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Abstract:

With the continuing trend toward device miniaturization
in many engineering and scientific fields, the need to
accomplish highly-precise measurements at the micro- or
nano scale has emerged as a critical concern. In practice, the
accuracy of high-precision machines is affected by the Abbe
principle due to inevitable angular errors during motion.
Therefore, this study focuses on the development of a high
precision nanometer level co-planar XY stage with
miniature multi-degree-of-freedom measurement system
(MDFMS).

The symmetric structural design of the co-planar stage is
considered to eliminate the structure deformation due to
force and temperature changes. The MDFMS is constructed
by a wavelength corrected Michelson interferometer and a
coaxial dual-axis autocollimator. The wavelength correction
of the miniature laser interferometer is achieved by
employing a holographic grating so that the real-time mean
wavelength of the laser diode can be detected to the
resolution of 0.001 nm. Controlling the temperature within
20 + 2°C, the wavelength stability is less than 10°.
Conventional complicated frequency stabilization technique
is no more needed. In addition, using the laser diode as the
light source, the MDFMS can be reduced to a small physical
size so as to be used as the feedback sensor in the stage. The
autocollimator has a resolution of 0.1 arc-sec and accuracy
of £0.3 arc-sec within the range of £30 arc-sec in both axes.
These detected angular errors can be used to compensate for
the Abbe error if the functional point of the stage is at a
certain Z-height, or called the Abbe offset. Experimental
results show that, after error compensations, the positioning
error can be controlled to +20 nm for the travel up to 20 mm
long.

Keywords: Co-planar Stage, Abbé Error, Multi-degree-of-
freedom Measurement System (MDFMS), Wavelength
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1. INTRODUCTION

Micro/nano-positioning systems with nanometer level
resolution and accuracy are critically important for
nanotechnology. Many nano-positioning stages are wildly
used in various applications, such as scanning probe
microscope [1, 2], nanotechnologies [3, 4], semiconductor,
optical alignment [5], and coordinate measuring machines,
etc. [6, 7]. In each of these machines, the XY stage is an
important motion module.

In general, an XY stage can be divided into two main
classes, namely the stack-up type and the co-planar type.
The stack-up type usually couples two linear stages with one
stacked on top of the other and provides displacements in
the X- and Y-directions, respectively [8-11]. Even though
the two stages may individually possess a nanometer scale
positioning accuracy, however, it is extremely difficult to

achieve good positioning performance due to assembly
errors, component misalignment, control error, and so on. In
practice, the performance of high-precision measurement
and fabrication machines is constrained by the Abbe
principle.

Abbe error is one of the most important sources of
uncertainty in dimensional metrology applications aimed at
the nanometer scale [12]. Traditionally, the effects of errors
on the measurement performance of high-precision co-
planar XY stage is usually mitigated using a feed-forward
compensation technique, in which the positioning errors
obtained through a prior calibration process are stored and
then used to compensate for the error budget [13]. However,
such an approach can only compensate for the mean
systematic errors of the system. In order to compensate for
the Abbe errors, which are transient and caused by angular
deviations, the Abbe offset must be determined in advance.
However, in many cases, the Abbe offset can only be
guessed for reasons related to the definition of the
measurement line of the displacement sensor or the
measurement trace of the structure localization sensor [14].
Furthermore, the angular deviations which lead to the Abbe
errors are not constant but vary in accordance with changes
in the ambient temperature.

In nanometer scale measurement systems, heterodyne
laser interferometers provide the means to detect the
displacement of the stage with a high metric resolution and
precision even over long measurement distances [15].
However, such interferometers have a large size and a high
cost, and are therefore constrained to be used only in such
high-end applications as IC steppers, and so on. Compared
to heterodyne laser systems, homodyne laser interferometers
have many advantages, including an improved ease of use, a
simpler structure and a lower cost [16, 17]. However, the
stability, resolution and accuracy of homodyne laser
interferometers are all susceptible to the environment,
vibration, the structural design of the equipment, and other
factors [18].

In this report, the high precision XY co-planar stage is
presented. In order to achieve a long-stroke and nano-
positioning travel, each axis is driven by an ultrasonic motor
with specific commands for required motions. A MDFMS
has been developed not only for measuring the displacement
to nanometer resolution but also for detecting the pitch and
yaw errors of each axis for Abbe error compensation.

2. STRUCTURE DESIGN OF THE CO-PLANAR
XY STAGE

The X-Y stage is a co-planar type mechanism
comprising two linear stages, four linear slides, two
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ultrasonic motors, two MDFMS, and mechanical parts, as
shown in Figure 1.
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Fig. 1: Basic configuration of XY co-planar stage

2.1  Co-planar XY stage

Figure 1 illustrates the structure of the co-planar XY
stage. As shown, two sides of the table are connected to the
X- and y-axis extension arms supported by linear stages,
which are driven by ultrasonic motors (Nanomotion Co.,
Model HR4) and guided by linear slides (THK Co. model
SRS9N). The other two sides of the table are mounted with
respective long reflection mirrors, which motions are
detected by the corresponding MDFMS proposed in the
present study for obtaining the position, pitch and yaw
motions. The moving table slides over a common base plane,
which is precisely ground to a flatness of less than 1 um and
isolated from the drive and sensing blocks. In order to
ensure a smooth motion of the table, concave grooves are
formed on the base plane using a scraping process and are
filled with liquid lubricant in order to minimize the sliding
friction force.

