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Optimal Calibration for Rotating Analyzer Ellipsometer
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We have modeled most errors, which affect the measurement accuracy, with Jone’s matrix.

From the simulation, we can characterize the errors and take good aids for selecting components

and designing ellipsometer. The traditional residual method has good performance when there

are only azimuth angle errors and extinction errors, but it has not good performance when there

are other errors. We have proposed the optimal calibration method for overcoming the residual

method. The optimal method selects error values to have the least square difference between the

measured thickness and the simulated thickness. We can reduce the design variables to three,

incident angle error, and azimuth angle errors of polarizer and analyzer. The optimization

results are slightly different from the residual method, and have smaller standard deviation of

errors than the residual method. The experiment shows good agreement with the simulations.
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1. Introduction

It is well known that the ellipsometric method
is the most accurate optical way to study reflec-
ting surfaces (the measurement of the optical con-
stants of a material or thin-layer parameters).
However, it makes use of optical and mechani-
cal components that are always prone to induce
more or less important errors (imperfect polar-
izers, azimuth angle error, etc.). In addition, the
alignment relative to the incident and reflected
light beams, always delicate, must not be altered
by the rotation of some of the optical components.
Moreover, all ellipsometric methods must have an
adjustment of the azimuth angle of the polarizers
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with respect to the plane of incidence [Fig. 1].
If this adjustment is not accurate, a systematic
error appears in the ellipsometric measurements.
Several publications and scientific books have
dealt with these subjects (Dignam and Moskovits,
1970 ; Aspnes and Studna, 1971; 1975; Adams
and Bashara, 1976 ; Collins, 1990; Azzam and
Bashara, 1977). This alignment of azimuth angle
is called as calibration.

Calibration procedures for rotating analyzer
ellipsometers were first described in detail by
van der Meulen and Hien (1974) and by Aspnes
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Fig. 1 Alignment for azimuth angle
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(1990) in 1974. Both methods are similar, relying
on the fact that a light wave reflected from the
surface of any isotropic sample is linearly polar-
ized if the incident wave is linearly polarized in
the p or s directions. Aspnes’s method is more
powerful in that it explicitly includes first-order
corrections to the calibration values caused by
optical activity of the polarizer and analyzer
prisms.

2. Modeling of Errors
2.1 Light source

2.1.1 Polarization error

The ideal light source has a circular polariza-
tion state which is the dashed line in Fig. 2(a).
However, the real light source has elliptic polar-

ization state which is the continuous line in Fig.
2(a).

R(L) TL:[CQS L —sin LH cos & ]Ic )
sinL cos L ||isiner

which describes a polarization state whose am-
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Fig. 2 Modeling for light source’ errors
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plitude I¢, azimuth L and ellipticity angle &;.

2.1.2 Fluctuation error

The amplitude is not exactly constant but fluc-
tuates and drifts with time in Fig. 2(b). The fluc-
tuation consists of two different frequencies ; one
is very low, the other is very high with respect to
measurement frequency. Since ellipsometer mea-
sures not intensities but the ratios of intensities,
low frequency fluctuation (f), drift, is canceled
out. Since ellipsometer uses the Fourier analysis,
the high frequency fluctuation (f;) or random
noises are averaged and cannot affect the mea-
sured results.

Ic(t) =1+ A sin(2xfit) +Asrand (t) (2)

2.1.3 Wavelength error

Wavelength of light source may change to
several nanometers. HeNe Laser is very stable
source, but the laser diode may change to several
nanometers due to both temperature drift and
random noises. Wavelength error significantly
affects measurement and analysis of specimen,
but the wavelength is hardly changed.

A(t) =+ A1 sinQrfit + Asrand (t))  (3)
2.2 Polarizer and analyzer

2.2.1 Extinction error and azimuth angle
error
Linear polarizers are rotated at polarizer and
analyzer. The ideal linear polarizer gives a prefect
linear polarization state, but real linear polar-
izer has an extinction error which gives slightly

ideal

Fig. 3 Modeling for polarizer and analyzer’s errors
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elliptic polarization state (Fig. 3). The azimuth
angle error with respect to the plane of incidence
occurs when the linear polarizer is misaligned at
motor, and the motor is driven with the time
delay of electric circuit.

