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Abstract — We propose a new dimensional measurement
technique that is capable of measuring the bottom surface of
a stepwise shape. The measurement system is composed of a
length scale and a sensor probe to read the scale. The probe
is trapped and controlled three-dimensionally by laser
trapping technique. The scale is arisen by optical
interference, which is extended straight to the measured
surface from the probe. Firstly measurement principle is
theoretically explained. Remarkable feature of this

technique is feasibility to access the area as narrow as 15 um.

Vertical resolution of this measurement technique is
experimentally estimated as 10 nm. The measurable range of
the inclination angle of surface is less than 15 °. In terms of
the measurement accuracy, it is evaluated around 100 nm.
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1. INTRODUTION

Accelerated complexity of miniature products requires
precisely manufactured micro-components such as micro-
lens and micro-gears. Therefore, the measurement
technology for inspecting 3-dimensional shapes of micro-
components is highly demanded. Then, various instruments
[1,2] such as the profilometer [3], the optical microscopes
[4], the electron microscopy, the scanning probe microscopy
and the coordinate measuring machine [5] have been
developed so far. However, it is still difficult to measure the
stepwise shape appeared in the grooves and fresnel lens etc.,
because a probe can hardly accesses the bottom surface.
Then, we propose a new dimensional measurement
technique that is capable of measuring the bottom surface of
a stepwise object.

The measurement system proposed is composed of a
length scale and a sensor probe to read the scale. The probe
is trapped and controlled three dimensionally by laser
trapping technique [6]. The scale is arisen by optical
interference, which is extended straight to measured surface
from the probe. Typically a length of the scale is 100 pm or
more and the scale is as thin as a few dozen um in diameter.
So, an aspect ratio is around 10. Using the scale, a distance
between the probe and the surface is measured by a sensor
probe. Dimension of an object is measured by scanning over
the object. The remarkable properties of this technique are
as follows.

« It is accessible to narrow area.

* Working distance to the surface is wide.
* Measured dimension is assured by laser wavelength.

ISBN 978-963-88410-0-® 2009IMEKO

Trapping laser

o

Retro-reflected light

Standing wave

Glass microsphere (¢8um

Fig.1. Concept of technique. Fig.2. Optically trapped probe.

In this paper, as a fundamental study, this measurement
principle is theoretically confirmed and the measurement
properties such as the measurable range, the accuracy and
the resolution are experimentally investigated. Finally, a
feasibility of dimensional measurement by using this
technique is examined.

2. PRINCIPLE OF MEASUREMENT

The proposed measurement concept is illustrated in
Figure 1, which integrates an interference pattern and an
optically trapped micro-probe. A glass microsphere is
optically trapped in air by a focused laser (trapping laser) as
shown in Figure 2. Steep gradient of optical potential
generated by the focused laser confines the microsphere
nearby the laser focus. This optically trapped micro-sphere
acts as a probe to read the scales. The trapping laser beyond
the micro-sphere reaches the surface to be measured. When
a measured laid on the optical axis shown in Figure 1, a
retro-reflected light and the trapping laser generate a
standing wave pattern along with the optical axis [7]. A
pitch of the standing wave pattern is subjected to the
trapping laser wavelength. Thereby, the standing wave
performs as the fiduciary length scale, which is named as an
interferometric scale. Since an interferometric scale origin is
rooted on the measured surface, the probe measures the
surface displacement along the optical axis by counting the
divisions of the scale. The point is that the light illuminated
area on the surface is small due to the lens effect by the
trapped microsphere, therefore, the sensor probe detects
only paraxial standing wave. As the result, this technique
makes it possible to access the narrow area on the bottom
surface of the stepwise shape.
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The probe originally stays at the stable position. Once the
probe is in standing wave pattern, the forces act on the probe
in a spatially periodic potential formed by the
interferometric scale, which positionally-modulates the
probe within optical trapping potential. When the probe
crosses over one pitch of the standing wave pattern, the
probe returns to the original position. Figure 3 depicts the
image of reading the scale. In this manner, displacement of
the measured surface is converted into probe repetitive
motion. Thus, distance between a measured surface and the
probe center is measured by monitoring probe motion. A
probe locates a position where the forces by the trapping
laser and the interferometric scale equilibrate. To understand
the probe behavior, a optical trapping force and a force by
standing wave potential are theoretically analyzed.

