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Evaluation of nano-stage movement by using
triple-beam laser interferometer
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Abstract: Nanosensors are generally integrated into flexure translation stages to form a closed-loop
feedback to control the movement of the stage accurately in a nano-scale order. To evaluate the dis-
placement of nano-stages, a calibration system based on a single frequency triple-beam laser homodyne
interferometer with a sub-nanometre resolution was developed to calibrate the precision of the linear
nano-stage with a capacitive feedback sensor. The triple-beam configuration and its linear and angular
measuring principles were described to reflect how the linear and angular displacements (yaw & pitch)
of the stage could be determined accurately. The experimental results demonstrate that the system is
capable of calibrating the nano-stage with a linear displacement up to 320 ym and an angular deviation
up to 3.5". The error sources of the proposed calibration system were also highlighted in the measure-
ment uncertainty analysis,and it shows that the expanded uncertainty of measurement with a coverage

factor k=2 is estimated as (1.8+1.23X10 * L) nm, where L is the displacement in ym. The results
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demonstrate that the proposed system can evaluate the movement performance of nano-stages efficiently.

Key words: capacitive nano-stage; nanosensor; laser interferometer

1 Introduction

Nanosensors-such as capacitive sensors, LVDTs
( Linear Variable Differential Transformer ),
strain gauge sensors and optical encoders (e. g.
Moiré and Holographic scales), are commonly
used in nanoscale measuring systems. These
sensors are usually used on moving stages, to-
gether with PZT actuators in a closed loop, to
monitor and control the motion of the stages and
to minimize errors caused by nonlinearity associ-
ated with the performance of the stage. There-
fore, the calibration of the stage motion rather
than the individual feedback sensor is more prac-
tical and meaningful. The calibration of such de-
vices with nanometre uncertainties, and even
sub-nanometre uncertainties, has been demon-

3]

strated by using X-ray interferometry"*! and op-

tical interferometry with Fabry-Perot meth-
od"®,

y expensive, complex in structures so that they

However, these methods are usually ver-

are not suitable for in-situ calibration. From the
practical point of view, heterodyne and homo-

dyne laser interferometers’™ "

with enhanced in-
terpolation resolutions are preferred as they are
relatively simple and very stable under well con-
trolled ambient conditions.

It is worth noting that the relevant systems
described above for nano-stage calibration are
applied to measure linear displacement only.
Those systems may not be ideal to ensure the
nanoscale measurement accuracy if the stage can-
not provide sufficiently straight motion due to
the yaw and pitch angular deviations of the flex-
ure hinge fixture in the stage. Therefore, a sys-

tem capable of measuring both linear and angular

displacements is required for the nano-stage cali-

bration.

In this paper, a nano-stage calibration sys-
tem allowing both linear and angular displace-
ments to be measured simultaneously is de-
scribed. The capability of the system is demon-
strated through the calibration of a nano-stage

with a capacitive feedback sensor.

2  Method

Fig. 1 shows the schematic diagram of the triple-
beam laser interferometer system based on Mich-
elson interferometry. A collimated laser beam is
reflected by mirror 1 (M,;) and mirror 2 (M,).
Through the polarizer (P) and quarter-wave
plate (Q), the laser beam is directed to the three
beam splitters (B, , B, and B;). The laser beam
reflected by the three beam splitters and reflec-
tors (R,, R, and R;) is split into three beams,
named the trip-beam. This triple-beam as object
beam is directed to the plane mirror (M) which
is attached to the moving target. The reflected
triple-beam superimposes with those reference
beams reflected from the fixed reference mirror
(R) and the corresponding interference signals
are received by the three photodiodes (PD,, PD,
and PD,), respectively.