R(—A+A) L') Z.ZJR(A—A» (4)

where A is azimuth angle, A, azimuth angle
error, and e, extinction ratio. The same equation
applies for polarizer.

2.3 Detector

2.3.1 Polarization dependence error

Detector converts intensity to volt. The ideal
detector should not depend on the polarization
state but depend on only the intensity of entering
light. Figure 4(a) shows both ideal and real
detector. The real detector converts the intensities
to the different volts according to the polarization
state of entering light.

ToR (D) =[(1) talf&]mm )

Volt
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Fig. 4 Modeling for detector’s errors
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where D is the azimuth angle of polarization and
ep the angle of ellipticity.

2.3.2 Nonlinearity error

The ideal detector has the linear proportion of
volts to intensities, but the real detector has the
nonlinear proportion. Figure 4(b) shows both
linear and nonlinear characteristics. The model-
ing for the nonlinear characteristics follows

V=Co+I+C.I? (6)

where Cp and C; are coefficients, and [ intensity,
and V volt.

2.3.3 Fluctuation error

The detector has fluctuation errors which arise
from the electric circuit or the interface with com-
puter. These noises are random errors, and these
may be canceled out by averaging or low-pass
filters. The fluctuation errors are inserted to the
Co in Eq. (6).

Co(t) =C3+ Dy sin(2zqit) + Dorvand (t) (7)
2.4 Frame and environments

2.4.1 Incident angle error

The accuracy for the angle of incidence is de-
termined by the manufacturing accuracy or mo-
tor’s resolution for variable incident angle. When
there is no process for alignment of sample, the
angle of incidence may be altered by putting new
specimen on the stage. Since the incident angle is
directly related to the ellipsometric parameters,
the incident angle error should be compensated.

0=6+050 (8)

2.4.2 Mechanical vibration error

Since the mechanical vibrations alter the opti-
cal light paths, the measured intensities vary
along to mechanical vibrations. When the fre-
quency of the vibrations is proportional to the
frequency of the measurement, the vibration will
affect the measurement. If not, the vibrations
may be canceled out by averaging or Fourier
analysis. The random noises can be inserted into
the 3" term of Eq. (7).
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2.4.3 Outer lights

Outer lights are the all lights except for light
source. If the frequency of fluctuation for outer
lights is proportional to the frequency of mea-
surement, the outer lights may affect the measure-
ment. If not, the outer lights may be canceled out
by averaging or Fourier analysis. It can be also
inserted into the 3™ term of Eq. (7).

3. Analysis of Errors

We simulate effects of the each error on the
measurement for the purpose of understanding
the characteristics of the each error. We can ef-
fectively use this analysis datum to purchase the
ellipsometric components and to design the elli-
psometer. We can also use these analysis datum
to calibrate the manufactured ellipsometer sys-
tematically.

The simulation conditions are as follows. The
polarizer is held at a fixed azimuth angle P=45°
and the wavelength of light source is 650 nm
at incident angle 70°, and the specimen is Air-
SiO,-Si where the complex refractive indexes are
Nsioz=1.45654 and Ng=3.85010—10.01639. The
thickness of the film SiO; changes from 30 nm to
about 600 nm. The sampling number of the an-
alyzer is 1000 points per revolution.

We have already modeled each error in the
previous chapter. The resulted electric field on the
detector is expressed by the Jones matrix and
calculus

ED: TDR (D) R(_A +Ae) TAR (A—Ae)

TsR(—P+PF.) TePR(P—P.)R(L) Ty ©)

The other errors, which are not inserted in above
equation, are inserted in the Eq. (7).

Figure 5 shows the thickness errors accord-
ing to the film thickness. A careful look for the
Figure 5 tells that there are some jumps near
about 147, 292, 440, 587 nm. A reason is the peri-
odic thickness. The ellipsometric parameters peri-
odically change according to the thickness of
film. Small disturbances of ellipsometric para-
meter can cause the large disturbance of thickness
around periodic or half periodic thickness of
specimen. Therefore, we can neglect these abrupt
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jumps.