3. THEORETICAL ANALYSIS

3.1 Optical trapping force

A. Ashkin first demonstrates single beam gradient-force
trapping for a dielectric particle in 1986 [6] and analyzed
trapping forces in ray optics regime by means of a ray-trace
method in 1992 [8]. As shown, for a large sphere compared
with a wavelength of the trapping laser, trapping forces
derived from optical radiation pressure can be analyzed by
ray trace method.

Figure 4 illustrates the simulation model for the axial
trapping forces. The laser beam having radius, 7, is
focused by an objective lens with high numerical aperture
(NA). Then, maximum incident angle ¢, is calculated by
using the relation of @, = sin(NA(n)/ny)). In case of
NAO0.95, ¢ is 72 °. Incident beam is divided into the
numbers of optical rays. The total trapping force is sum of
the force component generated by all rays. And the trapping
force itself is composed of scattering and gradient forces,
which are forces that directs in parallel and perpendicular to
the direction of an optical ray, respectively. The scattering
and gradient forces are calculated by using the equations as
follows [8]:
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Fig.3. Schematic image of positional deviation of the probe.
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Contributions in axial direction of these forces are -Fcosg;,
F,sing;, respectively, so that the axial force of each ray is F;
= -Fycosp; + F,sing;. To obtain the total axial force
component for the whole laser beam, F; is integrated as
following equation.

Fo= [ Fdrap 3)

where, f is the azimuthal angle around the optical axis.

In this system, the probe is deviated axially from the laser
focus. The axially deviated distance is indicated as d..
Figure 5 shows the computed axial trapping force
components. The circle represents the probe. Mass of the
probe is comparably small (appro. 5 pN) so that, it is
negligible. From the simulation result, it is shown that the
probe is always trapped around 1 pm below the laser focus.
The trapping force exerted to the probe is linear at d, from 3
pm to -2 pm. In this range, the axial trapping force is
regarded as a simple spring force such as follows:

Fo=—kx, @)
where, k is the vertical spring constant induced from the
axial trapping force, d, is the distance between the laser
focus and the center of the probe. & depends on the probe
diameter, laser power, material of the probe etc. Thus, by
using numerical analysis, k is estimated as 26 pN/m for a

glass particle of 8 um in diameter and an irradiated laser
power of 100 mW.
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Fig. 4. Geometrical model of computer simulation for analyzing
the axial trapping force in single-laser gradient-force trap. The
symbols represent the units as follows. 7, is a radius of the laser
beam, r;, radial distance of a ray, n, normal vector of the surface
where a ray strikes, d., distance between the axially deviated laser
focus and the center of the probe, ¢,,,., maximum focusing angle
for optical axis, ¢, focusing angle, 6, incident angle at a probe
surface, ny, refractive index of surrounding media, n,, refractive
index of a probe, Fy;, Fy;, gradient force and scattering force
generated by a ray, respectively.
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3.2 Forces by standing wave potential

In a single laser gradient force trapping, the trapping laser
propagates beyond the probe as forward-scattering light.
Interference of this forward-scattering light and retro-
reflected light from the measured surface generates a
standing wave surrounding the probe. The standing wave
induces the external force for the probe [9]. Due to gaussian
intensity profile of the laser source, the paraxial beam
mainly generates forces. Supposed that the incident beam, £;
and the reflected beam, E,, electric fields have the forms of

E, =E cos(kz + &) (5)
E =E,cos(kz+ 7 +¢) (6)

where E; and E) is the amplitude, % is the wave number and
¢ is the initial phase. By considering a superimposition of £;
and E,, the intensity of the standing wave along optical axis
is described as follows:

I(z)=1,[1+acos(4rz/ A)] (7

where, 1, is the average intensity and A is the wavelength of
the trapping laser, z is the distance of the laser focus from
the measured surface, and o is a value regarding to the
reflective property of the measured surface. From the
equation, the pitch of the standing wave is A/2. In this
standing wave, the probe experiences the axial external
force, F; [9]

F, = Asin(4mx/ 1) ®)

where A4 is amplitude of the standing wave depending
mainly on the reflective index of the measured surface and
the laser power.

