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Metrology tools with the ability to measure spindle motion error on the order of a nanometer are required due to recent
advances in nanotechnology. We propose a direct measurement method for the radial motion error of a precision
spindle using a regular crystalline lattice and a scanning tunneling microscope (STM). A highly oriented pyrolytic
graphite (HOPG) crystal combined with an STM is used as a two-dimensional reference scale. The measurement
principle and the preliminary experimental results ave discussed in this article. The preliminary experimental results
demonstrated that the proposed method has the capability to incorporate a two-dimensional encoder to measure the

spindle motion error.

NOMENCLATURE

a; = unit lattice vector (i =1, 2)

d(6) = radial motion error

k; = reciprocal vector (i =1, 2)

m(6) = number of lattice spaces in the a; direction
n(f) = number of lattice spaces in the a, direction
R(6) = rotation matrix

r = lateral displacement vector

Z(r) = topographical height of the HOPG crystal
d; = Kronecker delta

8 = rotation angle

1. Introduction

With recent advances in nanotechnology and ultra-precision
engineering, industrial metrology requires a reduction in the spindle
rotation error to the nanometer or sub-nanometer level.'” Spindle
measurements by conventional methods will have contributions from
the spindle motion error and the form error of the target artifact.
Therefore, methods for separating the spindle motion error from the
artifact error are necessaufy.““5 However, the ability of conventional
spindle measurements to achieve nanometer- or sub-nanometer-level
accuracy is questionable.

When crystals are stress-free in a regular crystalline lattice, the
lattice spacing is approximately 0.2 to 0.3 nm and is uniform and
stable over a long range. A scanning tunneling microscope (STM)® is
capable of observing the atomic image of a crystalline surface.
Previously, we proposed a two-dimensional (2-D) displacement
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encoder with 10-pm resolution that uses a highly oriented pyrolytic
graphite (HOPG) crystal and a multi-tunneling-probe STM
(MTP-STM).

In this research, a HOPG crystal placed on top of a spindle and
used as a 2-D reference scale is observed with an MTP-STM. A high-
speed lateral dither modulation is applied to the tip scanner to
accommodate the MTP-STM technique. A direct measurement
technique based on two unit lattice vectors from the crystalline lattice
is used to determine the spindle motion error. The spindle motion
error can be measured directly with 10-pm resotution without using a
separation method. A comparison of the proposed method with
conventional spindle measurements will be performed in the future.
The measurement principle and preliminary experimental results are
discussed in this article.

2, Measurement Principle

The principle for direct measurements of the spindle motion error
based on a 2-D encoder and a microscope is illustrated in Figure 1.
The measurement principle can be described as follows:

1) A 2-D reference scale is set on top of the spindle of interest, and a
microscope is laterally fixed and mounted over the scale, as shown
in Figure 1(a).

2) When the spindle rotates, the microscope observes the combined
lateral (radial) motion and spindle rotational motion.

3) If the microscope rotates simultaneously with the spindle but
maintains its lateral position, the radial motion of the spindle can
be measured.

4) If the microscope and the 2-D scale are replaced by an STM and
an HOPG crystal, as shown in Figure 1(b), radial motion
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measurements with 10-pm resolution are possible.

Previous research® showed that a microscope could be used for
the spindle error measurement; however, the microscope did not
rotate.

Figure 2 shows our proposed system for measuring the radial
spindle motion error by combining an STM and an HOPG crystal.
The measurement system consists of a fixed XYZ tip scanner, an STM
tip, an ultra-precise spindle, the HOPG crystal, a rotary encoder, an
STM controller, a digital signal processor (DSP) with A/D and D/A
converters, a piezoelectric (PZT) amplifier, a reference cylinder, and
capacitive displacement sensors. In the system, the HOPG is used as a
2-D reference scale and installed on the top-center surface of the
spindle of interest. The fixed STM tip scanner and the dithered STM
tip are set on the HOPG crystal. A high-speed lateral-circular dither
modulation is applied to the XY scanner such that the STM tip is
positioned at the appropriate points on the HOPG crystalline surface
in semi-real time. These points rotate with the spindle.

When the spindle rotates, a relative 2-D lateral displacement
between the STM scanner and the top surface of the spindle can be
determined from the multi-current signals of the points. Using the
multi-current signals, the 2-D lateral displacement of the top surface
of the spindle can be calculated from a linear sum of the two unit-
lattice vectors a; and a, of the HOPG crystalline surface. The lattice
spacing of || or |ay| on the HOPG crystal® is 0.246 nm, and the
intersecting angle between a; and a, is 60°. A displacement
interpolation that is less than the HOPG lattice spacing of 0.246 nm
can also be performed. Capacitive displacement sensors are installed
to compare the proposed method with conventional methods,
including reversal,'"! multi-step,'>"* and multi-probe'*'* techniques.

