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A novel dual-frequency paired polarization phase shifting ellipsometer (DPPSE) is proposed and experi-
mentally demonstrated. It combines the features of the phase shifting interferometer and common-path
polarized heterodyne interferometric ellipsometer where the ellipsometric parameters (EP) of a speci-
men are measured accurately. The experimental results verify that DPPSE is capable of determining
the full dynamic range of EP. In addition, the properties of dual-frequency paired linearly polarized laser
beam in DPPSE perform in common phase noise rejection mode. It is insensitive to environmental distur-
bance and laser frequency noise. The capability of DPPSE to perform higher accuracy EP measurement
than conventional ellipsometer is verified according to error analysis.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Ellipsometry is a well-developed method that is able to accu-
rately characterize the optical properties of specimen by measur-
ing the ellipsometric parameters (EP) versus the emerging laser
beam reflected by the specimen [1–3]. Among different kinds of
optical ellipsometers, the photometric ellipsometer (PE) uses laser
intensity modulation technique that can measure EP precisely by
measuring the amplitude attenuation and phase shift of the emerg-
ing laser beam in real time [1,2]. There are different methods to
modulate a laser beam, such as by rotating the analyzer in rotating
analyzer ellipsometer (RAE) [4–7], or by using photo-elastic mod-
ulator (PEM) in polarization modulation ellipsometer (PME) [8,9].
However, higher laser intensity noise in RAE or PME reduces the
signal-to-noise ratio (SNR) on detected signal [2,10]. Meanwhile,
the limited rotation speed and mechanical instability of the inten-
sity modulation in RAE or the existing residual birefringence in
PEM on phase modulation in PME apparently causes less sensitiv-
ity in EP measurements [8,11]. Aspnes [6] has calculated the mea-
surement uncertainty by RAE. The result shows that the
uncertainty in one of the EP(D), which is the phase retardation be-
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tween linearly polarized p and s waves, becomes large when D is
close to 0� or 180� (i.e., |cosD| � 1). In addition, RAE and PME, both
based on intensity measurement, introduce an ambiguity on D that
results in a limited dynamic range of 0� < D < 180� [1,2]. To avoid
these disadvantages on D measurement, a rotating compensator
is introduced in RAE which then becomes the rotating compensa-
tor ellipsometer (RCE), and is able to measure EP properly by using
Fourier transform analysis [12].

Recently, Chou et al. [13] proposed a polarization modulation
imaging ellipsometer (PMIE) by rotating a quarter wave plate at five
specific azimuthal angles sequentially. Five corresponding images
are recorded by using a CCD camera. Thus, two-dimensional (2-D)
distributions of EP are available at the same time. In addition, the
rotating quarter wave plate located after a specimen in PMIE can
achieve full dynamic range of EP measurement and is insensitive
to the laser intensity fluctuation. Han and Chiao [14] also proposed
a stroboscopic illumination technique for 2-D distribution of EP
measurements. However, it results in limited dynamic range on
w, another EP which is the arctangent of the ratio of the reflectivity
of p and s waves. In order to increase the sensitivity on EP measure-
ment, a polarized heterodyne interferometric ellipsometer is pro-
posed that is able to accurately characterize the EP of specimen
[15–17]. However, the speed of phase measurement was limited
by the use of a lock-in amplifier. In this research, we propose an
optical heterodyne ellipsometer that integrates common-path het-
erodyne and phase shifting interferometer with a dual-frequency
paired linear polarizations [18]. Thus, the dual-frequency paired
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polarizations phase shifting ellipsometer (DPPSE) is proposed and
set up. The phase shifting technique integrated into DPPSE fully ex-
pands the dynamic range of EP. This overcomes the limitation of
conventional ellipsometer based on intensity modulation in mea-
surement [1,2]. In this paper, the working principle of DPPSE is de-
scribed in Section 2, while the experimental setup and results are
shown in Section 3. In addition, the error in EP measurement is ana-
lyzed and computer simulated in Section 4. The conclusions and
discussion are given in the last section.

