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Abstract : Two main problemsof heterodyne interferometer , laterd resolution of interferom-
eter , and the nonlinear errors and its compensation, are discussed by first introducing a new
anadytica method to achieve postioning accuracy of sub-micron and then establishing a math-
ematical mode of the reationship between the measurement phase and the amplitude distri-
bution of laser beam to explain the gradual change of the measurement phase around the
sharp step. The amplitude distribution of laser beam at the step can be got and the latera po-
gtioning accuracy can be achieved to the magnitude of submicron by usng the estimation
method used for ordinary laser beam. The resultsof anadydsof the three mgor nonlinear er-
ror ourcesof the common-path interferometer show that the error caused by Wollaston prism
is mainly second harmonic and the error caused by dliptical polarization of laser isfirst har-
monic. Further andyssindicates that the misrientation of metal mirror can cause the two
reflecting beams to change from linear polarized beams into éliptical polarized beams with
nonorthogana and nonequal eccentricity , which can generate mainly the first harmonic non-
linear error. In additions, error compensation methods are a9 proposed to improve the accu-
racy of the interferometer.
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1 Introduction

Micromachining plays an important role in
M EM S and microelectronic industry. To assure the
product quality of micromachining, advanced test-
ing technigues with nanometer accuracy become the
key to the manufacturing. In the past few years,
heterodyne interferometer , egecialy the common-
path heterodyne interferometer was paid much at-
tention to and was assumed suitable for measuring
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3D sructuresof micromachined parts. Because the
measured parts and the reference beams are in the
same environment , the interferometer isfree of air
turbulence, temperature variance and mechanica
vibration along the direction of measurement
that the need for the environment is largely re-
duced!* .
dyne interferometer , two main problems need to be
further studied: thefirst isthe latera reslution of
the interferometer and the second is the nonlinear
error and its compensation methods.

To improve the performance of hetero-
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Typicaly the lateral reslution of the interfer-
ometer is limited by the diameter of laser beam
(usualy 2 4P m) , which influences the latera
postioning accuracy of a microstructure!®!.
ever the method of reducing the beam diameter to

How-

improve the latera resolution hasits limitations!*! :
(1) According to the theory of diffraction, the
minimum diameter of laser beam is about 1 m.
That means the latera resolution of heterodyne in-
terferometer is no more than 14 m; (2) the opti-
cal syssem with small focus waist has small depth of
field too, which makes the optica system difficult
to find the accurate focal podtion; (3) The moving
table with small step interva and gability in the
heterodyne interferometric sysem is difficult to
make and the price is high. Therefore, new meth-
ods should be studied to improve the lateral resolu
tion without raigng the price of the system.
Nonlinear errors are the main error ourcesin
the heterodyne interferometer, which can osme-
times achieve severa nanometers. The error may
be first-or second- harmonic, which is caused main-
ly by the polarization mixing(or frequency mixing)
of the two measurement beams with different fre-
quency and polarization!® . In recent years, the er-
ror sources and the compensation methods are stud-
ied by many researchers. In 1990 , Bobroff!®'et a.
theoreticaly analyzed the nonlinear error by non
orthogonality of the linear polarization beams from
laser and the effect of the dlipticity of input
beams. He theoretically explained the first-order
non-linearity and introduced the amplitude modula-
tion method to compensate the periodic errors.
Freitas and Playerm further explained the second
harmonic component of error with Jones Matrix
and found that rotational misaignment of orthogo-
nal input states relative to the polarizing beam slit-
ter axes might produce second harmonic errors and
the vaues might increase substantialy as the angu-
lar misalignment increased. Park!® discussed the
polarization properties of slid- state cube-cornersin
common use and concluded that the axia orientar
tion of the uncoated corner reflector had an efect

on the strength of the beat sgna and the non-lin-
earity error. Bin Li!®! studied the phase fluctuation
in dua-wavelength heterodyne interferometer and
found the first and second harmonic errors caused
by EOM prism. Moreover , ome new error conr
pensation methods *®*! have been studied recent-
ly. For example, Shen presented a novd interfer-
ometer with cat reflectors and two photodetectors
to measure two measurement dgnals, and Badami
used frequency domain method to separate the non
linearity of optical and electronic sgna .

All above studies are focused on the Michel son
interferometer. The errors caused by fregquency
mixing and dliptic polarization in common path
heterodyne interferometer are rarely studied and
DPme error vurcesin Miche on interferometer may
have little effect on the common-path interferome-
terl*?!

In this paper, a new andyticd method to
achieve podtioning accuracy of sub-micron isintro-
duced at first. This method is easy to redize and
the price of the working table is not high. The
dmulation results show that the lateral podtioning
accuracy of the interferometer is better than 0. 1
M m with ordinary laser beam. On the other hand,
the main error sourcesin common-path interferom-
eter are d 9 analyzed in this work. In particular,
the nonlinear error caused by the reflection of meta
mirror is gecialy studied in thispaper , which was
rardy studied before. The law of first- and second
harmonic errors is given and the compensation
met hods us ng the above equations are discussed.