2.2 The Abbe principle in XY Co-planar Stage

The famous Abbe principle is only valid for a 1D motion,
but in case of a co-planar stage there are 2D motions. This
study thus proposes an extended Abbe principle for a 2D
motion machine:

(1) Both two measuring axes should intersect at the
functional point of the machine.

(2) Each measuring axis should be in line with its
corresponding motion axis.

To achieve Abbe free X-Y stage, the assembly needs to
follow two procedures. Firstly, define the functional point of
the stage and make sure both of measuring axes will be
intersected at this point, as shown in Figure 2. Secondly, a
quadrant photodetector (QPD) is employed to assist the
optical alignment so that the laser beam can be adjusted to
allow projecting onto the detector at the same position both
at near end and far end of travel, as shown in Figure 3.

/ — QA
Fig. 3: Schematic diagram of laser beam alignment
method

2.3  Configuration of MDFMS

Figure 4 illustrates the basic configuration of the
MDFMS proposed in the present study. The system
comprises a Michelson interferometer, a dual-axis
autocollimator and a wavelength compensator module.
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Fig. 4: Configuration of MDFMS

In the Michelson interferometer, quarter waveplates Q1
and Q2 can prevent the reflected beams returning to the laser
diode due to the change of polarization of the transmited
and the reflected laser beams at PBS1. Thus, the two beams
reflected from the reference mirror and the moving mirror
are combined at PBS1 and converted into left- and right-
circularly polarized beams, respectively, by quarter
waveplate Q3. A phase shift module comprising BS3, PBS2
and PBS3 then produces an interference fringe with a 90°
phase shift which is detected simultaneously by
photodetectors PD1 to PD4. In accordance with Jones
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calculus theory, the intensity of the light incident on each
PD can be expressed as:

lpp1 = A[l—cos(%)_ (1)
lppo = A_1+ cos(%)_ (2
lppz = A_1+sin(%)_ 3
lpps = A_l—sin(%)_ 4)

Where, A and A are the intensity and the wavelength of
the laser beam, and d is the optical path difference of the
two reflected beams.

In front of the polarizing Michelson interferometer there
is an autocollimator. According to the principle of optical
autocollimator as shown in Figure 5(a) and Figure 5(b), the
tilted angle (0) of the plane mirror will result in the focused
spot being shifted laterally by 28, where f is the focal length
of the focusing lens. The built-in four-quadrant photodiode
(QPD) is used as the beam spot position detector to detect
the amount of spot shift. The two tilted angles of the plane
mirror can then be calculated.
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Fig. 5(a): The spot movement when the plane mirror is
rotated
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Fig. 5(b): The configuration of the autocollimator

Through the current-to-voltage converter with proper
resistance, the photocurrent transformed from the
photodiode will be converted to voltage for further operation.
According to the location of the reflected beam projected

onto the QPD, the corresponding voltages to the yaw angle
(6y) and the pitch angle (6,) can be expressed by the
following equations, as shown in Figure 6.

Oy = Ky[(Va +Vg) — (Ve +Vp)] )
0y =Ky[(Vg +Ve) = (Va +Vp)] (6)

Therefore, the angular errors (pitch and yaw) can be
measured by the autocollimator.

VA VD VA VD

Vg Ve Vg Ve

Fig. 6: The relationship between the location of beam spot
and voltages (left: yaw, right: pitch)

In practice, the wavelength of the laser beam in the
Michelson interferometer is not exactly equal to the nominal
wavelength (i.e., 635 nm), but varies in accordance with the
stability of the laser source, change in the ambient
temperature, air turbulence effects, and so on. Thus, in the
proposed MDFMS, the change in the laser wavelength is
detected by a wavelength compensator module consisting of
a transmission grating and an autocollimator (see Fig. 7(a)).
Figure 7(b) illustrates the basic principle of the diffraction
grating. As shown, a variation in the wavelength results in a
difference in the diffraction angle, which can be measured
by the autocollimator. Having measured the diffraction

angle, the wavelength is determined from the diffraction
equation as

d(sin@i +sin9q)=m/1, m=0,+1 +2..... )

e

Normal to Surface

+ 1

th
Incident Beam o 0 Order

15t Order
1% Order

21 Order




11th Laser Metrology for Precision Measurement and Inspection in Industry 2014, September 02-05, 2014, Tsukuba, Japan

Fig. 7(b): Principle of diffraction grating

3. CALIBRATION OF MDFMS

To meet the requirement for a nanometer level
positioning performance, Michelson interferometer, a
wavelength compensator module and a dual-axis
autocollimator were calibrated.