2. Working principle of DPPSE

A dual-frequency linearly polarized laser beam is produced by
using a frequency stabilized linearly polarized He–Ne laser beam
integrated with an electro-optic modulator (EOM) that is driven
at frequency x [19]. Thus, a pair of highly correlated orthogonal lin-
early polarized light waves (p and s waves), which slightly differ on
temporal frequency (xp = x0 + (x/2) and xs = x0 � (x/2)), is gen-
erated. The p-polarized wave is along the x-axis, and the s-polarized
wave is along the y-axis. Thus, the Jones vector is expressed by

E0 ¼
expðixt=2Þ

expð�ixt=2Þ

� �
a0 expðix0tÞ; ð1Þ

where a0 is the output amplitude and x0 is the central frequency of
laser beam. The laser beam passes through a polarizer whose trans-
mission axis is set up at 45� to the x-axis. The Jones vector of the
emerging beam is then expressed as

EDL ¼
1
2

1 1
1 1

� �
expðixt=2Þ

expð�ixt=2Þ

� �
a0 expðix0tÞ

¼ 1
1

� �
a0 cos

xt
2

expðix0tÞ: ð2Þ

Therefore, p and s waves in Eq. (2) are with equal amplitude and zero
phase difference. This generates a dual-frequency paired linearly
polarized laser beam, which can be expressed by Stokes vector SDL as

SDL ¼ 1 0 1 0ð ÞTI0ð1þ cos xtÞ; ð3Þ

where I0 ¼ a2
0 is defined and the superscript T means transpose.

Meanwhile, the general representation of the Mueller matrix MS

of the specimen [1] is

MS ¼ R

1 � cos 2w 0 0
� cos 2w 1 0 0

0 0 sin 2w cos D sin 2w sin D

0 0 � sin 2w sin D sin 2w cos D

0
BBB@

1
CCCA;

ð4Þ
Fig. 1. The setup of DPPSE. EOM: electro-optic modulator, GTP: Glan–Thompson
polarizer, BSC: Babinet–Soleil compensator, S: specimen, A: analyzer, D: photo
detector, DVM: digital voltmeter, PC: personal computer.
where R is the reflectance and the EP, w and D, are defined by

w ¼ tan�1 jrpj=jrsj
� �

; ð5aÞ
D ¼ up �us: ð5bÞ

where (rp,rs) and (up,us) are the amplitude reflection coefficients
and phase shift of p- and s-polarized waves by specimen, respec-
tively. In Fig. 1, dual-frequency paired linearly polarized laser beam
is normal incident on Babinet–Soleil compensator (BSC), and then
impinges onto a specimen and an analyzer (A) of its azimuthal angle
at HA to x-axis. The Mueller matrices of BSC and analyzer are ex-
pressed as

MBSC ¼ TBSC

1 0 0 0
0 1 0 0
0 0 cos C sin C

0 0 � sin C cos C

0
BBB@

1
CCCA; ð6aÞ

MA ¼ TA

1 cos 2HA sin 2HA 0
cos 2HA cos2 2HA sin 2HA cos 2HA 0
sin 2HA sin 2HA cos 2HA sin2 2HA 0

0 0 0 0

0
BBB@

1
CCCA:

ð6bÞ

Also, the Stokes vector of a photo detector D is expressed as

D ¼ k 1 0 0 0ð Þ; ð6cÞ

TBSC and TA are the transmittance of BSC and analyzer, respectively;
C is the phase retardation of BSC; and k means the quantum effi-
ciency of photo detector. Hence, the intensity of the emerging beam
can be described by

Sout ¼MAMSMBSCSDL; ð7aÞ
I ¼ DSout ¼ ~I þ~I cos xt; ð7bÞ
~I ¼ TI0½1� cos 2w cos 2HA þ sin 2w cosðDþ CÞ sin 2HA�; ð7cÞ
T ¼ kTATBSCR; ð7dÞ

According to Eq. (7b), both dc and ac terms are with equal ampli-
tude. Thus, ~I can be obtained either by ac or dc component, whereas
ac is preferred in this experiment. If C of BSC is adjusted at 0� and
HA is set either at 0� or 90� then, from Eq. (7c),

~Ip ¼ 2TI0 sin2 w; at HA ¼ 0�; ð8aÞ
~Is ¼ 2TI0 cos2 w; at HA ¼ 90�; ð8bÞ

and

w ¼ tan�1 ~Ip=~Is

� �1=2
: ð9Þ

Similarly, when the analyzer is set at 45� to the x-axis, then

~I45� ¼ T0I0½1þ sin 2w cosðDþ CÞ�; ð10Þ

Thus, D can be obtained by shifting the phase retardation C of BSC
at 0�, 90�, 180�, and 270� sequentially.