The resulting interference (the square of

amplitude factor) can be written as.-'""

vy =4A%cos’ (xnFS/A) (D
Where y and A represent a certain magnitude of the
electrical fields and the maximum amplitude of the
electrical wave respectively; A is the wavelength of
the light beam; ¢§ is the Optical Path Difference
(OPD) between object beam and reference beam; n
is the refractive index of the air in the light path; F
is the interferometer factor determined by the inter-

polation ratio of the electronics.
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Fig. 1 Schematic diagram of triple-beam laser inter-

ferometer
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Fig. 2 Detailed view of three laser beams on measur-

ing target

The displacement A can be determined as:

_ A
A—mzn.F, 2)

where m is the number of the interference frin-
ges introduced by the movement of the moving
target. By using advanced signal-process elec-
tronic technology, the interferometer is capable
of offering extremely high optical path resolu-
tion. From Eq. (2), in the case of a 0. 1 nm res-
olution, the factor F can be as high as 3,164.
As shown in Fig. 2, the angular displace-
ment (a) introduced by the tilt of the measuring
mirror (M) can be determined as:
a=arctan(s/d) , (3)
where s is the differential displacement between
any two laser beams directed to the measuring
target; d is the separation of the two laser
beams. The yaw and pitch angular deviations can

therefore be calculated in terms of the differenti-

al displacement when one laser beam is arranged
at the crossing position of the Y and Z axes and
another two laser beams are aligned along the Y

and Z axes respectively.

3 Nano-stage calibration system

Fig. 3 shows the block diagram of the nano-stage
calibration system. The system consists of a tri-
ple-beam laser interferometer and a PZT transla-
tion nano-stage with a capacitive feedback sen-
sor. The laser interferometer and the stage are
both controlled by the computer through elec-
tronics and control units. Each displacement
step introduced by the stage is measured by the

laser interferometer synchronously and the data

collected are further processed by the computer.

Measuring
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i 4 moving part :
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Fig. 3 Block diagram of proposed system for calibra-

tion of nano-stage movement

Fig. 4 shows a photo of the calibration sys-
tem. In the system, a triple-beam laser interfer-
ometer (manufactured by SIOS MeBtechnik Gm-
bH, Germany) is able to measure a displacement
in a resolution of 0. 1 nm. The frequency stabi-
lized He-Ne laser source calibrated by the prima-
ry iodine stabilised He-Ne laser is coupled into
the interferometer by a single mode fibre. This
arrangement makes the triple-beam laser inter-
ferometer compact and least sensitive to the
thermal influence from the laser head and related
electronics. In Fig. 5, the triple-beam laser
which enables the system to carry out measure-

ments of angular displacements including yaw
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and pitch deviations of the moving stage can be

seen on the plane mirror attached to the stage.

Fig. 4 Photo of experimental set up

Fig.5 Photo of three laser spots on measuring mirror

It is noted that those optics of the laser in-
terferometer and the nano-stage attachment are
rigidly fixed to a super-invar plate and the plane
mirror of the interferometer is fixed to the top
moving part of the nano-stage. In addition,
there are tilt and three-axis translation stages to
support the nano-stage as well as the plane mir-

ror so as to adjust the stage moving direction in

parallel to the axis of the laser beams.

4 Results and discussion

4.1 Measurement stability

To ensure a high performance of the calibration
system, the measurement stability is verified.
Due to the drifts arising from the mechanical, e-
lectrical and optical parts in the system consis-

ting of the laser interferometer, stage, device

under test, efc. , the stability deteriorates during
the measurement. In our system, while the
moving mirror is fixed without any displace-
ment, the reading from the laser interferometer
during a period of 600 s is obtained and shown in
Fig. 6.

measurement stability is found to be less than

The maximum integral effect to the

3.5 nm. The present system is mounted on a
passive anti-vibration table and housed in a sin-
gle-layer perspex enclosure. So, the drift is ex-
pected to reduce if the system is housed in a bet-
ter acoustically-designed enclosure.
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Fig. 6 Drifting records of overall system while nano-

stage remains stationary for 10 min

4.2 Measurement non-linearity
According to the specifications of the nano-stage
furnished with a capacitive feedback sensor, the
nano-stage can move up to 320 pm with a resolu-
tion of 1 nm. The performance of the nano-stage
movement is evaluated over a few ranges.
Firstly, the performance of the nano-stage
movement in a short range less than 40 nm is e-
valuated. When the voltage applies to the PZT
actuator integrated with the nano-stage is in-
creased at a 5 mV interval, the top plate is
moved step by step with a nominal displacement
of 5 nm as shown in Fig. 7. However, it can be
seen that the moving step is non-uniform. By u-
sing a best fitting, the relation of the stage dis-
placement (S) to the applied voltage (V) is ob-
tained as S=1. 25 V. Fig. 8 clearly shows the
nonlinearity of the stage within a moving range