3.3 Probe position

Axial position of the probe between the trapping laser and
measured surface is controlled by the forces by the trapping
laser F,, and standing wave F,. The probe locates the
position where F = F,. Using Equations (4), (8), equilibrium
position of the probe is numerically analyzed as shown in
Figure 6. Horizontal axis indicates the distance between the
laser focus and the measured surface. Vertical
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Fig. 5. The result of numerical analysis for axial trapping force
during the laser focus deviates along the optical axis. Positive force,
negative force is the force working upward and downward,
respectively.
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Fig. 6. Axial deviation of the probe from the laser focus with
changing a distance between the sensor and a measured surface.
This analytical result is calculated by using Equation (4), (8).

axis indicates the distance between the probe and the laser
focus. When the probe is near to the laser focus, F, is
smaller than F; due to the small d,. As the measured surface
moves, the probe begins to deviate from the laser focus, that
is, F, increases. When F,. grows over Fj, the probe abruptly
changes the axial position from one stable point to another
in the standing wave. Thus, the probe follows the saw-tooth
wave liked pattern.

This sharp signal is used for detecting the standing wave
pattern. In addition, the probe position between the peaks is
considered almost linear. By interpolating the probe position
between the peaks, fine motion of the measured surface is
measurable. Thus, the distance between the laser focus and
the measured surface is converted into the distance between
the probe axial position and the laser focus.

4. EXPERIMENTAL SETUP

4.1 Optical system

Experimental apparatus is illustrated in Figure 7(a). This
optical system is designed to compose the three elements:
laser trapping, measurement of the probe motion and the
imaging of the probe.

A laser diode exited fiber laser (Wavelength: 1064 nm,
Polarization: linear, Max. laser power: 2.0 W) is employed
for the trapping laser and also has the role to generate the
standing wave. The trapping laser is focused by an objective
lens (Olympus, NAO0.95). For the probe, a glass micro-
sphere (n=1.44) of 8 um in diameter is used. A micro-sphere
is optically trapped near the focus of the objective lens. A
number of glass spheres are spread on the piezoelectric-
actuator. Ultrasonic vibration of the piezoelectric-actuator
induces the micro-sphere re-entrainment. Then the trapping
laser successfully traps one of the particles. Laser diode
(LD) (Wavelength: 640 nm, Laser power: 10 mW) is co-
axially incident to the probe for measuring the probe axial
motion. Backscattering light of the LD from the probe is
collected by a photo-detector (PD). CCD camera takes the
image of a trapped probe.

This optical system is accommodated as a compact unit
[10]. The unit is carried by a precise 3-axes stage with
positioning accuracy, which is better than 30 nm and full
stroke 40 mm

4.2 Measurement system to measure probe position

The displacement due to the axial deflection of the probe
is taken into account. As seen in Figure 6, the axial probe
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motion is a few hundreds nanometers, so it is required to
measure the probe deflection more precisely than 100 nm.
Configuration of the detection system is shown in Figure
7(b) [11].

A PD is set on the optical axis. A collective lens
converges a backscattered light from the probe, P.
Illuminated area of the backscattered light, R; is larger than
effective area of the PD, R,. Therefore, the average amount
of the light that PD received, P, is expressed such as

P, = Plozal (Rd /R[)2 (9)

ave

By assuming that the diffusion angle of backscattering
light is constant,

R, =(L-Z)tan6 (10)
Then, the change of the detected power AP, is
dP 2P M
APZ — ave AZE ave / AZ (11)
dz L-Z

where, Az is probe axial deflection and M, is the longitudinal
magnification. Thus, the probe axial deflection is linearly
magnified according to Equation (9) into AP,. Magnification
is varied by the power of the LD.