2 Methods for improving the lateral
postioning accuracy

Assume that p is foca wast radius of laser
beam and ( xo, yo) are the central coordinate of the
beam. Thus the normalized Gausson distribution
laser beam can be expressed as:

1(x) = l'—(%;)l =B -n'l’j‘_x'w
exp[- B?(x - xo)?]dx, (1)
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Take the heterodyne interferometer with Wollaston
prism for example!****]. When the two measure-

ment beams scan the step at the postion shown in

[Q; x (1 -

Fig.1, the phase difference M ( x;) of heterodyne
interferometric gnal is:

[(x)] x8n (Dg) + Qo X 1(x) Xdn (Dy)

tan (x;) =

: (2

[Q1 X% (1- I(x)] x00s(D1) + Q2 X I(xi) X00s (D2)

Scanning direction
—_——

Fg.1 Scanning mode of the interferometer

Where D; is the phase difference between the
beams both on the base and D, is the phase differ-
ence between beams with one on the base while the
other being on the step. Qi and Q» are the re
flectance index of the base and the step repective

ly. The normalized amplitude distribution 1(x;) ]
can be caculated from Eqg. 2 if the phase difference

M ( x;) at posdtion x; is measured. Because | ( x;)
conforms to standard normal distribution too.
Comparing Eg. 1 with standard norma distribution

4 2
F(2) :I e *'2dx , we can see that the lead

ing difference between F(z) and I (x;) ison the

phas of the two functions. In order to trander

I (xi) got from Eg. 2 into standard normal distri-
bution, the following phase trandtion must be
made:

2212 =p*(x - x0)?, 3
Further the following equation can be got :

X:?225+X°' (4)

where xo is the postion of the step ,p "'isthe ra
diusof the laser beam and z isthe lateral coordinate

of standard norma distribution when 1(x;) and
F(z) are equa. With enough known x and z ,
p ' and xo can be accurately estimated with
nonequa interva regresson method and the ran-
dom errors are reduced. The smulation is made
with standard norma distribution assuming that
the measurement accuracy of x; is magnitude of
0.01pg m. The results show that the estimation
value of step podtion is 0.002 3 with idea vaue
being 0. 00 and the diameter of laser beam is
1.398 7 with the ided value 1.414. The error of
estimation is 0. 002 3 and-0. 016 4, regectively.

3 Nonlinear errorsof the heterodyne
i nterferometer

The two measurement beams in the hetero-
dyne interferometer should be linear polarized
beams with the polarization directions orthogonal .
But in actual systems, polarization mixing (or fre-
guency mixing) may occur , which can cause mea
surement errors. The heterodyne interference Sg-
nal with polarization mixing can be expressed as:

a |

(s0) = @.@n) + (T Pa - Po) +
181 Jalx Bl
(| Bl,(PA-CPB) +(| AL X| Bl.%-%).

(5)
Where sand @ are the amplitude and phase of the
measurement beat dgnal , regectively. @ ., is the
idea phase difference,a 3 @ ,, and@g are the am-
plitudes and phase jumpsof the mixing beams. The
main error sourcesin the heterodyne interf erometer
with Wollason Prism are the migrientation of
Wollaston Prism, €liptic polarization of laser beam
and the reflection of meta mirror.
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Laser

Wollaston prism

Fg.2 Miwrientation of incidence beam reative to the
wollaston prism

The ingallation error of Wollaston Prism is
shown in Fig. 2 with misorientation error8,, . Be-
cause the polarization direction of incident beam is
not parald to the crystal axis of the prism, the
output sgna may be polarization mixed as ( A and
B are incident beam)

A :| E]_l stew X ei(ZTf1+(Pm)

B=| Eo] xsnB, x @27

B=| Eo x(1-€)cosB, x %"

loa=| Ef x(1-£)dnB,, x ¥n
Take A" and B' into Eq. (5) , we can caculate the
firs- and second harmonic errors of the interfer-

ence dgnas as and

Ap =@ -0, = Z
As=2%

- tanB,, - SnQ and

-tan@, - c0SQ .

As =tan®, oS P ¢ represents the amplitude
Ap tan’8,, -Sn29,,
attenuation index during the propagation of the two
beams. Because the two measurement beams are
propagate together ,€ can be st to zero and only
second harmonic error exists. The maximum vaue
of the error is *tan’@,, .