of 40 nm, which is denoted by the discrete meas-
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Fig. 7 A typical plot of the laser readings while the
nano-stage moves at a nominal step of 5 nm
with an interval voltage of 5 mV applied to

the PZT actuator in the nano-stage
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Fig. 8 Relationship between displacement and ap-

plied voltage within a range of 40 nm

uring points away from the fitted line. The non-
linearity within the range of 40 nm is about 6 %.
The nonlinearity in percentage is defined as the
maximum displacement deviation over the move-
ment range. Similarly, when the applied voltage
is increased at a 10 mV interval, the top plate is
moved step by step with a nominal displacement
of 10 nm as shown in Fig. 9. As shown in Fig.
10, the movement nonlinearity is deceased to be
3% when the movement range is increased to
100 nm. The decrease in nonlinearity with the
increase in a movement range may indicate that
the displacement deviation of the nano-stage
movement less than 100 nm is not related to the
increase of voltage applied to the PZT. Since the
maximum displacement deviation up to 3 nm in

the range of 40 nm and 100 nm is close to the

value of the system stability (3.5 nm) as dis-
cussed in section 4. 1, this may imply that the
nonlinearity performance of the nano-stage
movement less than 100 nm is mainly limited by

the stability of the system.
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Fig.9 A typical plot of the laser readings while the
nano-stage moves at a nominal step of 10 nm
with an interval voltage of 10 mV applied to

the PZT actuator in the nano-stage.
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Fig. 10  Relationship between displacement and ap-

plied voltage within a range of 100 nm

Secondly, the performance of the nano-
stage movement in a long range up to 320 pm is
also evaluated. As shown in Fig. 11 and 12,
when the applied voltage is increased at a 10 V
interval, the top plate is moved step by step
with a nominal displacement of 10 ym. The rela-
tion of the stage displacement versus the applied
voltage is obtained as S= 997. 54 V. As the
maximum deviation from the fitted line is less
than 0.5 pm, the nonlinearity less than 0. 2% is
favourably achieved.

Lastly, besides the evaluation of the linear



5509 1 WANG Shi-hua,et al. ;: Evaluation of nano-stage movement by using - 2289
350000 1dr
300 000 | 12
£ 250000 = 1t
5 8
5200000 | £ 08
5 g
5 150000 | < 06
3 &
100 000 s 04r
]
-
50000 - 0.2
o I UO SIO |,00 ll50 "E)O 7;0 ‘E]O ‘ISO
0 50 100 150 200 250 300 350 % £ = =
Step movement(sampling points) Step movement{sample points)
Fig. 11 A typical plot of laser reading while the o
)
nano-stage moves at a nominal step of 10 ) )
. . ) Fig. 13 Measurement results of pitch (a) & yaw (b)
pm with an interval voltage of 10 V applied o )
. angular deviations in a range of 320 pm
to PZT actuator in nano-stage.
150 000 angles can be used to evaluate the straightness of
5 .
) the flexure mechanism in the nano-stage and to
300 000
i compensate and correct the nonlinearity of the
£ 250000
5 2 movement.
'-g 200 000 | i
g 150000 : :
L 2 _ 5 Uncertainty analysis
| Y Experimental data
100.000 " Linear(Experimental data)
500001 o@" The uncertainties of the calibration system main-
e : - : . : ' . i -
S B OG5 3% 5w % 5% ly come from two sources: 1) the laser interfer
Applied voltage/mV ometer and 2) the alignment mechanism. The
Fig. 12 Relationship between displacement and ap- following is a list of possible uncertainty sources

plied voltage within a range of 320 um

displacement of the nano-stage as shown in Fig.
13, its pitch angular deviation up to 3. 49” and
yaw angular deviation up to 1. 18" are measured

using the calibration system The measured

Pitch angular deviation/{ " )
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(a)

for the system.