5. SCALE DETECTING PROPERTY

5.1 Accuracy of scale sensing

In order to examine the accuracy of the probe, the
experiment was implemented that the probe approaches
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Fig. 7. (a) Optical system for a probe, which is derived from three
elements: trapping a probe, measuring an axial motion of the
trapped probe, imaging the trapped probe. The abbreviations are
that L is lens, HM, half mirror, OL, objective lens, P, piezoelectric
oscillator, M, mirror, CL, collective lens, IF, interference filter, PD,
and photo detector. (b) Configuration of the detecting system for
axial motion of the probe. R;, illuminated area of the backscattered
light, R,, effective area of PD, f, focal length of the objective lens,
Az, probe axial deflection.

vertically to the measured surface at constant speed. In
following fundamental experiments, a silicon wafer, which
has smooth surface of better than 1 nm Ra is used.

Figure 8 shows the detected signals from the probe,
when the probe is approaching toward the measured surface.
The resultant signal is well agreed with the theoretical
predicted signal shown in Figure 6. This proves that the
probe is able to sense the interferometric scale.

Next, the detected pitch of the interferometric scale is
analyzed. The wavelength of the trapping laser is 1064 nm,
therefore the pitch of the interferometric scale should be 532
nm. Figure 9 is the histogram of detected pitch of the
interferometric scale for sensing the scale at the distance of
100 pm. The average pitch is 534 nm and the standard
deviation is 16 nm. The error was 2 nm, in which the
misalignment of the stage axis and optical axis of the probe
are included.

5.2 Sensing resolution

The pitch of the scale is decided by the wavelength of
the trapping laser, 532 nm in this case. The resolution,
however, is derived from the probe sensitivity during
interpolation. The resolution is examined by finding the
distinguishable signal for certain displacement. Figure 10
shows the probe signal when the stage moves at intervals of
10 nm. Black line indicates raw data without any signal
process. Red line is the data after processing through the
low-pass filter. This probe is able to measure with the
resolution better than 10 nm.
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Fig. 8. Probe signal, which denotes the probe axial motion, when
the probe approaches toward a measured surface.
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scale by the probe.
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5.3 Measurable inclination angle

Interference of the retro-reflected laser from the surface
and the trapping laser generate the interferometric scale.
Intensity of the retro-reflected light decreases by leaning the
surface. Therefore, it is important to investigate the
measurement property on the inclined surface. Especially at
far from the surface, the forces by the interferometric scale
decreases, so the measurable axial distance from the surface
is chosen to evaluate the measurement property on the
inclined surface. The measurable axial distance is
determined by condition of whether the probe signal has saw
tooth shape. The procedure is as follows. The sensing probe
scans the surface laterally. The measurable axial distance
from the surface is recorded when the abrupt probe signal is
not identified. Only for non-tilted surface, the probe scans
vertically. As the sample surface, the silicon wafer is used,
which is leaned at certain angle.

The result is shown in Figure 11. On the inclination

within 10 °, a measurable axial distance is more than 150 um.

For those more than 15 °, the measurable axial distance
suddenly becomes lower. According to the experiments,
surface should not lean more than 20 ° for dimensional
measurement. For large inclination, specular reflection does
not perform to generate the interferometric scale.

5.4 Effective surface area for generating the scale

In order to evaluate the bottom surface, an optical probe
must access the narrow area. In case of this technique, only
paraxial component of the retro-reflected light generate the
interferometric scale effectively. For trapping a microsphere

in air stably, a highly focused trapping laser is used.
Therefore, the forward-scattering light beyond the probe
may propagate at wide-angle. However, since the probe acts
as collective lens, propagation of the forward-scattering
light is narrower. For evaluating the lens effect of the
microprobe, intensity of the paraxial forward scattered light
is measured. The slit, which has a squire aperture, is set 20
mm below the trapped probe align with optical axis. After
the slit, a light intensity is measured. The structure of the
measurement system is illustrated in Figure 12. The lens
effect is evaluated as a parameter of certain scattered
angular range that is calculated by the slit size. The results
are summarized in Table 1. The result proves the
performances of the lens effect by the trapped microsphere.
The light intensity of paraxial scattered from the
microsphere light becomes 1.6 times higher than those
without the microsphere.

