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Abstract: The thickness and dielectric constants of thin films usually have certain correlation in the fitting proce-
dure of spectroscopic ellipsometry (SE). The choice of different dispersion models may also influence the results
and cause errors. As the fitting is influenced by the dispersion models adopted in the analysis, the uniqueness test
has been introduced into SE fitting. The results of uniqueness test have been compared with different dispersion
models, different film thicknesses, different wavelength ranges and different incident angles using titanium dioxide
samples as an example. It is indicated that uniqueness test is efficient in evaluating the fitting for SE measurement.
Uniqueness test can also provide quantitative comparison among different dispersion models and contribute to fitting
precision.
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Introduction

Spectroscopic ellipsometry (SE) is routinely used in
investigating the thickness and dielectric constants of thin
films. Ellipsometry is an indirect technique. The meas-
ured ellipsometric data at certain wavelength range are
fitted to the optical model for thin film, which introduces
uncertainty into the final results. Unique results are usu-
ally difficult to evaluate due to the correlation between
dielectric constants and film thickness, especially for ab-
sorbing materials''?!.

Although SE measurement may not be the best way
for the characterization of thin absorbing films, its non-
contact and non-destructive characteristics are ideal for
many situations when film thickness or dielectric con-
stants are needed'" >’ Typically, the sample needs no
special preparation before ellipsometry measurement.
Moreover, rich information including film thickness, die-
lectric constants, optical band gap and surface roughness
of material could be revealed at once'®’. The compatibil-
ity of SE makes it valuable for in-situ, in-line or many
other situations.

Varies methods were used to enhance the unique-
ness in SE measurement, including interference enhance-
ment'”®' | multiple samples analysis'*'°" | multiple angles
analysis'"'" | systemic error elimination'*"! | simultane-
ous analysis of SE'"*"" | and optical constant parameter-
ization'""®'. However, the lattice mismatch between dif-
ferent layers or thickness dependent of dielectric con-
stants will also induce uncertainty in ellipsometry ® ' |
which makes it hard to compare the sensitivity and relia-
bility of these methods. All the methods above need a
route to determine the uniqueness of the SE fitting re-
sults. Hence, uniqueness test has been developed and
used as an important method in comparing SE fitting re-
sults for this purpose'"’""7).

In this work , uniqueness test is described in detail.
As an example, titanium dioxide (TiO,) thin films are
fitted with varies ellipsometric parameters for compari-
son. The concept of thickness deviation is introduced to
examine the consistency of uniqueness test. The results
demonstrate that uniqueness test is efficient in determi-
ning fitting quality and can provide the error range of SE
as well.

1 Methods

1.1 Spectroscopic ellipsometry

The measurement in SE is recorded as two values
which are related to the parallel p- and perpendicular s-
polarized light. The polarization change is described by
the amplitude ratio of reflected p- to s- polarized light
() and the phase shift difference between the two
(A) (1

p = tan(y)e” :% , (1)

where R, and R, represent the p- and s- Fresnel reflection
coefficients, respectively. The values of ¥ and A are
collected in SE measurement and fitted to the optical
model based on film structure''’. In the simplest case, a

single isotropic transparent thin film on known absorbing
substrate, the real part of dielectric constants (&,) and
film thickness (d) can be determined. With these two
measured parameters (iy,A) , the unique result is easily
obtained.

Compared with transparent film, the imaginary part
of dielectric constants (&,) are nonzero for metal and
semiconductor films, which leads to three unknown pa-
rameters with only two measured SE values. Although the
dielectric constants must conform to the Kramers-Kronig
(K-K) consistent'" | the dispersion models used in the
SE fitting are still variable.

A key parameter in qualifying the differences be-
tween fitting results and experimental data is mean
squared error ( MSE) , which is defined as'? .

