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O

nowledge no further research on the polarization mixing
rror of interferometric ellipsometers has been reported.

Though heterodyne interferometers offer subnanometer
esolution, their accuracy is limited by their nonlinearity.11

clearer understanding of the mechanism governing the
rror may lead to better compensation and elimination at
inimal cost. Many reports have discussed the error;11–18

owever, they all addressed systems using either dynamic
isplacement or Michelson configurations incorporating
eeman lasers, and several error terms were only discussed
eparately.

In this paper, a new configuration of interferometric
ransmission ellipsometry is introduced. Addressing the im-
erfection of polarizing beamsplitters �PBSs� and the re-
ulting distortion of the polarization state of light beams,
he polarization mixing error in heterodyne interferometric
llipsometers was calculated; its drifting can be used to
xplain the instability of the experimental results. For sim-
licity, this paper focuses only on nonabsorbing and isotro-
ic thin films.

Theory and Experimental Setup
he experimental setup is a modified Mach-Zehnder inter-

erometer, as Fig. 1 shows. A Uniphase model 1107P
e-Ne laser emits linearly polarized light of wavelength
32.8 nm. It has 0.8-mW continuous output power, and its
olarization ratio is up to 500:1. The laser beam is incident
n a half-wave plate �H�, which polarizes the transmitted
eam at 45 deg to the X axis. A beamsplitter �BS1� splits
he light into two equal-intensity arms, one for reference
nd the other for measurement. Two acousto-optical modu-
ators �Model AOM-40, IntraAction Corp.� driven by a
ual-frequency source �Model DFE-A4, IntraAction Corp.�
re used as frequency shifters. The frequency difference is
et at 20 kHz, i.e., ��=�2−�1=1.256�105 rad /s. The
patial filters are required to block zero-order waves. The p
nd s components of the measurement beam, with approxi-
ately equal intensity, are directed towards a film sample.
fter being modulated by the film sample, they recombine

t BS2 with the corresponding components of the reference
eam. After the polarizing beamsplitter �PBS� followed by
wo detectors, the p and s components are separated and
wo sinusoidal signals with a beat frequency �� are gener-
ted.

The light incident on BS1 may be represented as

ig. 1 Schematic of the optical configuration. L: He-Ne laser; H:
alf-wave plate; AO: acousto-optical modulators; SF: spatial filter;
BS: polarizing beamsplitters; M: mirrors; BS: beamsplitters; S: film
ample; D: detector.
ptical Engineering 075601-
E = �1

1
�exp�i��t + ��� . �1�

Here � is the initial phase. By using the Jones matrix
method, the response of optical system can be easily de-
scribed. The electric field components of the beams inci-
dent on the photodetectors Dp and Ds are, respectively,

EP = PR�BTSTBT�1

1
�exp�i��� + �1�t + �1�	

+ BRMMBR�1

1
�exp�i��� + �2�t + �2�	
 ,

�2�

ES = PT�BTSTBT�1

1
�exp�i��� + �1�t + �1�	

+ BRMM · BR · �1

1
�exp�i��� + �2�t + �2�	
 .

Here �1 and �2 are new initial phases, the subscripts R and
T mean reflection and transmission, and the P, B, M, and S
represent the Jones matrices of the polarizing beamsplitter,
beamsplitters, mirrors, and film sample, respectively,

PR = �0 0

0 1
�, PT = �1 0

0 0
�, BR = BT =

1

2
�1 0

0 1
� ,

�3�

ST = �tS 0

0 tP
�, M = �1 0

0 − 1
�

with

tS = �tS�exp�i�S�, tP = �tP�exp�i�P� �4�

Equation �4� gives the transmission coefficients of the
sample for the p and s components, respectively.

Substitution of Eq. �3� and Eq. �4� into Eq. �2� gives

ES =
1

4
tS exp�i��� + �1�t + �1�	 +

1

4
exp�i��� + �2�t + �2�	 ,

�5�

EP =
1

4
tP exp�i��� + �1�t + �1�	 +

1

4
exp�i��� + �2�t + �2�	 .

Neglecting constant coefficients, the normalized signal in-
tensities of the oscillating terms are obtained:

IS � �tS�cos��� · t + �S + ��� ,
�6�

IP � �tP�cos��� · t + �p + ��� .

