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Deassociate the initial temporal phase deviation provided by photoelastic
modaulator for stroboscopic illumination polarization modulated

ellipsometry

Hsiu-Ming Tsai, Chih-Wei Chen, Tsung-Han Tsai, and Yu-Faye Chao?
Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung University, 1001
University Road, Tin ka-ping Photonics Center, Hsinchu 30010, Taiwan

(Received 30 November 2010; accepted 27 February 2011; published online 24 March 2011)

In addition to operating the imaging ellipsometric measurements by four-specific temporal phases
in the photoelastic modulated ellipsometry, we added the fifth one to solve the initial phase of the
photoelastic modulator. This methodology has been developed to conquer the slow imaging process-
ing of charge-coupled device camera for the stroboscopic illumination in the polarization modulated
imaging ellipsometry. Without any calibration in its initial phase, we can perform the ellipsometric
measurement by the measurements of intensity at five-specific temporal phases. The intensities of a
full cycle for a point on SiO,/Si thin film were measured and analyzed for verifying this algorithm.
The five stroboscopic illuminations were performed to measure the two-dimensional distribution of
the same SiO,/Si thin film. © 2011 American Institute of Physics. [doi:10.1063/1.3568745]

I. INTRODUCTION

Ellipsometry is a versatile tool for thin film measure-
ments because it provides a nondestructive method to accu-
rately determine the film thickness and optical constants.!
Recently, imaging ellipsometry has been realized by using
charge-coupled device (CCD) to carry out the ellipsometric
measurement on surface instead of single point. Jin et al.”
utilized the off-null concept to construct the imaging ellip-
someter at pseudo-Brewster angle and obtained a 0.5 nm nor-
mal as well as 5 um lateral resolution. But, its reliability
in thickness measurement crucially depends on the chosen
reference. Using CCD, Beaglehole® combined the traditional
rotating quarter-wave plate ellipsometry in measuring the
surface thickness of a thin film through a 64 frames mea-
surement in one cycle. In 2006, Chao et al.* developed an
analytical algorithm to obtain a set of ellipsometric parame-
ters (EPs) by six intensity measurements in one cycle for a
polarizer-sample-analyzer (PSA) ellipsometry, both parame-
ters can be determined without any calibration in the azimuth
positions of polarizer and analyzer. Then, they utilized this al-
gorithm to obtain the surface thickness profile of a curved sur-
face by employing six frames in a cycle in a simple PSA (Ref.
5) ellipsometry. However, the mechanical rotating element in
ellipsometry can limit its speed in measuring EPs.

Since 1969,° a modulator has been established to sub-
stitute the rotation component in ellipsometry for increasing
the speed’ of measurements, such as acoustic-optical mod-
ulator, electro-optical modulator, spatial modulator, photoe-
lastic modulator (PEM), etc. However, in this phase modu-
lated ellipsometry, the imaging ellipsometry does face a new
challenge: The data transfer rate of CCD is too slow to cope
with the modulation frequency of a modulator. Povel et al.®
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designed a mask to overcome the data transfer speed between
these two devices. In 2006, Han and Chao’ presented a strobo-
scopic illumination technique to conquer the incompatibility
between the fast modulation of PEM and slow data transfer
of CCD by using the short laser pulses to freeze the intensity
variation in PEM. This stroboscopic illumination technique
provides four specific polarization states for polarization mea-
surements, such as two-dimensional (2D) ellipsometric mea-
surement. In addition, these four specific temporal polariza-
tion states have been proved'® to be the optimal choice for
the stroboscopic illumination imaging polarimetry. Since the
polarization state has to be frozen at the exact moment un-
der the proper setups of modulation amplitude and azimuth
position of optic axis of PEM, one has to calibrate the PEM
system carefully. Chao'' proposed an intensity ratio method
to align the optical components in the photoelastic modulated
polarimetry. According to Wang’s'>!? proposition, one can
calibrate the modulation amplitude of PEM for various wave-
lengths. For performing photoelastic modulated imaging el-
lipsometry, Han and Chao’ and Diner'*'> have noticed that
the initial phase of optical signal of PEM is not synchronized
with its reference signal. Han and Chao’ employed a refer-
ence sample to determine the intrinsic phase difference be-
tween the reference signal of PEM controller and the optical
signal. In this paper, we propose to add the fifth polarization
state for in situ deducing the intrinsic temporal phase delay of
PEM. For verifying the ability of the method, we recorded the
digitized waveform of a single spot measurement on SiO,/Si
thin film, then analyzed it by purposely shifting the zero po-
sition of initial temporal phase. In this work, we have proved
that both the EPs and the initial phase can be obtained by
these five polarization states. In the end, the two-dimensional
thickness profile of the same sample has been used to demon-
strate these five stroboscopic illumination technique, which
proves that this method can deassociate its initial phase from
the measurement of its EPs.