Then, it is confirmed that whether the paraxial retro-
reflected light is able to generate the interferometric scale.
The experiment is implemented that the probe signal is
taken on the narrow beam. As the beam, the AFM cantilever
is fabricated by a focused ion beam (FIB). The SEM image
is shown in Figure 13. The width of the beam is 15 pm. The
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Figure 13. The specimen of
2 the required surface is for

s'll't . generating the
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Figure 12. The angle of the cantilever beam by means of
forward-scattered light. focused ion beam (FIB).

Table 1. Experimental results for lens effect of the trapped
microsphere.
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Figure 14. Probe signal on the narrow area of measured surface.
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measured result is shown in Figure 14, which proves that the
probe has sense the useful signal even at axial distance of
more than 100 pm on the surface. This implies that the
proposed technique can access the narrow area of the
surface.

6. MEASUREMENT OF 3D SHAPE

Finally, to investigate the ability of dimensional
measurement by the proposed technique, one of the cross-
sectional shape of a silicon sphere is measured. A nominal
diameter of the silicon sphere is 1 mm. The probe scans
several dozen pum above the top surface of the sphere in a
straight line over 250 pum. The measured data is shown in
Figure 15. Circular fitting is implemented and the error
between fitting and measured data is also plotted.

It is confirmed that the top surface surrounding the sphere
can be measured by using this technique. The error from
fitting curve is approximately 100 nm in 100 pm from the
center, which is equivalent to the surface inclination angle of
11.5 °. In the area of outer than 100 um, the error becomes
larger because the inclination of surface increases more than
15 °. As implied in section 5.3, this technique is effective at
the surface inclined up to 15 °. In this time, the measurement
data is taken while detecting fiducial points of
interferometric scale. By interpolation of the data,
continuing data is obtained. In terms of the measurement
accuracy, it is around 100 nm in this experiment.
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Fig.15. Dimensional measurement of one cross-section of a silicon
sphere.

7. CONCLUSION

It is proposed that the new dimensional measurement
technique using the laser-trapped micro-sphere as the
sensing probe and the interferometric scale as the length
scale. This technique aims to measure bottom surface of the
shape such as fresnel lens and grooves.

In this paper, as fundamental study, principle of the
measurement is confirmed by considering the optical
trapping forces and the forces by the interferometric scale.
This principle is experimentally confirmed that the sensor
probe performs to read the interferometric scale with the
accuracy of £16 nm (lo). Resolution of this measurement
technique is estimated as 10 nm. The optically trapped
microsphere acts as collective lens, so that the laser intensity
of the paraxial rays is enhanced. As the result, paraxial

scattering light is able to compose the interferometric scale.
Therefore, this technique makes it possible to access the
narrow area. The measurable range of the inclination angle
of surface is less than 15 °, which is confirmed both
fundamental experiment and dimensional measurement of
the sphere. In terms of the measurement accuracy, it is
estimated as 100 nm from the dimensional measurement of
the top surface of the silicon sphere. To improve the
accuracy, following points must be dedicated in future. The
first one is to improve the pitch of the interferometric scale.
The pitch of the interferometric scale is half of the trapping
laser. So, as light source for trapping laser, the laser having
shorter wavelength should be employed. The second one is
to improve the measurement of the axial displacement of the
sensing probe. As estimated in section 3.3, the sensing probe
deviates several 100 nm. Therefore, at least 1 um range is
required to be measurable. However, it is not easy to obtain
a linear signal against probe motion over 1 um. Accurate
measurement of axial displacement of the probe leads more
accurate dimensional measurement.
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