A calibration procedure is necessary for the measurement.
By removing the film sample from the optical setup, the
detection signals are obtained directly according to the pre-
ceding analysis:

IS
c � cos��� · t + ��� ,

�7�
July 2008/Vol. 47�7�2



I

T
r
a

�

t

H
t

b
E

3
T
s
b
�
o
c
t
s
T
T
d

4
T
s
b
o
m
k
q
q
e
t
a
Z
b

a
i
w

F
=

Deng et al.: Polarization mixing error in transmission ellipsometry…

O

P
c � cos��� · t + ��� .

he pair of ellipsometric parameters �tan � ,�� can be de-
ived from amplitude ratio and phase difference between IS
nd IP, i.e,

= ���IP� − ��IP
c�� − ���IS� − ��IS

c�� = �P − �S,
�8�

an � = ��� =
A�IP�
A�IP

c�� A�IS�
A�IS

c�
= �tp�/�tS� .

ere, the � and A represent the phases and amplitudes of
he optical intensity signals.

Theoretically speaking, the setup has the advantage of
eing immune to atmospheric disturbance because �� in
q. �6� does not affect the measurement accuracy.

Experimental Results
he film sample is indium tin oxide �ITO� on a glass sub-
trate, as Fig. 2 shows. The spot diameter of the incident
eam is about 1 mm. A scanning probe microscope
CSPM-4000, produced by Benyuan Co., Ltd., vertical res-
lution, 0.1 nm� with a silicon cantilever is employed to
alibrate the film thickness. The calibration result at the
ested point is 35.0	0.5 nm. The experimental data on the
ame tested point and inversion results are given in Table 1.
he error of film thickness measurement ranges up to 4 nm.
his error, mainly introduced by polarization mixing, is
iscussed in detail below.

Analysis of Polarization Mixing Error
he nonlinearity of displacement or distance measurement
ystems using Michelson interferometers has been studied
y many researchers.11–18 To our knowledge, no researches
n the polarization mixing error of interferometric trans-
ission ellipsometry have been reported. There are two

inds of errors in heterodyne interferometers,19 namely, fre-
uency mixing error and polarization mixing error. Fre-
uency mixing error is predominant; polarization mixing
rror tends to be smaller. In the system showed in Fig. 1,
he frequency shifts are obtained separately inside of each
rm by using two acousto-optical modulators instead of a
eeman laser, so the frequency mixing error is expected to
e avoided.

The polarization mixing error mainly arises from leak-
ge of the PBS, elliptical polarization, and nonorthogonal-
ty as a result of imperfect or misoriented laser source,
ave plates, beamsplitters and reflecting mirrors.19 This pa-

ig. 2 Schematic of the air-film-substrate system ��=632.8 nm, n0
1.00, n2=1.515, n1=2.0, 
0=75.0 deg�.
ptical Engineering 075601-
per restricts attention to two sources of measurement errors:
�1� imperfections in the PBS and other components in the
interferometer arms, and �2� ellipticity and nonorthogonal-
ity defects in the laser beam incident on the interferometer.
Because we only consider relative phase and magnitude
between the s and p components, the prefactors, which do
not contribute to the discussion, are ignored in the follow-
ing analysis.

The ideal polarization state of the light beam incident on
BS1 in Fig. 3�a� can be described by Eq. �1�. Because of
the imperfection and misorientation of the laser source and
the half-wave plate, the nonideal light incident on BS1, as
shown in Fig. 3�b�, actually is of elliptical polarization.
Similarly to Eq. �1�, in the x�-y� coordinate systems it is
written as

E = 
 1

b exp�i�


2
− ��
 �exp�i��t + ��� . �9�

The ellipticity b is the ratio of minor to major axis, and �
represents the nonorthogonality. These can range up to 0.05
and 3 deg, respectively, even in many good metrology-
grade laser sources.13 The situation will be worse if imper-

Table 1 Experimental data for the single-layer ITO.

No. ��� � �deg� n1 d �nm�

1 1.566 −7.2 2.014 34.5

2 1.564 −7.4 2.072 37.4

3 1.570 −7.2 2.131 38.9

4 1.541 −7.5 1.941 35.0

5 1.566 −7.4 2.076 37.4

6 1.574 −7.1 2.037 34.3

7 1.555 −7.5 2.053 37.9

8 1.562 −7.4 2.069 37.6

9 1.558 −7.5 2.059 37.8

10 1.552 −7.6 2.045 38.1
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Fig. 3 �a� Ideal linearly polarized light. �b� Schematic of elliptical
polarization.
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