© 2011 American Institute of Physics
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FIG. 1. (a) Optical configuration for point measurement in photoelastic mod-
ulated ellipsometry. P, A: polarizer. PEM: photoelastic modulator. S: sam-
ple, D: photodetector, DAQ: data acquisition, PC: personal computer; (b)
optical configuration of the stroboscopic illumination photoelastic modulated
ellipsometry. LD: laser diode, B.E.: beam expander, G: ground glass, CCD:
charge-coupled device.

Il. THEORY

Ellipsometry measures the changes of polarization in the
light which is reflected from the sample surface, this change
can be used to deduce the optical parameters of sample. The
EPs, v, and A, are defined as!

tan yre'® = 2. (1)

Iy

where r,, and r, are the complex Fresnel reflection coefficients
for the polarized light parallel and perpendicular to the plane
of incidence, respectively. Substituting the compensator by
a PEM in the polarizer—compensator—sample—analyzer setup,
one can construct a photoelastic modulated ellipsometry to in-
crease the speed of measurement and avoid the parasitic errors
from the rotating components in the system. The data of this
photoelastic modulated ellipsometry are acquired by a DAQ
system, as shown in Fig. 1.
The Mueller matrices of PEM is expressed as

10 0 0
Meem (Ap) = 8 (1) cosOAp — sig Ap )
00sinAp cosAp
where Ap is modulated as
Ap =21 A,sin(w 1), (3)

with modulation amplitude, A,. The Mueller matrix Mg of an
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isotropic specimen! can be written as

Mg (. A)
1 —cos (2y) 0 0
—cos (2yr) 1 0 0
o 0 0 sin2y cos A sin 2y sin A
0 0 — sin 24/ sin A sin 21 cos A
“
The final polarization state can be expressed as
Sr = Mu(A)Ms(fr, A)Mpem(Ap)S,, (5)

where the Stokes vectors Sy and S, are the final polariza-
tion state and the incident light which is the linearly polar-
ized light at the azimuth angle of P. The Mueller matrix of
analyzer is

1 cos2A sin2A 0

M, (A) = cos2A cos?2A cos2A sin2A 0
sin2A cos2A sin2A  sin’2A4 0 |’

0 0 0 0

(6)
while its transmission axis is at A. If the optic axis of PEM
is at zero with respect to the incident plane, P = —45° and A
= 45°, the reflected intensity can be proved to be

Hwt) = %[1 — $in 2y cos(A — Ap)], 7

where I, is the normalized intensity of the system. If the mod-
ulation amplitude (A,) is 0.5, one can formulate the temporal
intensity as

I(wt) = 12—0[1 — sin2y cos(A — w sinw t)]. (8)

The EPs can be obtained by the following four specific
polarization states: wt = [0°, 30°, 90°, and 210°],° where wt
indicates the temporal phases. From Eq. (8), one can obtain
the EPs through the following relations:

1(90°) — 1(0°)
1(90°) + 1(0°)’
1(210°) — 1(30°)

sin 2y cos A =

)
sin2y sin A =

It is worth to notice that these four polarization states are
two pairs of orthogonal states in linear and circular.

