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Abstract; For characterizing the nanostructure and controlling nano-manufacturing quality,a metrolog-
ical Atomic Force Microscope(AFM) was designed and constructed in National Institute of Metrolo-
gy. To trace the displacement to the SI unit, the relative position of sample and AFM probe is meas-
ured with homodyne 8-pass interferometers and the surface topology of the sample is measured by
AFM at a contact mode. A cube with mirrors is fixed on the probe as the reference mirror of interfer-
ometers, so that the relative displacement of probe in the x -y direction to the sample is measured by
interferometers. The sample stage is fixed on a corner block with mirrors on three sides and driven by
a piezoelectric motion stage. Two interferometers is used to measure the displacement of sample and
probe in z direction. The probe tip is positioned in the intersection of the interferometers in 3 direc-
tions to minimize the Abbe error. As the phase mixing from the defect of optical element will cause
the nonlinear error,a harmonic separation method is introduced to fit the inteferometric signals and to

correct the error. The measured results show that the nonlinear error has been reduced to 0. 7 nm,
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which demonstrates this system has better performance.

Key words: atomic force microscope; nanometrology; displacement measurement; multi-pass interfer-

ometer; nonlinearity

1 Introduction

With the development of semiconductors indus-
try and material research, metrological Scanning
Probe Microscopes (SPMs) with high accuracy
are increasingly demanded for characterization of
nanostructure and quality control in nano-manu-
facturing. SPMs with metrological ability are
developed and several national metrological insti-
tutes have begun to develop large range SPMs
with metrological ability as standards™"™®. A
large range metrological Atomic Force Micro-
scope(AFM) has been established in National
Institute of Metrology.

Metrological SPMs are usually used to fea-
ture traceable position measurement. The dis-
placement in SPMs can be measured by a capaci-
ty sensor that has been calibrated or interferom-
eters. To trace the displacement to the SI direct-
ly, most of the metrological SPMs use interfer-
ometers to measure the displacement. To im-
prove the resolution of interferometers, multi-
pass methods and subdivision are applied.

Accurate topography needs to measure the
relative displacement between sample and probe.
Physikalish-Technische Bundesanstalt (PTB) set
up a large range metrological AFM with com-
mercial interferometers'”. For sample scanning
AFMs, the sample is moved, the probe position
is stationary. Only the sample movements in 3
directions are measured. The interferometer has
fixed reference mirrors in these metrological sys-
tems. For large range AFM in National Institude
of Metrology (NIM), the probe also scans in
small range. As a result, both the probe and
sample positions require detecting simultaneous-
ly to obtain the relative displacement. A custom-

ized interferometer is suitable for the special

purpose.

In this paper., the position measuring sys-
tem for the large range AFM in NIM is intro-
duced including the design and arrangement of
the interferometers. In addition, a detail de-
scription of the interferometers, the nonlinearity
correction are given. Then, the position meas-
urement performance of the interferometer is

demonstrated.

2 Experiment and method

2.1 Metrological frame
The metrological frame is constructed to meas-
ure the displacement between sample and probe
in three directions by interferometers, so that
the position is traced to SI. For both the sample
and probe are scanning parts in the instrument
and the metrological system is designed to meas-
ure the relative displacement of the sample and
the probe. Specifically, the probe and sample
displacements in z direction relative to the frame
are measured respectively from top and down.
And x and y displacement are measured relative
to each other in a differential mode.

Figure 1 shows the arrangement of the in-

terferometers of the metrological frame. The

Y interferometer

Zup interferometer

Corner mirror

mnent stage

Zgown Interferometer

Fig. 1 Photo of metrological frame with interferome-

ters
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metrological frame is made from Zerodur and the
mechanical parts of interferometer are made
from Invar to reduce the thermal {luctuation.