1 N W’.“O(I—WXP 2 Ar.nnd _A(?xp 2
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g, :

, (2)
where ¢ is the measurement error bars. N and M are
number of ¥(or A) measured and number of fitting pa-
rameters, respectively. A small MSE is necessary in SE
fitting, but it may also indicate that too many fitting pa-
rameters in dispersion model or film structure were used.
Therefore, the uniqueness test is very necessary to distin-
guish good fitting results and redundant parameters.

1.2 Uniqueness test

A uniqueness test is a series of simulation procedure
with one selected fit parameter being tested. The selected
parameter is fixed at certain values near the best fitting
result, and other fitting parameters are coordinated to ap-
proach the smallest MSE. Then a series MSE is obtained
and the normalized MSE can be plotted versus the select-
ed fit parameter. Thickness is the most selected parame-
ter in uniqueness test as it is independent on wavelength
and easily compared with other characterization methods.
Figure 1 (a) is an example of uniqueness test of film
thickness in a thin film sample. The range which normal-
ized MSE lower than 1. 1 is referred to as uniqueness
range >’ .

In many cases, the uniqueness test needs to evalu-
ate samples with different thickness. However, the u-
niqueness range will vary in these samples although all
fabricating and measuring methods are identical, which
makes it inconvenient for comparison. Hence a concept
of thickness deviation is introduced, which is defined as;

T 1009 , (3
d,
where d is a variable value and d,, is the best fit of thick-
ness. The normalized uniqueness range makes it possible
to apply uniqueness test among the same batch of sam-
ples. Figure 1(b) shows the transferred uniqueness test

of TiO, thin films.

2 Results and discussions

The TiO, samples were deposited on n-type Si

(100) using electron beam evaporation ( EBE) meth-
ods, then treated by thermal annealing process' '™,
The characteristic analysis of surface morphology was
performed by atomic force microscopy ( AFM, Veeco.

Atomic Force Microscope System VT-1000 ) in tapping
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Fig. 1 Uniqueness test of TiO, thin film. (a) The Nor-
malized MSE versus the varied thickness. (b) The Nor-
malized MSE versus the thickness deviation

Bl 1 TiO, EAME—PERI (a) H—fL3Jr it 22 ¢
TR, (b) H—A034 J5 15 22 56 T 5 BE i 7% 1) 28
1k

mode. The SE measurements were done by rotating-po-
larizer-analyzer ellipsometer ( RPAE) at various inci-
dent angles'*' . Ellipsometric spectra were measured
over the wavelength range of 300-800 nm at three differ-
ent incident angles: 65°, 70°and 75°, respectively.
Four TiO, thin films with different thickness were
fabricated. As shown in the AFM image in Fig. 2, the
surfaces of TiO, are very smooth. The thickness and root
mean square roughness (RMS roughness) of the samples
are about 1 nm. As the thicknesses of TiO, samples are
much thicker than the RMS roughness, the structure con-

figuration in the fitting is substrate/TiO,/ambient air

without a roughness layer''.

Figure 3 shows the uniqueness test results of TiO,
films with different thickness. The normalized uniqueness
ranges listed in Table 1 shows only a little variation,
which proves that the results of uniqueness test on sam-
ples with different thickness are consistent. The variation
among these four samples is introduced in manufacturing
and measuring procedures. The influence of roughness
layer is important in SE fitting. Pervious works have
demonstrated that the thickness of roughness layer in SE
fitting is about 1. 5 times of measured RMS rough-

Fig. 2 AFM image of TiO, thin films (2 pm x2 pwm)
K2 TiO, WifEAY J5 I A (2 wm x2 wm)

(23

ness'”. The RMS roughness of TiO, samples is within
the uniqueness ranges, which means that introducing the
roughness layer will not improve the fitting accuracy.