The initial phase was calibrated by referring to a well cal-
ibrated sample’® for triggering the exact polarization state in
stroboscopic illumination ellipsometry. This type of ex situ
calibration may cause some unexpected system errors due to
the exchange process of samples. Here, we assume that x is
the shifted phase in its initial phase instead of predetermin-
ing it by a sample, then the temporal distribution of intensity
I' (wt) can be modified as

I'(wt) = %Io{l —sin2y cos[A — wsin(wt + x)]}.  (10)

This system variable, x, can be solved by adding an extra
temporal phase at wt = 180°. From Eq. (10), one can prove
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FIG. 2. Digitized waveform: typical DAQ temporal waveform of the mea-
sured SiO,/Si thin film in PEM ellipsometry.

that
I'(210°) — I'(30°)
I'(180°) — I'(0°)

_ sin[m sin(x)] (11

sin [ sin (x + Z)]

This ratio can eliminate the effect of EPs and normalized
intensity, so it is free from the material under investigation.
The shifted phase can be solved by the intensity measure-
ments at 0°, 30°, 180°, and 210° according to Eq. (11). After
solving the initial phase x, one can extract the value of A from
the following:

I'(90°) — I'(0°)

I'(210°) — 1'(30°)

. rr[cos(x)z—sin(x)] sin {A _ n[cos(x)—‘rsin(x)]}

— sin 2
- sin (A) sin [ sin (x + Z)] -

Again, one can easily obtain the value of ¥ by substitut-
ing the obtained A and x into

I (90°) — I’ (0°)
1'(90°) 4+ 1" (0°)
1 1 [sin(x)+cos(x)] . [sin(x)—cos(x)]
B —sin (2¢/) sin {A_ff sin(e)+-cos } Sm{n ine)-o09 }

1—sin (29) cos {A— n[sin(x);cos(x)] } cos {Jr[sin(x)z—cos(x)]}

13)

With the help of current symbolic mathematical program,
one can avoid ex situ calibration errors completely through
these complicated calculations.

lll. SYSTEM CONFIGURATIONS

Two optical configurations for examining the methodol-
ogy are shown in Figs. 1(a) and 1(b) by the measurement on
a point and surface of the SiO,/Si thin film, respectively. The
ellipsometric system basically consisted of light source, po-
larizer, and PEM (PEM90/CF50, HINDS Instrument), while
the reflected light from the sample went through an analyzer
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FIG. 3. EPs vs the initial phase of PEM: Lines are the numerical sim-
ulated values under the purposely shifted x, (a) ¥, (b) A. Hollow gray
and solid black circles are the uncorrected and corrected measured val-
ues, respectively. The corrected EPs for the SiO»/Si thin film are
=16.27 £ 0.02° and A = 117.34 £ 0.09°, respectively.
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FIG. 4. The initial phase shift measured by the algorithm vs the purposely
offset x from the waveform, which are averaged by ten cycles.
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FIG. 5. Stability test of this method: The deduced W and A were measured
by the specific five polarization states in each cycle.

which was then recorded by a detecting system for param-
eters deduction. The transmission axis of polarizer and ana-
lyzer were fixed between —45° and 45°, respectively, and the
optic axis of PEM was adjusted to be zero while its mod-
ulation amplitude was set at 7 for two wavelengths in this
experiment. These entire azimuth angles of the system and
modulation amplitude were well aligned and calibrated ac-
cording to the Refs. 11-13. A CW laser (He-Ne laser, A
= 632.8 nm, 05-LHP-171, Melles Griot) was set at the
incident angle of 70° to measure a point. The modulated inten-
sities were received by an amplified photodetector (PDASS,
Thorlabs). A DAQ system (PCI-6115, National Instrument)
was used to record the 100 cycles for analyzing. For two-
dimensional measurement around the same point of the
Si0,/Si thin film, we switched the CW laser to a pulse mod-
ulated laser diode (HITACHI, A = 658 nm, HL6512MG) for
performing stroboscopic illumination; its beam was expanded
(Galilean beam expander, x 7) and measured by a CCD cam-
era (PIKE-032B) for imaging process. The modulated pulse
was achieved by a dc bias current equal to the threshold value
coupled with a programmable pulse generator (HP 8110A) to
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FIG. 6. The initial phases of PEM were measured by five polarization states
in each cycle.
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FIG. 7. The line profile is the initial phase value of the reference square
wave, which was provided by Hinds PEM90.

drive the laser diode. A reference square wave provided by the
PEM can be used to trigger the five specific temporal phases
for the stroboscopic illumination pulse with a width of 108 ns
(~2° phase change of modulator). The exposure time of the
CCD camera (640x480 pixels with a 16 bit gray scale) was
set to be 80 ms for maintaining enough intensity in its linear
range.’
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FIG. 8. Two-dimensional distribution of EPs of the SiO/Si thin film: (a) ¥
= 15.69 + 0.60°; (b) A = 120.16 £ 0.35°.
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FIG. 9. The thickness distribution of the SiO»/Si thin film: d = 286 + 13A.

