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Effects of pinholes on zerooffset of single-axis

normal-tracking measurement system

LI Huai-lu', WANG Zhong', KANG Yan-hui*, FU Lu-hua'

(1. State Key Laboratory of Precision Measuring Technology and Instrument , Tianjin University, Tianjin 300072, China;
2. Division of Metrology in Length and Precision Engineering , National Institute of Metrology, Beijing 100029 , China)

Abstract: A single-axis normal-tracking measurement system is proposed, which can solve the problem of measuring large
curved surface. According to Collins formula, the tilt dependent error of the measurement system is studied, which uses
Gaussian beam as the light source. By theoretical analysis and numerical simulation, the influence of the error is presented. The
results show that there is the difference between point source and Gaussian beam for differential confocal microscopy. The opti-

mal diameter of pinhole can be determined by the mathematical model and the actual parameters of the measurement system.

The optimal pinhole diameter of this measurement system is 20 to 35 pm for 633 nm wavelength light source.
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0 Introduction

Confocal microscope is developing rapidly for its
high axial and lateral resolution, and it is widely used
in many fields such as microelectronics, semiconduc-

03] A number of

tor industry, biomedical engineering
commercial products based on different confocal prin-
ciples have been produced in the world, and the stud-
ies of confocal microscope are well underway.

WEI Tong-da achieved results about the effects of
polarization state and effective numerical aperture on
the resolution of confocal total internal reflection mi-
croscope in 2014, In 2014, LIU Da-li studied the
method and technology to research the real-time laser
differential microscope without sample reflectivity'™.

Most of the existing systems are only used for
small-angle measurement, and they can not work on
the measurement of large curved surface because of

the limit of light receiving angle. So a new type of
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single-axis normal-tracking measurement system is
proposed. Single-axis normal-tracking measurement
system provides a way to get the axial position based
on the method of differential confocal microscope u-
sing monochrometic light and laser interference. In
order to reduce the disadvantages of the traditional
confocal measurements in the large curved surface
measurements, position sensitive detectors(PSDs)are
added to keep the measurement optical axis be per-
pendicular to the measurement surface.

The influence of measurement angle in differential
confocal microscopy was studied several years ago.
ZHANG Jian-huan proved that when the tilt angle of
the measurement surface was larger under the point
light, the resolution was lower, while the zero posi-
tion was unchanged. However, the large tilt angle
reduces the intensity of light of the pinhole which in-
creases the light intensity measurement error, while

increases the accuracy error of measurement for large
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curvature® ™!,

However,non-point source is used more frequently
than point light source in the actual experiments,
such as semiconductor laser, He-Ne laser. Just like
Gaussian beam, it has many differences with point
light sources as the light sources for the systems.
The studies of the systems like single-axis normal-
tracking measurement system which uses Gaussian
beams as their light sources are not common. In this
paper, the model of some important parameters a-
bout single-axis normal-tracking measurement system
based on Gaussian beam optical field distribution and
Collins formula is deduced. The results show that ze-
ro error exists in the differential confocal microscopy
when the Gaussian beam is used as the light source,
which is different from point light source. The opti-
mal diameter of pinhole can be achieved by the mod-
el, which provided an important reference to similar

researches.

1 Principle of single-axis normal-track-
ing measurement system

The optical principle is shown in Fig. 1. Linear po-
larized Gaussian beam (1) is divided into two beams
by a nonpolarizing beam splitter (NPBS) (4) after
passing through the polarization beam splitter (PBS)
(2) and the quarter-wave plate (3). One is reflected-
to the surface of a position sensitive detector (PSD)
(5). The other one is reflected by the object under
test (7) after passing through the micro objective

(6), and then passes through them again.
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Fig. 1 Optical principle

The photodetectors (11, 14) receive the signals
through the pinholes (9,10) after the beam reflected
by the PBS (2), divided by NPBS (12), and collect-
ed by the focusing lens (8,13). The positions of two
pinholes are different (front and back to the focal
point). The relative height can be calculated by the
differential signal based on the differential confocal
theory. The angle between optical axis and the object
under test can be real-time measured by the offset
distance on the PSD. Then the verticality is con-
trolled by the servo device. The surface profile can

be measured finally.

2 Key influence factors

In the ideal case, the optic axis is constantly per-
pendicular to the surface under test. However, due
to several influential factors, the above conditions
can not be satisfied, which bring huge impacts on the
system.

Because of the variations in different systems de-
signs, the reasons of misalignment are different. The
following is a list of the main reasons which will ap-

pear in each of the systems.
2.1 Position precision of PSD

For simplicity, the two-dimensional case is only
considered, and the high-dimensional cases can be de-
rived by using the same method. As shown in Fig. 2,
the position error of the PSD, §, causes the angle er-

ror, 0.
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Fig. 2 Position precision of PSD may lead to calculation devi-

ation between optic axis and surface under test

If the focal length of the micro objective is f1, then
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2.2 Positioning error of servo motors

In different systems, the algorithms are different,
and the types of selected motors are different, which
may be linear motors or rotary motors, whichever
will lead to the deviation of axial position,

The two-dimensional case is also only considered,
as shown in Fig. 3. The linear motors of Y and Z ax-
es are used to reposition the probe and the rotary mo-
tor is used to make the optic axis perpendicular to the
surfaceunder test. However, the error of the rotary

motor, e,.» will lead to an angle error, a.