3.1 Michelson interferometer calibration

The Michelson interferometer was calibrated using the
following two-step procedure. Firstly, the direction of the
laser beam was adjusted with the assistance of a QPD so as
to minimize the cosine error of the beam relative to the
moving axis. Figure 8 shows the shift of the focus spot on
the QPD surface in the vertical and horizontal directions
after the beam direction adjustment along the stage travel of
20 mm. The cosine error between the laser beam and the
movement axis is reduced to only 0.052 nm. Secondly, the
wavelength of Michelson interferometer was calibrated with
reference to a commercial laser interferometer (Ml 5000
made by SIOS Co). Figure 9 shows the measured
displacement by the Michelson interferometer and the SIOS
interferometer measure over 10 mm of the table
displacement simultaneously. By iterative approximation,
the regression analysis reveals that the gradient is equal to
one. Thus, the effectiveness of the wavelength compensation
module is confirmed. Moreover, the normalized wavelength
stability of the Michelson interferometer is found to be less
than 10°°.
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Fig. 8: Coaxial adjustment between QPD and CMM stage
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Fig. 9: Comparison of Michelson output compared with
SIOS output.

3.2 Wavelength compensator module calibration

To real-time compensate the wavelength for Michelson
interferometer, the QPD is employed to measure the
diffraction angle variation under different wavelengths.

Equation (7) shows the relationship between wavelength and
diffraction angle. In order to develop the relationship, the
different wavelength was adjusted by different working
voltage. As shown in Figure 10, the linear equation will be
used to compensate the wavelength variation which is
caused by stability of the laser source, temperature variation
and air turbulence.

To confirm the effectiveness of the wavelength
compensation module, the corrected (i.e., calibrated)
wavelength was compared with the measured (experimental)
wavelength in five separate tests. The corresponding results
are presented in Table 1. The interferometer system has a
systematic error of 0.004491 nm. Correcting for this
systematic error, the wavelength is found to have a mean
normalized accuracy of (AMA)=1.05978E-09. The
instantaneous corrected wavelength stability is less than
1.54E-06.
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Fig. 10: Relationship between wavelength and QPD angle
output.

Table 1: The correct wavelength (Calibrated) compared with
measured wavelength (Experiment), unit: nm

@2% | qogun
0.000297
-0.000342
-0.000022
0.000489

-0.000419

Times |Calibrated ()| Experiment (»’)| Error (AVL)%
9.29581E-07
-1.07125E-06
-7.018E-08
1.53139E-06

-1.31424E-06
1.05978E-09

1 319.180911
2 319.163887
319.183570

319.176123
319.159738 | 0.004149
3 319.179102 | 0.004469
4 319.192082 319.187102 0.00498
5 319.123447 319.119385 | 0.004072
Avg 0.004491

0.004788 1.50002E-05
1.30001E-05
1.40003E-05
1.56015E-05
1.27589E-05
1.40722E-05

3.3 Dual-axis autocollimator calibration

The measurement precision of the dual-axis
autocollimator was evaluated using an HP5529A angular
interferometer as a reference (see Fig. 11(a)). The mirror
was rotated step-by-step through a pitch angle range of +30
arc-sec and then the readings of autocollimator and
interferometer are taken simultaneously. Figure 11(b) plots
the residual error of the autocollimator over the range of +
30 arc-sec for five separate tests. Applying a least-squares
fitting technique, the residual error is found to have a value
of £ 0.3 arc-sec over the considered range.


http://www.nciku.cn/search/en/iterative
http://www.nciku.cn/search/en/approximation

11th Laser Metrology for Precision Measurement and Inspection in Industry 2014, September 02-05, 2014, Tsukuba, Japan

Autocollimator |

etup used to calibrate

Eperimental

Fig. 11(a):
autocollimator

04

03
0.2 N —1st
01 —2nd
o \ / 3rd
/
01 / —a4th
02 —5th

-0.3

Residual (arc sec)

-0.4

-40 30 20 -10 0 10 20 30 40

Angle (arc sec)

Fig. 11(b): Residual error of autocollimator

4. EXPERIMENTAL RESULTS

4.1 Abbe error compensation

Figure 12 shows the variation of the pitch deviation over
a travel distance of 20 mm. The Abbe offset was determined
to be 10.75 mm. This data served as reference and then was
multiplied by the pitch deviation to obtain the Abbe error.
Figure 13 shows the positioning results obtained with and
without Abbe error compensation, respectively. It is seen
that the positioning error is controlled to within + 20 nm
over a travel distance of 20 mm after compensation.
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Fig. 12: Pitch deviation over 20 mm travel distance
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Fig. 13: Residual error with and without Abbé error
compensation

5. CONCLUSIONS

This paper has presented the design of a high precision
co-planar XY stage comprising two ultrasonic motors,
associated drivers and two miniature multi-degree-of-
freedom measurement system. Using the proposed MDFMS
as the feedback sensor, the position reading can achieve
nanometer level resolution. Besides, the Abbe error has been
compensated from the measured pitch and yaw angles by the
MDFMS. The experimental results have shown that the
wavelength stability of the laser beam in the Michelson
interferometer is less than 10°. In addition, it has been
shown that the autocollimator has an accuracy of + 0.3 arc-
sec over the range of = 30 arc-sec. Finally, the results have
shown that the positioning error of the Co-planar XY stage
is less than £ 20 nm over a travel distance of 20 mm.
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