~I1 ¼ T0I0ð1þ sin 2w cos DÞ; at C ¼ 0�; ð11aÞ
~I2 ¼ T0I0ð1� sin 2w sin DÞ; at C ¼ 90�; ð11bÞ
~I3 ¼ T0I0ð1� sin 2w cos DÞ; at C ¼ 180�; ð11cÞ
~I4 ¼ T0I0ð1þ sin 2w sin DÞ; at C ¼ 270�: ð11dÞ

We define

a ¼
~I1 �~I3

~I1 þ~I3

¼ sin 2w cos D; ð12aÞ

b ¼
~I4 �~I2

~I4 þ~I2

¼ sin 2w sin D; ð12bÞ



Table 1
Determination of D in full range from 0� to 360�, where a = sin2w cosD and
b = sin2wsinD.

a and b D

a P 0 and b P 0 0� 6 D 6 90�
a 6 0 and b P 0 90� 6 D 6 180�
a 6 0 and b 6 0 180� 6 D 6 270�
a P 0 and b 6 0 270� 6 D 6 360�
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then D is calculated by

D ¼ tan�1ðb=aÞ: ð13Þ

From Eqs. (9) and (13), w and D are independent of I0 and the laser
intensity fluctuation is independent of the measurements. Accord-
ing to Eq. (9), the dynamic range of w is 0� < w < 90�. It can also
be extended to a full dynamic range of 0� < D < 360� under the con-
dition shown in Table 1.

3. Experimental setup and results

3.1. Experimental details

The optical setup of DPPSE is shown in Fig. 1 in which a dual-
frequency laser beam is generated by using a linearly polarized
He–Ne laser (Spectral physics, 117A) at 632.8 nm in conjunction
with an EOM (New focus, 4002) whose driving frequency is oper-
ated at 2 kHz. Two Glan–Thompson polarizers are used: one is
used as a polarizer and the other is used as an analyzer in this set-
up. Before the specimen is placed in the optical setup, the azi-
muthal angles of the polarizer and analyzer are set at 0� and
90�, respectively, in order to calibrate the BSC (Special Optics, 8-
400-UNCTD) in accordance with the standard calibration proce-
dure provided by the manufacturer [20]. The displacement of gen-
erating 360� phase shift in BSC is 13.355 mm by using 632.8 nm of
the wavelength. The phase retardation of BSC on 0�, 90�, 180�, and
270� are then calibrated using a digital micrometer in the BSC at
0 mm, 3.339 mm, 6.678 mm, and 10.016 mm on displacement,
respectively, whereas, the resolution of digital micrometer is
0.001 mm. Meanwhile, a digital voltmeter (Agilent 34401A) is
used to measure the intensity of signal. The measured time which
includes 4 steps of phase shifting and data acquisition times is
4 min.

3.2. Measurement of the complex refractive index of a bare silicon
wafer

In order to demonstrate the capability of DPPSE able to measure
the EP of a low absorbed material (k ’ 0) of which the phase retar-
dation D is close to 0� or 180� for various incident angles [1], a bare
silicon wafer was tested for the verification. The incident angle h
was set at 80�. The complex refraction index N (N = n � ik) of a
bared silicon wafer is calculated in Table 2. This shows the ability
of DPPSE to accurately measure D of low k material in comparison
with the conventional RAE [6] experimentally.
Table 2
Measured data of a bared silicon wafer at incident angle h = 80�a.

Ellipsometric parameters Refractive index

w (�) D (�) n k

Measured 10.62 0.59 3.95 0.015
Calculated 11.16 0.73 3.88 0.019

a The calculated EP (w,D) is computed by using Matlab 7.0.1 program.
3.3. Measurement of the thickness of a thin SiO2 film

A step wafer was also tested in order to demonstrate the capa-
bility of DPPSE to measure thin film thickness. The calibrated step
wafer (Mikropack ID0153) in which the silicon dioxide thin film
was deposited on the silicon substrate [21] was tested. Table 3
shows the results at different areas that present different thick-
ness. The incident angle of laser beam was 70� in this experiment.
The well agreement between measured and calibrated data clearly
demonstrates the accuracy of DPPSE.

4. Error analysis

Because the extinction ratio of the Glan–Thompson polarizer or
analyzer is 105, the elliptical polarization of an incident beam can
be reduced significantly. However, the improper phase retardation
of BSC and the misalignment of the polarizer and analyzer intro-
duce uncertainties in the EP measurement. According to the error
propagation method [22], the total uncertainty can be expressed
as the sum of the square of each error source

dwt ¼ ½ðdwPÞ
2 þ ðdwCÞ

2 þ ðdwAÞ
2�1=2

; ð14aÞ
dDt ¼ ½ðdDPÞ2 þ ðdDCÞ2 þ ðdDAÞ2�1=2

; ð14bÞ

where dw and dD are measured uncertainties of w and D, respec-
tively. The subscripts P and A denote the misalignment of the pola-
rizer and analyzer, respectively, and the subscript C means the
error of the phase retardation of BSC. Meanwhile, the subscript t de-
notes a summation of each error source.