The AFM probe is driven by a piezostage in
three orthogonal directions. A cube with mirrors
on three sides is fixed to the probe and scans
with the probe as a whole. The sample stage is
mounted on a corner mirror with high reflectivi-
ty on three sides. The mirror is driven by a
nano-stage in x-y direction. The nano-stage is
mounted on an air bearing 2-dimensional dis-
placement stage with a displacement range of 50
mm X 50 mm,

The displacement of the probe in % direction
is measured by the z,, interferometer. The cube
with three-side mirrors serves as a measuring
mirror of the interferometer. To measure the
relative displacement of probe in the x and y di-
rections to the sample, the x and y interferome-
ters use fold mirrors to direct the reference laser
beam to the corner mirror. The sample displace-
ment in z direction is measured by the 2w inter-
ferometer. The interferometers are mounted on
the frame and supported with screws. All the
measuring beams of the four interferometers are
adjusted to construct a Cartesian coordinate sys-
tem. The probe tip is positioned in the intersection
of the interferometers to minimize the Abbe error.
2.2 Interferometers
All the interferometers use multi-pass schemes
as shown in Fig. 2. The laser delivered from a
polarization maintaining fiber is split into two
linear polarized beams by a Palarizing Beam
Splitter (PBS) and directed to the measurement
and reference mirrors respectively. After passing
quarter wave plates, the laser is changed to cir-
cular polarized. The laser beams are reflected
back from the mirrors pass the wave plate again
with the polarization rotated 90° and then com-
bine at the PBS. Then the laser is reflected back
to the PBS by right angle prism and then splitted
again. The beams are directed to the mirrors.

The paths repeat 4 times, and the incident

points on the mirrors are 12 mm from the previ-

ous one.

- ! RAP
MM awe I' l.r R( P :_JQ\:\ P
AP— - .
FC:Fiber connector RAP NPRS— 1— H PDy
CL:Collimator y
QWP Quarter wave plate HWP « I y .
PBS:Polarization beam splitter I PD;
RAP:Right angle prism PBS ; PD:
RM:Reference mirror . '
NPBS:Beam splitter i
HWP:Half wave plate

PD:Photo detector PDy
MM:Measurement mirror

Fig. 2 Schematic of multi-pass interferometer

The output beam is detected by quadrate de-

tection"®!,

The beams pass a quarter-wave plate
and are divided by a beam splitter into two chan-
nels. In the first channel, the beams are splitted
by PBS and interfere on detectors PD; and PD,.
In the second channel, the phase difference of
the two beams is shifted 90° by a half wave
plate. Then the beams are splitted by the PBS
and detected by PD; and PD,. The signals of the
4 detectors have 90° phase delay with each oth-
er, and the signals can be expressed as follows:
U, =R(1+sin O

U, =R(1+cos O

U; =R(1—sin O

U,=R(1—cos )

where R is the detector response, and 0 is the

QD)

phase difference between reference beam and
measuring beam. The phase angle can be derived

from the measured signals as

O0=arctan % . (2)
Then the difference of optical path length AL is ob-
tained by AL=0A/2n. As the laser is frequency sta-
bilized He-Ne laser, for eight-pass interferometer
the cycle is A/8, corresponding to 79 nm.
2.3 Signal processing electrics circuit
The ideal quadrate signals have the same ampli-
tude with 90° phase delay. However, in prac-
tice, for the imperfect of the PBS, wave plate,

and the alignment of the optics, the interference
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signals are not simply as those shown in Equ.
(1). For these reasons, the signals have differ-
ent amplitudes R, non-zero offsets p, and phase
angles a, causing nonlinear errors. The distort-
ed signal is pressed as;:

U, = p +Rysin (0+a),

U, = p; +Rycos (0+ ),

U;= p; —Rssin (0+a3)

U,= ps—R,cos (0+a).

The nonlinearity of interferometer is one of
the dominant errors. For single pass interferome-
ters, Heydemann used elliptical equation to fit the
quadrate signal and get the nonlinear coefficients,
then the corrected phase was obtained™. However,
the fitting procedure is time consuming. To derive
the phase angle 0 from signals above, gain adjust-
ments are performed to correct nonlinear errors™”.
We used an analog circuit to correct the nonlinearity

to eliminate the errors as shown in Fig. 3.

Offset Amplitud
adjusting

adjusting

Fig. 3 Gain adjusting circuit of interferometer

Assuming k; is the gain of the ith channel,
the adjusted signals are expressed as
U=k U, =k R sin bcos o +k R cos Osin o + ki py
U, =k U;=—k; Rysin kos o — ks Rycos (kin o+ ks py.