IV. EXPERIMENTAL RESULTS

Using only five specific points in one cycle of the photoe-
lastic modulated ellipsometry, we can prove that this method
can be employed in the stroboscopic illumination ellipsom-
etry. The 10 M sampling rate of DAQ system allows us to
obtain the two adjacent temporal phases to be separated by
1.84°, as shown in Fig. 2. By averaging every ten cycles at
those five specific phases, we extract the values of EPs and ini-
tial phase for verifying this method. Since we have recorded
the full cycle, the initial phase can be offset artificially and
then retrieve it to prove this technique. In addition to /,, the
physical parameters, x, ¥, and A can all be evaluated by these
five specific phases.

For comparison, we simulated the deviations of ¥ and
A under the purposely shifted x, the simulated and experi-
mental values for both parameters are compared before con-
sidering the shifted x to obtain the EPs through the Eq. (9)
with respect to those results after substituting the value of x
from Eq. (11) into Egs. (12) and (13) to obtain the EPs, as
shown in Figs. 3(a) and 3(b). Figure 3 clearly verifies that the
system errors caused by the deviation of temporal phase can
be corrected; this provides us enough confidence to extend
this method in the 2D measurement. The values between the
measured x versus the purposely offset x are only deviated by
1%, as shown in Fig. 4. The thickness of the oxidized silicon
surface deduced from the measured EPs is 287 A. For sub-
stantiating the stability of this approach, we also obtained the
EPs and the averaged initial phase x from the recorded digi-
tized 100 cycles, as shown in Figs. 5 and 6. By comparing the
simulated and measured values, one can observe the ability
of this technique: the initial phase of PEM can be separately
solved. Furthermore, in order to illustrate the method in two-
dimensional measurement, we obtained the two-dimensional
intensities of those five phases instead of preadjusting the in-
trinsic temporal phase of PEM. The intrinsic initial phase can
be evaluated from Eq. (11). We only display a line profile
for its initial phase to demonstrate the stability, as shown in
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Fig. 7. After calculating the phase delay of the PEM, we then
obtained the 2D EPs through Eqs. (12) and (13), as shown in
Fig. 8. The thickness profile of the sample in 658 nm is 286
+ 13A, which is comparable to that measured on the single
point, as shown in Fig. 9.

V. DISCUSSION AND CONCLUSION

The accuracy and precision in determining the physi-
cal properties of thin film depend on the measurements of
EPs in ellipsometry. Applying our approach in PEM ellip-
sometry, we can independently solve the initial phase pro-
vided by the PEM controller without disturbing the measure-
ments of EPs in imaging ellipsometry. On adding an addi-
tional temporal phase (i.e., 180°), this approach can also in-
crease the accuracy of ellipsometric measurement. Thus, even
the number for parameters extraction is drastically reduced
in this technique, the measurements of EPs can still main-
tain its precision. Since there are no moving parts in stro-
boscopic illumination photoelastic modulated ellipsometry,
this system not only avoids the parasitic error due to rota-
tion, but it also breaks the time limit of mechanical rotation.
Furthermore, the noise caused by the intensity fluctuation of
laser can be reduced effectively because of the common path
setup. Instead of using the overdetermination technique for
Fourier transformation'® and least square methods'’ to ex-
tract physical parameters in photoelastic modulated ellipsom-
etry/polarimetry, we have provided a technique which per-
forms the ellipsometric measurement by a limited number of
measurements, so the imaging ellipsometry becomes feasible
in a modulated system. Conclusively, this novel stroboscopic
illumination ellipsometry, in conjunction with this method-
ology, ensures the accurate measurement in two-dimensional
EPs.
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