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In situ calibration technique for photoelastic modulator in ellipsometry
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Abstract

The modulation amplitude of a phase modulator is calibrated under a fixed incident angle in photoelastic modRidipn
ellipsometry. In addition to its modulation amplitudé\,), we also calibrated its static phase retardation at 632.8 nm. The
ellipsometric parameters of a sample were measured by a multiple harmonic intensity ratio technique and proved that ellipsometric
parameters can be obtained under various modulation amplitudes. Since the physical size of PEM is constant, we calibrated th
modulation amplitude at multiple wavelengths by setting Ajevalue at 0.383 for 568.2 nm. These calibrations provided enough
information for establishing an in siteeal time spectroscopic ellipsometry.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 3f and 2f/4f) proved to be independent of the sample’s

) ] ] ] characteristics and the azimuth positions of the optical
Since photoelastic modulatiotPEM) can provide a  components. Since the signal to noise ratio can be

resonance frequency for synchronous detection, PEMjnfluenced by a weak signal, two experimental set-ups
ellipsometry is able to measure the optical properties in (5 reflection style and a transmission sly&e not only
real time [1] with minimum background noise. Other ,sed to determine the phase modulation but also to
than the synchronous detection, there is no moving partpyestigate the frequency response of this technique. By
in PEM ellipsometry; the parasitic error caused by the comparing the digitized oscilloscope waveform of half-
beam deviation in rotating polarizanalyzer ellipso-  \yayve retardation, we found a 4% offset in the display.
metry [2] is also eliminated. However, in contrastto the  other than using the modulation amplitude at
rotating element set-ups, the .modulation amplitut_je of J.(8,)=0 for various wavelength§3], we proved that
PEM has to be adjusted precisely to the zero point of the ellipsometric parameters can be measured under any
the zero order Bessel function in order to obtain accuraté phase modulation amplitude. By setting the phase mod-
measurements with PEM ellipsometig]. Following  yjation amplitude at 0.383 for 568.2 nm, we determined
the study of the alignment technique for PEM ellipso- the modulation amplitude at other wavelengths by the
metry at a fixed incident anglpd], we calibrate, in this  myyitiple harmonic intensity ratio technique; the results
work, the phase modulation amplitude of PEM in Situ are well fitted to the invariant relation of the product of
for checking the scale provided by the vendor. This modulation amplitude and the wavelength, i.e. the phys-
calibration technique is achieved by using the multiple jca| thickness of the PEM cell. These calibrations pro-

harmonic intensity ratiofMHIR), which are obtained jge enough information for constructing an in giteal
from the Fourier analysis of a data acquisition system time spectroscopic ellipsometry.

(DAQ). In this technigue, four harmonics are used,
which are not available in the conventional lock-in 2. Theoretical background
amplifier; the advantage of using the DAQ is clearly

demonstrated. In the theoretical analysis, the MK/ The basic set-up of the PEM ellipsometry is shown

in Fig. 1. The ellipsometric parametet and A are
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of the harmonic functions into Eq2), and obtain the
Sample following relations between the measured intensity and
its corresponding harmonic component:

N
Pid ~
-
I

PEM
polarizer .
%, Is(A)=0.51 {SirPA +tarP¥cosA

A Analyzer

A detector

HeNe —tan¥coshJo(3,)sin24 |,
controller ﬁ DAQ PC

Lomni(A)=— Io[tan‘I’SinAJ(zm+ 1(90)

Fig. 1. The schematic set-up of PEM ellipsometry.
X sinZﬂsin(Zm +1)ot; m=0,

wherer, andrs represent the complex reflection coeffi-

cient of parallel and perpendicular components of polar- 1 5,5(A) = — Io[tan¥ COSAJ 5,(3,)SIN2A |
ized light. If the azimuth angle of the initial linear
polarized light is set at-45°, the measured intensity Xcosdiwt; n=1,2 (©)

can be simplified as

It is very interesting to notice that the evadd
harmonics are related by the similar physical parameters
I(A)=0.5I[Sin’A +tar"¥'cos’A except for the orders of its Bessel function. By using
the intensity ratio technique, we can determine the
modulated amplitude of PEM but avoid the effect of its

—tanP’sin24(cosAcosh, + sinAsinAp)]. 2 physical set-up, i.e.