To achieve a lateral-circular dither motion, two sinusoidal signals
with a 90° phase difference and the desired amplitudes are applied to
the XY tip scanner. Figure 3 shows an ideal surface structure of the
HOPG crystal. The tip moves circularly along the specific points
from A to F on the crystalline surface, as shown in Figure 3. The
tunneling currents at points A to F are obtained in semi-real time.

Microscope

: Microscope
i (Laterally Fixed)

2-D Scale

Top View Side View

(a) Measurement system using the microscope and a 2-D scale

ST™ ST™M
(Laterally Fixed)

HOPG Crystal

HOPG Crystal

Top View Side View
(b) Measurement system using an STM and an HOPG crystal as a
reference scale

Fig. 1 Measurement system for the spindle motion error
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Fig. 3 Ideal surface structure of the HOPG crystal and the specific
points for the MTP-STM method ( AB = %”l and AC = %az )

Fig. 4 Trajectory of high-speed lateral dither modulation applied to
the STM tip

We assume that the coordinate system on the top surface of the
spindle (the HOPG surface) is 0-x)z, and the fixed coordinate system
outside the spindle is oxy’z". The relationship between the lateral
vectors #' = (x', y") and r = (x, y) in the o xy'z' and 0-xyz systems,
respectively, is

r'=R(@)r+d(8) or r=R(-0){r'-d(6)} , 1

where d(6) is the lateral displacement vector of the rotating center (a
radial motion error) and R(6) is the rotation matrix. The o-xyz system
rotates with R(8) against the o’-x'y’z’ system. Vector r',; of the center
of the dither motion is the assumed point of origin of the o-x'y%z’
system. When the center of the dither motion is locked (+',; = 0),
vector r,, of the 0-xyz system is given by

r,=R-6){r', -d(0)} =—R(-6)d(6). @

where r,; is the linear sum of unit vectors @; and a, on the HOPG
crystalline surface. Therefore, r,; can be represented by

r, = m(H)a, -!-}’1(9)112 . 3)



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 8, No. 4

OCTOBER 2008 / 13

Then,
d(0)=—-R(®){m(O)a, +n(da,} . 4

Equation (4) shows that it is possible to determine the lateral
displacement vector (the radial motion error) d(8) if m(6) and n(0) can
be determined.

To determine m(f) and n(d), a high-speed lateral dither
modulation is applied to the STM tip to collect the tunneling current
signals from points A to F, as shown in Figure 4. The lateral
displacement vectors at points A' to F' in the o"-x'y'z’ system are given
by

r =RO)(-1a,-1a,), 50
ry=RO)( {a,-%a;), (5b)
e =R(O)(-ta,+1a,), 50
ry =RO fa+5a). (54)
r's = RO)(-fa, + §a,) (5¢)
r.=R@O)( ta,-1a,). 5

From Equation (5), points A' to F' rotate simultaneously along the
spindle axis. From Equations (1) to (5), the lateral displacement
vectors in the 0-xyz system at points Ato F are

ro= {m(ﬁ) - ]g} a,+ {n(é’) - %} a,

(62)

ry = {m(0)+}a, +{n(6)~ a,, (6b)
ro={m@) - 1a,+{n0)+}a,, (60)
ry = {m@)+ a, +{n(6)+1}a, (6d)
re ={m@)—1}a, +{n(0)+ L}, . (6€)
re ={m@)+ 1, +{n(6)-}a, . (60

The topographical height Z(r) of the HOPG crystal can be
represented approximately by

Z(r) = i Acos(2rk, - r), (N

i1

where r is the lateral displacement vector and k; is the reciprocal
vector. The relationship between the reciprocal vector &; and the unit
lattice vector a; is

a, -k =5, ®)

i

ky=k —k,, ©)

where d; is the Kronecker delta. From Equations (6) to (9),

Z(r,)+ 2(ry) = 24,c0s {27 (n(0) - )} . (10a)
Z(r)+ Z(r,) =24 cos{Zﬂ( (0)+ 1)} . (10b)
Z(r)+ () = 24c0s {27 (m(0)- 1)} . (10c)
Z(ry)+ Z(r,) = 2 dicos {27 (m(0) + L)} (10d)

This leads to

[Z(r)+ Z(r)| +[Z(r,) + Z(r,)] = 24yc0s27n(0),  (113)

[Z(r)+Z(r,)] - [Z(ry) + Z(r)] = 23 4,5in27n(6), (11b)

[Z(r)+ Z(r)]|+][Z(ry) + Z(r,)] = 24, c0522m(0),  (11c)