To calculate dwP and dDP of the uncertainty induced by pola-
rizer misalignment, the detected intensity I needs to be recalcu-
lated by assuming that the azimuthal angle of polarizer is at HP,
which does not equal to 45� in this calculation. Then Eq. (7b)
becomes

I ¼ DMAMSMBSCMPS0

¼ TI0 ð1� cos 2w cos 2HPÞ þ ðcos 2HP � cos 2wÞ cos 2HAf
þ½sin 2HP sin 2w cosðDþ CÞ� sin 2HAgð1þ sin 2HP cos xtÞ
¼ �I þ~I cos xt; ð15aÞ

and

S0 ¼ ð1 0 cos xt � sinxt ÞT; ð15bÞ
�I ¼ TI0fð1� cos 2w cos 2HPÞ þ ðcos 2HP � cos 2wÞ cos 2HA

þ ½sin 2HP sin 2w cosðDþ CÞ� sin 2HAg; ð15cÞ
~I ¼ �I sin 2HP: ð15dÞ

MP is the Mueller matrix of the misaligned polarizer, �I and ~I are dc
and ac components of the measured intensity, respectively. Because
the ac term of ~I is our interest, the measured intensities when the
analyzer are rotated at 0�, 90� are

~Ip ¼ 2TI0 sin2 wð1þ cos 2HPÞ sin 2HP; at HA ¼ 0�; ð16aÞ
~Is ¼ 2TI0 cos2 wð1� cos 2HPÞ sin 2HP; at HA ¼ 90�: ð16bÞ
Table 3
The measurement of thickness of SiO2 thin film deposited on a silicon substrate at
incident angle h = 70�a.

Area Ellipsometric parameters Thickness

w (�) D (�) T (nm)

#3: Measured 11.14 162.42 290.95
#3: Calibrated 10.83 162.23 290.16
#4: Measured 38.93 280.26 187.96
#4: Calibrated 38.30 280.06 189.20

a The calibrated data is from Ref. [20].



Fig. 2. The uncertainty of D induced by phase retardation error of BSC.

Fig. 3. The uncertainty of w results from all error sources.
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Similarly, when HA = 45�

~I45� ¼ TI0½1� cos 2w cos 2HP þ sin 2HP sin 2w cosðDþ CÞ� sin 2HP;

ð17aÞ

then

~I1¼TI0ð1�cos2wcos2HPþsin2HP sin2wcosDÞsin2HP; at C¼0�;
ð17bÞ

~I2¼TI0ð1�cos2wcos2HP�sin2HP sin2wsinDÞsin2HP at C¼90�;
ð17cÞ

~I3¼TI0ð1�cos2wcos2HP�sin2HP sin2wcosDÞsin2HP; at C¼180�;
ð17dÞ

and

~I4 ¼ TI0ð1� cos 2w cos 2HP þ sin 2HP sin 2w sin DÞ sin 2HP;

at C ¼ 270�: ð17eÞ

Theoretically, the uncertainties of dwP and dDP can be obtained by

ðdwPÞ
2 ¼ @w

@~Ip

 !2
@~Ip

@HP

 !2

ðdHPÞ2 þ
@w

@~Is

� �2
@~Is

@HP

 !2

ðdHPÞ2; ð18aÞ

ðdDPÞ2 ¼
X4

i¼1

@D

@~Ii

� �2
@~Ii

@HP

 !2

ðdHPÞ2; ð18bÞ

where dHP denotes the misaligned angle of the polarizer. By substi-
tuting Eqs. (9) and (16) into Eq. (18a), the calculated result dwP

becomes

ðdwPÞ
2 ¼ 1

2
sin2 2wðdHPÞ2; ð19aÞ

By substituting Eqs. (13) and (17) into Eq. (18b), the uncertainty
dDP becomes

ðdDPÞ2 ¼ ð2cot22wþ cos2 2w sin2 2DÞðdHPÞ2: ð19bÞ

Similarly, the uncertainty of EP that is induced by the error of phase
retardation of BSC can be described as

ðdwCÞ
2 ¼ @w

@~Ip

 !2
@~Ip

@C

 !2

ðdCÞ2 þ @w

@~Is

� �2
@~Is

@C

 !2

ðdCÞ2; ð20aÞ

ðdDCÞ2 ¼
X4

i¼1

@D

@~Ii

� �2
@~Ii

@C

 !2

ðdCÞ2; ð20bÞ

where dC is the variance of phase retardation of BSC. By substitut-
ing Eqs.(8)–(13) into Eqs. (20a) and (20b), the uncertainty dwC and
dDC are calculated as