The extinction error of polarizer is more sensi-
tive than analyzer, and is more effective about
80 nm than below 10 nm. However, the extinction
error of analyzer is more effective below 10 nm
than at others. The azimuth angle error of polar-
izer is also more sensitive than analyzer, and is
more sensitive at other thickness than below 10
nm. Figure 5(c)-(d) show that the errors be-
tween each other are symmetric about zero value.

(b) Extinction Error of
Analyzer 1.0E-2
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Polarizer 3.0E-3
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Fig. 5 Simulated thickness errors when the ellipso-
meter has the specified errors
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The wavelength error of light source is more ef-
fective at larger thickness. The thickness errors
linearly depend on the thickness of the film. The
incident angle error is also more effective at larger
thickness, but the errors are not linear. The non-
linearity error and bias error of detector is mainly
sensitive at the very thin films, below 1 nm, but
those errors are not effective at thick films. The
random noises include all noises such as the
electric fluctuation, light source fluctuation, me-
chanical vibration, and outer lights etc. The ran-
dom noises are also very sensitive at the thin film,
especially below 1 nm, but those errors are not
effective at thick film.

From the simulation, we can know that the
errors of detector are very effective only at very
thin film, below 1 nm. Though the extinction
error of analyzer is also effective at very thin film,
the thickness errors is not large. The extinction
error of polarizer and azimuth angle errors of
both polarizer and analyzer are periodically effec-
tive, and these errors are fortunately not effective
at very thin film. The incident angle error and
wavelength error of light source are more effec-
tive at thicker films. Therefore, the incident angle
error, azimuth angle error of polarizer and an-
alyzer, and wavelength error should be firstly
calibrated, and the other errors are calibrated.

We have selected the good economic ellipso-
metric components with the aid of the analysis
of errors. Since we especially select the linear
sheet polarizer, which has extinction ratio 10E-4,
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Fig. 6 Simulated thickness error with all errors
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we can save money and make the size of system
smaller. At the same way, we can select laser
diode in the place of laser. The laser diode is also
very cheaper and smaller than laser. Figure 6
shows the error caused by the all errors that we
select.

4. Optimization Method

There are several errors in ellipsometer, fluctu-
ation of light source, variation of wavelength, ex-
tinction ratio and azimuth angle error of polarizer
and analyzer, nonlinearity and polarization de-
pendence error of detector, and the random noise
errors that are mechanical vibration and fluctua-
tion of environment light, and noise of electric
circuit, etc. Residual method can work well when
there are only the azimuth angle error and ex-
tinction error of polarizer and analyzer, and ran-
dom noises. When there are variation of wave-
length, incident angle error, and the nonlinearity
of detector, Residual method could not give the
correct azimuth angle of polarizer and analyzer
[Fig. 7].

We propose the optimal calibration method
that finds least square error between the measured
thickness and the simulated thickness. We have
modeled the errors of ellipsometric components.
We select the error parameters to satisfy the fol-
lowing.

Minimize ﬁ;(d"‘—ds)z (10)

Fs|deg]

(1] 69.5 '-“I] 705 Tt
Angle of Incidence [deg]

The calculated reference azimuth angle of

polarizer and analyzer by Residual method

when there is incident angle error
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Table 1 Results of optimization

design variable unit initial value | upper bound | lower bound | optimum value
Incident Angle Error deg 0 2 -2 —0.028
Azimuth Angle Error of Polarizer deg 0 5 =5 —0.385
Azimuth Error of Analyzer deg 0 5 —5 2.126
an T T T Table 2 Comparisons between each methods
E E E Methods Standard Uncertainty
L1 i AT ———— Femmm—— i Tt 1
! L ! A Company 0.3985 nm
_amf------- 4: ________ E_ _______ _E _______ . No Calibration 0.4599 nm
_E_ : ! : Residual Calibration 0.2026 nm
g mf------- g SRUHELE FEEEEEES qesgEas ;f - Optimal Calibration 0.1894 nm
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Fig. 8 20 Reference speciments

where N is the nmber of specimen, dm is the
measured thickness with CRM and ds is the
simulated thickness. We prepared 20 Air-SiO2Si
specimens which were made in Knowledge*On
and were measured at KRISS with 0.5 nm stand-
ard uncertainty of measurement [Fig. 8], where
the conditions of measurement are 70° incident
angle, the complex refractive indexes Ngiz=1.
45654 and Ng=3.8501—10.01639.