Because the laser is Zeeman sabilized, the
output beam from theA / 4 plate is dliptic polarizer
tion mode. Assume that the major axis of the d-
lipses are 1 and the minor axisof the dlipses are e;
and e, regectively. Therefore the two beamswith
nonorthogona angled | can be expressed as Eq. (6) :

. iy
E1 =| Ei x e"fi(y+ e x &2 )
I
[ezxcos(% ><e‘2+s'n9Jy+J

Ex =| E2f % emle a
[- e Xxg9nb, x e 2 +oosGJ

(6)

Take the polarization mixing partsfrom Eqg. (6) in
to Eqg. (5) , the firs-order measurement error is

concluded as:
AP =- (e- €) - 0SSP - tanB, - dnP
As=- (e- e)- -9nQ, +tan@, - 0SQ
(7)

In actua system, dmost al laser beams have ec
centricity (e) and non-orthogonal angle ©,). The
maxi mum va ue of this two parameters are around
0.015 0.04and?1°. If e=0.04,0, = 1°, thenA
@ = 2.488, the error caused by the dliptic po-
larization is 2.2 nm.

It is requested theoretically in the heterodyne
interferometer that the two linearly polarized inci-
dent beams are orthogona with one pardle to the
normal plane of the reflector. Although amplitude
reflectivity rs, rp and phase jumpds0pin the re-
flecting beam change, ®s - 0 p is constant during
measurement and the polarization plane of the re-
flecting beam don’ t change @ that no fregquency
mixing and nontlinear error occur. But in actud
system, the misorientation error ©,) make every
incident linear polarization beam decompose into P
and s part to make the reflecting beam become dl-
liptic polarized beam with orientation of the two dl-
lipses having nonrorthogonal and non-equal eccen-
tricity. Fig. 3 shows misorientation of incidence
beam E; and E; with frequency fiand f, . AXxis x
isin the norma plane of the mirror and is parale
to Ppart. Axisyis vertical to the norma plane of

P _|—~Normal plane
/E[ X B

e - /ST

0
Metal-coated mirror

Fg.3 Misrientation of incidence beam reative to the
meta-coated mirror

5

L

the mirror and is parald to s part. Assumed that
E:1 = E; = E. The Pand scomponentsinthein-
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cidence beamare: E;p = E- 008, , E;s = E- dn
8,0,=0) and E;p = E- 9nB, , Eps = E- s
0, (withd, =) , whered; is the phase difference
between sand P components.

After reflecting from the mirror, the beams
E; and E; have changed into E; and E; , which
can beexpressedas: Eq:p:aix = E-0088,-Y, ,
Stayy = E-9nO,-yYs. Epipragy = E- d§nb,
Y p,s:ay = E- 009, -Yandd;changed intod’;
. Therefore, E ; and E , have become dliptic po-
larization light. After coordinate trandation, the
major and minor axisof elipse and the misorientar
tion anglesof maor axisof E ;and E ,relativeto x
and y axis can be calculated, regpectively. If the
reflector isaluminum, N = 1.39, K = 7.56,i =
45°(iisincident angle) ,0, = 1° , it is caculated
that non-orthogona error of E 1and E,is( =Y 1
- Y'2 = 0.062° and the eccentricity of the two €-
lipsesis: e = ?,Illi‘ - ai,lzzj = 0.002. AndC and e
increase when® , becomes larger.

When E ;and E ;comeinto Wollaston prism,
the reflecting beams can be expressed as:

atif

Ei=| E|- €"[(ey- Oy 1- €'2+dny )y +

. s ~
(- e¢-dny1- e'2 +00sY 1) x]

| atif

B, =| E|- €"[(e8ny'2- €2 00sy'2) Y +

(- &-cosy',- e’% - §ny’y) X]
(8)
Take the polarization mixing parts from Eq.
(8) into Eg. (5) , the firg-order phase and ampli-
tude error are:
Apn =@ - @ = (e1- &)
(tany 1 - tany'z) - SNQ
As=s-1=(e- &) -9nQ, +
(tany 1 - tany'z) - COSQPp, (9

) COS(Pm +
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tions. d s.can be got by the amplitude photodetector
by method in reference!™®! | thusd® . can be cacu
lated and the measurement phase can be compen-
sated point by point to achieve higher accuracy.

4 Conclugon

A mathematica modd is set up to explain the
gradua change of the heterodyne interference phase
difference around the sharp step. And the regres
don techniques are used to success ully improve the
lateral podtioning accuracy of common-path hetero-
dyne interferometer to sub-micron magnitude with
ordinary laser beam. In addition, the three main
ources of nonlinear error of interferometer are anar
lyzed. They are adl harmonic functions changing
with the measurement phase @ , .
error caused by them isfrom severa angstroms to

The maximum

sveral nanometers. To reduce the nonlinear error ,
the laser and other optica elements must be care
fully sslected and ingtalation orientation must be
correct. Beddes, the error can a9 be compensated
by the compoundd@. .
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