the Gaussian formation[19] for
the multiple-reflected beams along the x direction as in-
dicated in Fig. 1. The spatial distribution parameter of
gk(x) is defined as

gk(x) = exp{−[x − (k − 1)a]2/2w2}, (5)

where k is the intger which represents serial number for
the reflected beam w is the width of the wave packet in
assumption, and a is the spatial separation along the x
direction between the two neighboring light beams under
the condition θ0 6= 0 as shown in

a =
d sin(2θ0)

√

n2
1 − sin2 θ0

. (6)

Therefore, the ellipsometric parameters in the modified
model are written as[14]
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where Ip,s
sp and Ips

sp are the measured intensities of total
reflected light for the pure p-s and cross p-s components,
respectively, and are defined as
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where Ia
o is the normalized intensity of the light in the

integral space.
Two SiO2 films (samples A and B) deposited onto the

Si substrate were produced by e-beam evaporation to
study the phenomena. In order to obtain homogenous
thicknesses, the SiO2 films with the size of about 14 mm
in diameter were evaporated under the narrow evapo-
ration angle condition of less than 1.1◦ in the vacuum
chamber which has a size of about 1.1 m in diameter. In
order to obtain uniform film samples, the film growth
rate was controlled in the constant of 10 nm/s by MDC–
360 quartz oscillator (MAXTEX Inc). In the film growth
process, the base pressure of the vacuum chamber was
1.8×10−3 Pa. By fully controlling film growth rate with
the background vacuum pressure, the thick SiO2 film can
be considered to have a homogeneous optical constant in
the film profile.

The ellipsometric parameters of Ψ and ∆ were mea-
sured for the samples using the scanning ellipsometer
that synchronously rotated the polarizer and analyzer[20]

at 5 incidence angles (50◦, 55◦, 60◦, 65◦, and 70◦) and
in the 3–4.5 eV photon energy range. Data are shown
in Figs. 2(a) and (b) for samples A and B, respectively.
The physical fit structure used in analyzing ellipsomet-
ric parameters was substrate/sellmeier-model-layer/air.
The film thickness for each sample was initially mea-
sured and controlled by the MDC–360 quartz oscillator,
and the obtained values are equal to about 0.7 and 1.0
µm, respectively. The physical thicknesses of the samples
were measured by ellipsometry at a 50◦ incident angle,
and were equal to 686.03 and 977.67 nm for samples A
and B, respectively. The optical refractive index n1 of
the SiO2 film in the visible range changed slightly with
the wavelength. Due to the uniformity of the film in the
growth process, the refractive index of SiO2 films did not
change much with the thickness. Therefore, we used the
film with a thickness of 50 nm as a standard sample to
obtain the refractive index of SiO2 films by analyzing its
ellipsometric parameters under the condition in which the
conventional ellipsometric analysis were accurate enough
for the phase delay δ of less than π[14].

We define the standard mean square error (MSE) be-
tween the modeling and experiment data as
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Fig. 2. Spectra of the ellipsometric parameters Ψ and ∆ for
the air/SiO2/Si structure measured at 5 incident angles (50◦,
55◦, 60◦, 65◦, and 70◦) in the 3.0–4.5 eV photon energy range
with the results shown in (a) and (b) for samples A and B,
respectively.
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where q is the total number of experimental data set of

Ψ and ∆. Thus, MSE can be used to examine the accu-
racy of data analysis using two ellipsometric methods.

Both Ψ
mod and ∆

mod were initially analyzed for two
samples using the conventional ellipsometric Eqs. (2)
and (3). The results illustrated in Fig. 3(a) show that
the MSE increased with increasing film thickness and
incidence angles. In terms of the modified ellipsometric
Eqs. (4)–(8), the higher orders of sum (n > 10) can be
omitted due to smaller rp,s

01 values at the air/SiO2 inter-
face in the 50◦–70◦ incidence angle range. There is the
uncertainty that the width of the wave packet can spread
with time as the light wave propagates in space[17]. The
width of wave packet w = 7.7λ has been used in the
data analysis under the assumption that all light waves
approximately have the same packet size after emerging
from the film structure. Therefore, using the modified
ellipsometry model, the errors between the measured and
analyzed data is significantly reduced as shown in Figs.
3(b) and (c) for samples A and B, respectively.

Through the square-dotted black line in Fig. 4, it has
been shown that the standard error resulting from the
conventional ellipsometric analysis is more significant at
the region where the phase delay δ is approximately equal
to mπ for the integer number m ranging from 8–16. The
error has been reduced by applying the modified ellip-
sometry model on the data analysis. The result is shown
by the circle-dotted line in Fig. 4, which corresponds to
the phase delay δ changing in the ranges of 7.5–11.5 π
and 10.5–16.5 π for samples A and B, respectively.

Fig. 3. Standard error (MSE) is analyzed versus incident an-
gel in the range of 50–70◦ with the traditional ellipsometry
models shown in (a) for samples A (round-doted line) and B
(square-doted line), respectively. The standard errors (MSE)
of ellipsometric parameters Ψ and ∆ changing with the inci-
dent angle are compared between the traditional and modified
ellipsometry model with the results shown in (b) and (c) for
samples A and B, respectively.

Fig. 4. Standard error (MSE) is analyzed as the function of
phase delay with the results shown in (a) and (b) for samples
A and B, respectively, as measured at a 70◦ incident angle
and in the 3.3–4.5 eV incident energy range with the tra-
ditional model (square-dotted line) and the modified model
(circle-dotted line).

The conventional ellipsometric analyses in Figs. 3 and
4 show that the MSE increased with increasing film thick-
ness and incident angles and reached to local maxima at
the region where the phase delay δ was approximately
equal to mπ. However, using the modified ellipsometry
analysis, the MSE was reduced significantly and in much
closer agreement with the experiment data. Therefore,
the modified ellipsometric method has higher accuracy
in data analysis for the thick transparent films.

In conclusion, we use the modified ellipsometry method
in data analysis to study thick transparent films. The
errors arising from the conventional ellipsometric analy-
sis increase with increasing film thickness and incident
angles. In addition, we find that it periodically changes
with the phase delay δ and especially showes peaks at
the place where the phase delay is approximately equal
to mπ for the integer number m changing from 8–16.
For the transparent film, which is much thicker than the
incident wavelength, the modified ellipsometric method
can be used to analyze the data and reduce the error sig-
nificantly, with the results in closer agreement with the
experimental ones. Therefore, the results given in this
letter can be applied to other optical methods to study
the optical properties of the periodic or non-periodic film
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