Positioning error &

y B — .
. Position error

. Yo ¢ .
T e *& | Probe | (" of rotation &-

Surface under test e .
Positioning error &,

Fig. 3 Angle error caused by position error of servo motors
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When the Gaussian beam passes through a micro
objective, its parameters will be changed, as shown
in Fig. 4.
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Fig. 4 Parameters of the beam are changed after passing

through a micro objective

The new waist, w,» and the distance between the

2.3 Angular deviation between optic axis of
the micro objective and normal of the

surface under test

Because of the installation error, the optic axis of-
the micro objective is not completely perpendicular to
the surface under test, so the reflected light will not
transmit along the original way. Beyond these
points, there are also other more or less factors,
which will lead to an angular deviation between the
reflected measuring light and the surface under test.
The facts will also make the actual results different
from the theoretical results. So it is necessary to
study the influence of tilt the measurement system,

which can be attributed to that the surface is inclined

relative to the optic axis.

3  Theoretical analysis and numerical
simulation

Optical field distribution of Gaussian incident beam

can be expressed as Eq. (2)1/,

)}exp{—ik[erM}tigo(z)}, 2)

2R(2)

new waist and the focus point of the micro objective,

! —f1» can be expressed as™®’

ro_ w
@ /(1—1/f1)2+(z,./f1)2’ 3)

4‘

_ [— fi
A= DY @
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where @ is the Gaussian incident beam’s waist, [ is
the distance between the Gaussian incident beam’
waist and the focus point, and f) is the focal length
of the micro objective.

When the coordinate system, XYZ, rotates 0§ a-
round the axis X, the point (x,y,2) will be new co-
ordinates (x » 3y, ). The transformed rotational

matrix can be expressed as™'"

x 1 0 0 x
sind | |y |. (5
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Optical field after redefining the coordinate system
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When z=—f}, the optical field is
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The expression of paraxial rays is given by
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The Collins formula" is

UsCazoy) = (— 3 >ﬂU1(r1,yl)eXpD/ew(ll,yl,1Z,y2)]d11dy1,

where w(xy,y1,22.y2)
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2(x1z2 + yiy2) + D@3 + ¥ ] Uiz y) and
U, (a3 . y;) are the field amplitudes of incident plane

and the exit plane; £ is the wave vector; L, is the op-

2R(0 + 2/, —
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tical path along the axis between incident plane and
the exit plane, A, B, C and D are the parameters of
The ABCD matrix

from the focus point to the focusing lens is

optical transformation matrix,

L
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So the optical field behind the focusing lens according to the Collins formula is
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So the optical fields behind the pinholes are

The function of a pinhole whose radius is » can be

expressed as
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1 2 Z< 2’
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Therefore, the tilt dependent error (TDE) can be
calculated by

jJUg (Ig ,yg)P(lg 7y3)d13dy3 J‘Ug (14 ’y4)P(I4 ,y4)dx4dy4

jU.;(x.; sy drsdy,

JU«g (x4 ,y4)dx4dy4

TDE (ryuy,) =

[[Us oy Py drndys [[Us Gy Py deidy,

an

ﬂU3 (35 y3)dasdy;

It should be noted that axial displacement and ra-
dial displacement are not normalized, because the tilt
makes them interact each other.

According to the actual system parameters and the
above-mentioned expressions, the TDE is shown in
Fig. 5.

100

Fig.5 TDE(r, uu)

Fig. 5 shows the relation between r, w,, and TDE.
For different u,,, the curve between TDE and r are

shown in Fig. 6.
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As shown in Fig. 5, TDE and u,, is approximately
linearity, and the optimal value of u,, can not be ob-
tained. So the optimal value of u,, needs to be calcu-
lated by other methods, and the optimal value is the
value which matches the highest sensitivity of the
Gaussian beam. The optimal value of u,, can be cal-
culated by taking the derivative of the cross-sectional
areas formula of the Gaussian beam, and it is the
Rayleigh range. From the Fig. 6, the radius of the
pinhole has the optimal value, which is about 20 to
35 pm. However, the figures above are based on the
actual parameters, so the optimal value inpractical

application should be calculated by above equations.

4 Conclusion

A novel single-axis normal-tracking measurement
system is introduced. Based on the Collins formula
and optical field distribution formula of Gaussian
beam, the theoretical model of tilt dependent error a-
bout pinhole radius and axial offset is derived. Then
the calculation is got by numerical analysis about the
theoretical model. The calculation shows that there
is the difference between point light source and
Gaussian beam in differential confocal microscopy
just like single-axis normal-tracking measurement
system. The zero position will offset in the Gaussian
beam optical system. According to the model above
and the actual parameters, the optimal value inprac-

tice can be calculated.
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