ðdwCÞ
2 ¼ 0; ð21aÞ

ðdDCÞ2 ¼
1
2
ðsin4 Dþ cos4 Dþ 1

4
sin2 2w sin2 2DÞðdCÞ2: ð21bÞ

According to the result of Eq. (21a), w is insensitive to phase retar-
dation error of BSC, while D is dependent on it. Inasmuch as the res-
olution of BSC is 0.001 mm, this indicates the deviation of BSC at
dC ’ 0.003�. The computer simulation of dDC is shown in Fig. 2,
which is a periodic function of w and D. The uncertainty dDC is in
the range of 0.015� < dDC < 0.021� for all w and D. Also, the uncer-
tainties from misalignment of the analyzer are expressed by

ðdwAÞ
2 ¼ @w

@Ip

� �2
@Ip

@HA

� �2

ðdHAÞ2 þ
@w
@Is

� �2
@Is

@HA

� �2

ðdHAÞ2; ð22aÞ

ðdDAÞ2 ¼
X4

i¼1

@D

@~Ii

� �2
@~Ii

@HA

 !2

ðdHAÞ2; ð22bÞ
where dHA is the misaligned angle. By substituting Eqs. (7c), (9),
and (13) into Eqs. (22a) and (22b), the calculated results are

ðdwAÞ
2 ¼ cos2 D 1� 1

2
sin2 2w

� �
ðdHAÞ2; ð23aÞ

ðdDAÞ2 ¼ ð2cot22wþ cos2 2w sin2 2DÞðdHAÞ2: ð23bÞ

Eq. (23b) is identical to Eq. (19b) of the uncertainty of D induced by
the misalignment of the polarizer.

Finally, the total uncertainty of w and D are calculated by using
Eqs. (19), (21), and (23). To assume dHP = dHA = dH = 0.1� and
dC = 0.03�, the estimated uncertainties dwt and dDt are

dwt ¼
1
2

sin2 2w sin2 Dþ cos2 D
� �

ðdHÞ2
� 	1=2

; ð24aÞ

dDt ¼ ð4cot22wþ 2 cos2 2w sin2 2DÞðdHÞ2
h

þ1
2

sin4 Dþ cos4 Dþ 1
4

sin2 2w sin2 2D
� �

ðdCÞ2
	1=2

: ð24bÞ

It is clearly seen that dwt is independent of dC, while dDt is simul-
taneously dependent upon dH and dC. From Eq. (24a), dwt varies in
a small range in full range of D and w as shown in Fig. 3. According
to Eq. (24b), there is no significant uncertainty on dDt in the full
range of D (0� < D < 360�). However, when w is close to 0� or 90�,
dDt becomes large because of the first term in Eq. (24b) (see
Fig. 4). This is similar to the results obtained in RAE and RCE in-
duced by optical misalignment [23,24]. Theoretically, these results
show the advantages of DPPSE on detected uncertainties of D and
w over conventional RAE or RCE of photometric ellipsometer.



Fig. 4. The uncertainty of D results from all error sources.
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5. Conclusions

A novel dual-frequency paired polarization phase shifting
ellipsometer is developed and the capability of accurate EP mea-
surement is experimentally demonstrated. A dual-frequency
paired linear polarizations which are highly correlated, equal
amplitude and zero phase difference is integrated into the com-
mon-path DPPSE. The working principle is described and the
experimental verification is demonstrated in this study. Moreover,
the error analysis on EP measurements caused by misalignment of
the polarizer and analyzer, or the error of phase retardation of BSC
are likewise derived and discussed. To summarize, the features of
DPPSE are: (a) dual-frequency equal amplitude and zero phase dif-
ference of paired linearly polarized laser beam, (b) common-path
phase shifting heterodyne interferometer, (c) amplitude-sensitive
detection, (d) full dynamic range of 0� < w < 90� and
0� < D < 360�, (e) insensitivity to laser intensity fluctuation, and
(f) high sensitivity in EP measurement. In addition, the scattering
and absorption of the specimen are likewise insensitive to DPPSE
owing to the properties of dual-frequency linearly polarized laser
beam and heterodyne detection [17]. Experimentally, D can be
accurately determined by DPPSE near D ’ 0� or 180� for low ab-
sorbed materials. This is in contrast to the conventional RAE where
the uncertainty of D becomes large when D is close to 0� or 180�. In
the experiment, a bare silicon wafer was tested and the ability of
DPPSE is verified successfully. Finally, the common-path noise
rejection mode is also available in DPPSE. This results in insensitiv-
ity to environmental disturbance. According to error analysis, the
phase retardation error of BSC affects D only and not on w determi-
nation. Theoretically, however, the misalignment of polarizer or
analyzer does affect both w and D simultaneously in this phase
shifting ellipsometer.
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