Since the phase retardation of PEM is modulated asﬁzjl(ao), QZJZ(S J (4)
A,=3sinwr, one can substitute the Fourier expansions Iz J3(do)  las JAdo)

odd and even intensity ratios in reflection setup

0.6 T T T T T

055F - - - - T | /J’ _____
_o 1 Ll 1 1
9 ] ' ' ]
3 1 ] '
@
3 05k - - - - i T O
E ] [ '
'qs 1 1 1
T ' ' '
S .
= 045F - - - - Lo Lo - 0. - - - B T T
© ! \ . O liflyexp.
5 ' L e ' — |/l fit slope 99.75%
5 04F - - - - te Pttt lylgexp.
3 v . . — Iyl fit slope 96.64%
E ' ' ' - - ideal slope 100%

0.35F - - - - L T TP S

03 1 1 1 1 1

0.3 0.35 0.4 0.45 0.5 0.55 0.6

modulation amplitude: panel displayed

Fig. 2. The calibration of modulation amplitude in the reflection set-up: both(G)dand even(*) intensity ratios are measured, the ideal line
is when measured valueglisplayed values.
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the shifted modulation amplitudes under different wavelengths
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Fig. 3. The calibration of modulation amplitude under different wavelengths: 514.639m647.1 nm(*) and panel displayed valuétne).
It is obvious that these ratios are independent of the tiple harmonic intensity ratio technique can also be used

azimuth position of the analyzer and the physical para- to determine the ellipsometric parametd#tsandA. That
meters of the examined sample. Furthermore, this mul-is by settingA = +45°, in the following expressions

measured modulation amplitudeby!11/13f reflected from SiO2
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Fig. 4. The modulation amplitude distribution vs. azimuth position of analyzer: The intensity ratiog36faié measured in the reflection setup.
A SiO, thin film of 365 A is measured at the incident angle of 70



normalized intensity

Fig. 5. The digitized oscilloscope waveform of half-wave retardation in the
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before calibration A =0.500
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calculated waveform of 0.50(right) and 0.52 (left).
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transmission #etup45’ and A=45°; the solid line are the

one can obtain and A independently. The static phase
retardation(A;) of PEM is embedded in the ellipsometric
parameter ofA, which can be confirmed by transmission
ellipsometry. The temporal intensity distribution of the
P-PEM-A setup can be written as

I()=1I¢[1 —COgA;+ 8,sinwt)], (6)
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Fig. 7. The ellipsometric parameters vs. the modulation amplitudes:
A SiO, thin film of 365 A is measured at the incident angle of 70
and A=632.8 nm.(a) V: before calibration(O) ; after calibration

Fig. 6. The digitized oscilloscope retardation waveform of half-wave (*); (b) A: before calibratior(O) ; after calibration( x) ; after intro-
retardation aP=45" andA= —45°

duce the static phase retardatign.
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system, all the physical settings, such as azimuth of

¥ A graph of SiO2 thin film polarizer, optic axis of PEM, incident angle and the

110} 647.1nm — calculated A, ¥ modulation amplitude of PEM should be fixed. For
. * measured A- A,¥ . . .
i spectroscopic measurement, the modulation amplitude
108l O measured ¥,A | : ;
should be set at a particular wavelength, A=
. 106} 568.2nm | constant, the corresponding modulation of different
§’ ) wavelengths should be calculated instead of resetting
S * 520.8nm I the system.
102} 1
488.1nm 3. Experimental details
100} * 1
o8t *, | A data acquisition systeniNI PCI-6111) was used
in the PEM (Hinds PEM9Q'CF50 ellipsometry; for
9% * i comparison, we chose a Si(5i thin film of 365 A
94 ) ) , . , ) thickness at the incident angle of °7/Ovhose A was
16 18 20 2 24 26 28 30 closer to 90 as with the testing sample. We systemati-