5.1 Laser wavelength stability

The laser frequency is stablised within 2X107°.
The uncertainty of the laser wavelength mainly
comes from the determination of the refractive
index of air. With the real time compensation of
the environmental conditions including air tem-
perature, air pressure and relative humidity, it
can be controlled within 0. 2>X107°,

5.2 Wavelength compensation

The compensation unit monitors the environ-
mental conditions (air temperature, air pressure
and relative humidity) and provides compensa-
tion for the effect of these parameters on the
wavelength (in air) of the laser beam during
measurements. Using Edlen equation™'* ,the un-
certainty of this compensation is typically less
than 0.5X107°,
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5.3 Optical nonlinearity

The optical non linearity of the homodyne laser
interferometer is typically less than 0. 3 nm 1%,
5.4 Instability

The instability of the system is contributed by
the mechanical instability and electronics noise.
The instability in root mean square of the total
noise in the system is found to be 0. 5 nm. The
resulting uncertainty is taken as 0.5 nm.

5.5 Abbe error

The estimated offset of the measurement axis
from the motion axis of the stage is estimated to
be 5 mm. The maximum resulting Abbe error (8§
tan ¢, where ¢ is the Abbe offset, ¢ is the angu-
lar deviation of the stage) is approximately 0.5
nm. (Resolution of the angular measurement is
0.02").

5.6 Cosine error

The cosine error is caused by the misalignment
of the laser beams with respect to the direction
of the stage movement. It can be eliminated by
orientating the laser beam parallel to the actual
axis of movement. In our system, the misalign-
ment angle § can be controlled to be less than
0.2°. The resulting cosine error determined by
(1—-cos @) is therefore less than 6.1X10°°,

5.7 Optical thermal drift

The physical sizes and the refractive indices of
optics (e. g. , mirror, beam splitter, reflector)
used in the interferometer vary during measure-
ment. The optical thermal drift factor is typical-
ly 0.04 pm/C. In our laboratory, the tempera-
ture is controlled at (2041) C over 24 h. If one
round relative measurement is done in less than
10 min, the corresponding temperature fluctua-
tion is less than 0. 01 ‘C. Therefore, the resul-
ting uncertainty is 0. 4 nm.

5.8 Dead path error

The dead path length (D,) is the difference in
air-path length between the measurement and
the reference beams of the interferometer when
the measurement is initiated. Dead path error

occurs when there is a non-zero dead path and

environmental conditions change during a meas-
urement. The resulting error is given by
E(D,) = D, X An, where An is the change in re-
fractive index over the measurement time.

If D,= 1 mm, An=1X107, the resulting
uncertainty is 0. 1 nm.
5.9 Material thermal expansion
Normally, the flexure stage is made of super-in-
var with a thermal expansion coefficient of 0. 3X
10 °/K. The resulting non-compensated thermal

drift is estimated to be 0. 3X107°.

Tab.1 Uncertainty budget associated with the

measurement of the displacement

Source of Uncertainty Standard Uncertainty

1 Laser wavelength stability 0.2X10°°¢
2 Wavelength compensation 0.5X107°
3 Optical nonlinearity 0.3 nm
4 Instability of the system 0.5 nm
5 Abbe error 0.5 nm
6 Cosine error 6.1x10°°
7 Optical thermal drift 0.4 nm
8 Dead path error 0.1 nm
9 Material thermal expansion 0.3X10°¢

0.9 nm—+6.13X10"° L.
(1.841.23X10 *L) nm

Combined Uncertainty

Expanded Uncertainty
UL (k=2)

L is the displacement

in microns

Table 1 shows the uncertainty budget of the
above evaluation. The combined uncertainty is
given by the root sum squared of all the uncer-
tainty components, including the absolute value
and the relative value which is length dependent.
The expanded measurement uncertainty (U, ) is
(1.8+4+1.23X107% L) nm, where L is the dis-
placement in pm, estimated at a level of confi-
dence of approximately 95% with a coverage fac-

tor k=2.

6 Concluding remarks

The National Metrology Centre of Singapore has

developed a nano-stage calibration system using
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a triple-beam laser homodyne interferometer.
With the use of the triple-beam in a single laser
interferometer, the angular deviations (yaw &
pitch) of the stage movement are also measured
and can be used to evaluate the straightness of
the movement in association with the perform-
ance of the flexure hinge fixture of the nano-
stage. The results show that the nano-stage lin-
ear displacement up to 320 um can achieve a non-
linearity less than 0. 2% and an angular deviation
less than 3. 5" due to the effects of pitch and
yaw. When measurements are taken over a peri-

od of 10 min with the nano-stage operating in
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