€]

0

From Equ. (4), the DC offset can be elimi-
nated by adjusting the gain when the conditions
ki pr = ks ps and ks p, =k, p, are satisfied.

In our system, the signals are corrected by
adjusted gain potentiometers in the circuit manu-
ally while monitoring the Lissajours figure of the
signal to be a circle. By adjusting the gain of the
interferometer signals with operation circuit, the
DC components are eliminated and the signals
are orthogonal and have equal amplitudes. The
signal correction can also be implemented in real
time.

For an ideal condition, the reference and
measuring beams are separated in the interfer-
ometers and combined in the detector part. In
multi-pass interferometers, the signals have
components with different orders. In practical,
the beams mix for the imperfect of the PBS and
wave plate. The reference beam will leak to the
measuring beam. And the optical path length is
different from the single pass interferometers.

The gain correction method is suitable for
single pass interferometers to eliminate the non-
linearity though the low order nonlinearities
caused by multi-pass interferometers still exist.
2.4 Harmonic separation methods
In eight pass interferometers, the optics mixing
results in harmonic components of different or-
ders in the signal. The elliptical fitting is not ap-
plicable to the high order error. The harmonic
separation is proposed to address the error of
signal and to get the real phase differencet'"’.

The interferometer signal is expressed as
summations of Fourier expansion as shown be-

1OW:

M/4 N
w = ap + 2, [aromnsin(=>) + bu,ﬁncos(i)] + D {ensinl (n+ 1) 0]+ dy,cos[ (n+ 101}
n=1

) 2 2

M/4

g

2 m 2 m

m=0

where ajo s az are constant term, M is the optical

pass number. The second summation is the har-

(5

N
u, = az + 2 [ Gz sin(=) + bzmrmCOS(i)] -+ Z {eusin[ (n+ D 0] + dy,cos[ (n+ 1G]} .

n=1

monic components of low frequency and the third

term is that of high frequency.
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The coefficients are determined by least
square fitting after the optical configuration is
fixed. Then from the model of the harmonic er-
ror components, the correct signals can be ob-
tained. Instead of calculating the arctangent, the
phase angle is interpolated by a look up table. It
is noted that Heydemann correction only consid-
ers the DC offset and base frequency component

in the harmonic components in Equ. (5).

3 Results

The performance of the interferometer is tested
to investigate the nonlinearity correction meth-
ods. The sample stage is driven by the piezos-
tage.

The output signals of detectors are distorted
by nonlinear errors as shown in Fig. 4. The Lis-
sajous figure of the detected signal without cor-
rection is ellipse and center of the ellipse is bi-
ased because of the DC components in signal. By
using analog circuit operation, the offset and
amplitude are adjusted so that the two signals
are orthogonal and the offset is removed. The
Lissajous figure becomes a circle centered at the
zero point after correction.

1.0 | Signal with
nonlinear errors
T

os L /T X
/[ \

T
sin

=

=

=
)

Comrected
signals by
gain adjustment

Fig. 4 Lissajous figures of interferometer signal Uy,

and Ul.

After the gain adjustment, the displacement
of the stage is calculated from the phase angle 6
measured by interferometers

_ A0
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Fig. 5 Nonlinearity errors of interferometer in scanning

The displacement of the stage is linear dur-
ing the scanning as shown in Fig. 5 (a). The
stage is driven at a speed of 0. 1 mm/s and the
speed measured from the displacement is consist-
ent. Figure 5 (b) shows the periodic residual
nonlinearity with peak-to-peak amplitude of 2
nm. This is caused by the optical mixing of the

interferometer mentioned above. The 80 nm pe-
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Fig. 6 Residual error of interferometer with harmon-

ic separation correction
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riod components is the main nonlinearity. To re-
duce the error, the harmonic components of dif-
ferent orders are separated. After correction by
fitting the signal to Equ. (5), the harmonic coef-
ficients are obtained. As shown in figure 6, the
residual errors are reduced to peak-to-peak am-
plitude of 0. 7 nm by harmonic separation meth-
ods. The periodic noise is eliminated and the er-

ror is a white noise.

4 Conclusions

A position measuring system is constructed as
the metrological frame of a large range metrolog-

ical AFM to measure the displacement of the
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