¥ (deg) cally aligned all the azimuth positions by a fixed incident
angle alignment technique; then set the strain axis of
Fig. 8. ¥ and A graph of Si@ thin film at the incident angle of 70 PEM at 0, with P andA at —45° and 45, respectively.
with the discrete wavelengths of a KrAr tunable laser. The amplitude of modulation was varied from 0.368 to
. . , 0.550n with closer steps approximately 0.383under
if P=45" and A= —45" This waveform can be com- he following wavelengths of a KrAr tunable laser:
pared with the digitized oscilloscope waveform obtained 647.1, 568.2, 520.8, 514.5 and 488.0 nm. In addition to
by the DAQ system. The Fourier expansion of the the d.c. component, four more harmonic intensities were
intensity atP=45", namely the multiple harmonics, can  gptajined. After deducing the modulation amplitudes by

be expressed as using the intensity ratios af;;/Is (odd-ratio and I,/
L (even-ratig, we then compared it with the display
1,4(A)=—Io[SINAJ,,(8,)sin2A]sivnot m=1,3 provided by the vendor. This intensity ratio technique

was also employed to measure the modulation amplitude
. at various wavelengths by setting the modulation ampli-
Lf(A)=1Io[cONJ,(3o)siNA]cosiwr; n=2,4. (M tude at 0.383 for 568.2 nm. By studying the static
retardation, a transmission set-up was measured with a
The static phase retardation can be obtained by takingHeNe laser wavelength of 632.8 nm; the digitized
multiple harmonic ratios. According to E@5), one can  oscilloscope waveforms of half-wave retardation were
measure the ellipsometric parameters at any modulationrecorded and analyzed.
amplitude. Since in an in sifueal time ellipsometric
4. Results and discussion

modulation amplitude A, under various wavelengths The modulation amplitudes of PEM were obtained

+ | — calculated A from the multiple harmonic intensity ratios, as shown in

e N s co 7| + measured 4, Fig. 2; the modulation amplitudes are parallel shifted

' ' ' ) ' from the displayed value by 0.@2and the slope of,;/

I3 is almost equal to 1, since abs sinA of a SiG, thin

film at the incident angle of 70 To avoid the effect of

weak signal, we used the odd intensity ratio to measure

the sample under reflection. By comparing the modula-

tion amplitudes at different wavelengths, we found that

the shifted values are the same, such as shown in Fig.

3. The modulation amplitudes were also measured under

various azimuth positions of the analyzer, and just as

expected from Eq(4), the modulation amplitude deter-

0.3 s s s . s mined by this intensity ratio technique was independent

400 450 500 550 600 650 700 . .- . .
wavdlength ( nm) of the analyzer's azimuth position, as shown in Fig. 4.

In the transmission setup, witA= —45" and A =45,
Fig. 9. The modulation amplitude of PEM vs. wavelengths, by setting the digitized oscilloscope waveform of half-wave retar-
A,=0.383 atA =568.2 nm. dation were compared with the theoretical waveform of
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0.50 and 0.52 retardation, respectively, such as shown corresponding modulation amplitude for other wave-
in Fig. 5. However, a clear asymmetry occurredPas lengths, and the measured values are well fitted to our
45° andA = —45°; this is shown in Fig. 6. This phenom- expectation, as shown in Fig. 9. After this calibration,
enon can be explained by the existence of static retar-we believe there is enough information for the construc-
dation in PEM [5]. After considering the static tion of an in sityreal time spectroscopic ellipsometry.
retardation, we found that the measured ellipsometric

parameters of a standard SiO thin film under various Acknowledgments
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