The error parameters are too many to run opti-
mal program. From the analysis of errors, we can
take some excellent inspirations. First, the polar-
ization of light source does not affect the mea-
surement. The extinction ratios of linear polarizer
at analyzer and polarizer very lightly affect the
measurement and the extinction ratios are fixedly
given so that those can be treated with constant
values. The wavelength error of light source is
incrementally effective according to the thickness
of thin film, and the incident angle error is in-
crementally and periodically effective according
to the thickness of thin film. The azimuth angle
errors of polarizer and analyzer are periodically
effective according to the thickness of thin film.
Therefore, the above stated errors should be

o
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Fig. 9 The calibrated measured thickness errors with
respect to CRM

optimized firstly. Since the polarization depen-
dence, nonlinearity, bias, and random error of
detector are very sensitive on only thin film, the
errors of detector have better being optimized
later than the previous errors. If wavelength may
changes, the complex reflective index changes.
Since the wavelength hardly change in practice
and the modeling for specimen is not correct,
we cannot calibrate the error for wavelength,
but put theses to the uncertainty of measurement.

We used Matlab for optimization. Table 1
shows the initial value and upper and lower
bound, and optimum value of design variables.
The optimum values are slightly different from
the results of residual method, and the cost func-
tion, standard deviation, is smaller than the re-
sult of the residual method. Table 2 shows the
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comparisons between each method and between
experiment and simulation. Figure 9 show the
errors of each method. A careful look at Figure 9
tells that there are some jumps. The reason is also
the periodic thickness.

5. Conclusions

We have modeled most errors, which affect
measurement, with Jone’s matrix. From the simu-
lation, we can characterize the errors and take
good aids for selecting components and design-
ing ellipsometer. The traditional residual method
has good performance when there are only az-
imuth angle errors and extinction errors, but it
has not good performance when there are other
errors. We have proposed the optimal calibration
method for overcoming the residual method. The
optimal method selects error values to have the
least square error between the measured thick-
ness and the simulated thickness. However, the
design variables, the errors, are so many that the
optimization hardly converges. From the analysis
of errors, we have some excellent inspirations.
Therefore, we can reduce the design variables to
three, incident angle error, and azimuth angle
errors of polarizer and analyzer. The optimiza-
tion results are slightly different from the residual
method, and have smaller standard deviation of
errors than the residual method. The experiment
shows good agreement with the simulations.

2171

References

Adams, J. R. and Bashara, N. M., 1976, “In
Process Ellipsometer Azimuth Angle Calibra-
tion,” Appl. Opt., 15, pp. 3179~3184.

Aspnes, D. E. and Studna, A. A., 1971, “Ge-
ometrically Exact Ellipsometer Alignment,” Appl.
Opt., 10, pp. 1024~1030.

Aspnes, D. E. and Studna, A. A., 1975, “High
precision scanning ellipsometer,” Appl. Opt., 14,
pp- 220~229.

Azzam, R. M. and Bashara, N. M., 1977, Elli-
psometry and Polarized Light (North-Holland,
Amsterdam, 1977), Chap. 5, pp. 364-411.

Collins, R. W., 1990, “Automatic Rotating El-
ement Ellipsometers : Calibration, Operation, and
Real-Time Applications,” Rev. Sci. Instrum., 61,
pp- 2029~2062.

Dignam, M. J. and Moskovits, M., 1970, “Az-
imuth Misalignment and Anisotropy as Sources
of Error in Ellipsometry,” Appl. Opt., 9, pp. 1868~
1873.

Stoyan H. Russev, 1989, “Correction for Non-
linearity and Polarization-Dependent Sensitivity
in the Detection System of Rotating Analyzer
Ellipsometers,” Applied Optics 28, pp. 1504~
1507.

van der Meulen, Y. J. and Hien, N. C. J., 1974,
Opt. Soc. Am., 64, p. 804.

Copyright (C) 2005 NuriMedia Co., Ltd.