125
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Normalized MSE
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Fig. 3
films with different thicknesses
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Uniqueness test results of TiO, thin

Table 1 Physical Parameters and Fitting Results of the TiO,

thin films
x1 TiO, HENMESEMMUASER
Sample Thickness ~ RMS roughness ~ Uniqueness ~ Normalized Uniqueness
/nm /nm Range/nm Range/ (% )
A 49.8 0.85 1.4 2.9
B 62.8 0.88 1.7 2.7
o 92.3 1.07 2.3 2.5
D 95.1 1.08 2.5 2.6

Sample A was selected as an example to perform
further investigation. A valid dispersion model is impor-
tant in SE fitting. For semiconductors, the most com-
monly used models are Tauc-Lorentz Model **! | F-B
Model ! | Lorentz Oscillator Model'® and Cauchy Po-
tential Model'"’. Each model has its physical signifi-
cance and has been proved to be efficiency in many situ-
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ations. However, for a particular material, it is hard to
compare the “goodness” of dispersion models based on
the physical significance or MSE. Table 2 shows the fit-
ting results for different dispersion models. The thickness
differences revealed by these models are within the RMS
roughness and the MSE are all acceptable, which makes
it hard to determine the best dispersion model. Figure 4
(a) compares the uniqueness test results when TiO, film
was fitted using different dispersion models. From the
normalized uniqueness range it is easily concluded that
F-B Model is the best dispersion model for the TiO, sam-
ple. As a method of pure mathematics, uniqueness test
can provide a valuable criterion in selecting dispersion
models.
Table 2  Fitting results of different dispersion models for
TiO, film (49.8 nm)

%2 REFRFEG®ER TIO, HHE(49.8 nm) WilS %8

Dispersion Model Best Fitted Thickness/nm MSE
Tauc-Lorentz 49.5 2.70
Lorentz 51.4 1.97

F-B 49.8 0.98
Cauchy Potential 49.9 1.53

It has been widely acknowledged that one of the best

way to increase the uniqueness of SE is by acquiring
more information, such as multiple angles analysis and
measuring wavelength range extension'"'"’. With addi-
tional information obtained from measurement, the corre-
lation between thickness and dielectric constant is in-
creased.

Uniqueness tests were applied on different wave-
length ranges in Fig. 4(b). It can be noted that the nor-
malized uniqueness range is smaller with wider wave-
length range. Extending the wavelength range is efficient
in promoting the uniqueness of SE measurement. Fur-
thermore, from the test the minimum wavelength range
can be estimated to ensure the uniqueness of the thick-
ness. In this case, 450-800 nm is acceptable in determi-
ning the thickness of TiO, film, but the normalized u-
niqueness range of 600-800 nm is larger than 10%
which indicates that the wavelength range needs to be ex-
tended.

Figure 4 (¢) gives the uniqueness test of multiple
incident angles. The normalized uniqueness range of
three incident angles (65°, 70°and 75°) is smaller than
that from one incident angle (75°) , but the promotion is
not as significant as that from extend wavelength range.
Figure 4(d) shows the measured ¥ and A at three inci-
dent angles. The angle variation is not large enough and
the ¥ data are only slightly varied. So the information
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Fig. 4 The uniqueness test results of TiO, thin film with (a) different dispersion models, (b) different wave-
length ranges, (c) different numbers of incident angles. (d) Measured ellipsometric parameters of TiO, thin

films under different incident angles
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obtained from multiple incident angles is less useful than
that from extended wavelength range, although it is still
effective in increasing the uniqueness of SE measure-
ment.

3 Conclusions

In summary, the uniqueness test has been intro-
duced in SE fitting and the normalized uniqueness range
is used as an evaluation criterion. As an example, TiO,
samples have been fabricated using EBE and analyzed by
AFM and SE. The consistency of uniqueness test is
proved by comparison of multiple samples. Further ana-
lyses have demonstrated that the uniqueness range of SE
fitting can be revealed by uniqueness test quantitatively.
The uniqueness test is beneficial for the selection of dis-
persion model, determination of wavelength range, tes-
ting of multiple incident angles and many other situa-
tions. The results demonstrate that the uniqueness test
will shed new light on future SE related research.
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