[Z(r)+ Z(r)] - [2(rp) + Z(r,)] = 243 Asin27m(6). (11d)

Z(r) — Z(rr) can be determined from the tunneling currents at points
A to F, and m(0) and n() can be determined from the integers and
fractions given by (cos2am(8), sin2zm(6)) and (cos2zn(G), sin2an(6))
in Equation (11). The lateral displacement vector d(#) can be
represented formally by

4(60)-
L tan™ L z(rA)+z(rC)—z(rD)—z(rF) a
{zﬂt [\/E[Z(rA)+z(r()+z(rD)+z(rF)jH |
~R(8) (12)
+|: tan“{L[z('})+Z(’B)—Z(’D)_Z(rE)]]:|a
z Blz(r)+z(r)+z(r,) +2(r;) :

Using this technique, the lateral displacement vector d(¢) can be
measured using the tunneling currents at points A to F (A" to F!). This
method is known as the six-point method.

The measurement procedure for the spindle motion error can be
summarized as follows.

1) To determine the crystalline orientations of the HOPG crystal at

the initial axial position, fix the spindle and observe the HOPG

surface with an STM. Next, determine the amplitude of the lateral-

circular dither modulation and collect data points for points A to F

shown in Figure 4.

Apply the lateral-circular dither modulation to the STM tip. Rotate

the spindle and measure the rotation angle € with the rotary

encoder. Collect the tunneling current signals from points A to F

(A" to F"), calculate the values of Equations (10) to (12), and then

determine m(6) and n(6). Determine the radial motion error d(6)

with Equation (4) or (12).

3) Rotate to the next angle 8 + Af, where A@ is the measurement
sampling angle interval (or the rotary encoder resolution), and
repeat step 2.

4) Integrate d(6) over one or more revolutions.

The measurement sampling angle interval A8 depends on the average

distance L between the spindle rotation center and the STM tip. Due

to the sampling theory, in order to obtain continuous atomic signals
with the STM tip, the condition LAG < 0.5|a;|, where |a;] is the
lattice spacing, must be satisfied. To attain good atomic signals, the
condition LAG < 0.1 |a,| is preferable. If we assume L = 0.5 um,
which is not difficult to achieve, then A@ = 5x107 rad. The
measurement speed of the proposed method is approximately
100 nm/s.*

2

~—

3. Preliminary Experimental Results Obtained Using the
Six-Point Method

Although the spindle motion error measurement system is still
under construction, the ability to measure displacement using the six-
point method is possible and is examined in this section. Figure 5
shows the preliminary experimental system. The system contains an
STM tip with an XYZ tip scanner, a sample XY stage on which the
HOPG crystal is set, a Z servo controller with an I/V converter, PC
and DSP controllers with A/D and D/A controllers, and a PZT
amplifier. In the experiment, a lateral-circular dither motion was
applied to the XY tip scanner to implement the six-point method.
Simultaneously, tunneling current signals corresponding to the six A
to F points were collected with an A/D converter. A raster scan signal
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was applied to the sample XY stage, and atomic STM images of the A
to F points on the HOPG crystal were obtained. The experimental
conditions are listed in Table 1.

Figure 6 shows the results of the crystalline orientation separation.
Figures 6(a)—(f) contain atomic images of the HOPG crystal based on
the tunneling current signals from points A to F, respectively. Figures
6(g) and (h) show the summed images of 6(a) + (b) and 6(a) + (c)
given by Equations (10a) and (10c), respectively. Similarly, Figures
6(i) and (j) show the summed images of 6(d) + (e) and 6(d) + (f)
given by Equations (10b) and (10d), respectively.

Figures 6(g) and (i) contain the k; sinusoidal wave signals that
were used to determine #(6), while m(6) can be calculated from the &,
sinusoidal wave signals shown in Figures 6(h) and (j). The cross-
sections in Figures 6(g) and (i), and 6(h) and (j) were investigated to
determine the phase difference between Equations (10a) and (10b),
and between (10c) and (10d), respectively.

Figure 7(a) shows the cross-sectional lines of Figures 6(g), (i), (h),
and 6(j). Figure 7(b) shows the difference between Figures 6(g) and
(i). Figure 7(c) shows the difference between Figures 6(h) and (j).
Figures 7(b) and 7(c) indicate that the phase differences between
Figures 6(g) and (i), and between Figures 6(h) and (j) were almost
2n/3 radians, which confirmed the validity of Equation (10).
Moreover, it was possible to interpolate m(6) and n(6) using
Equations (10) or (11). This result signified that a 2-D displacement
measurement with a resolution of 10% or less of the lattice spacing
was possible.

Tip Scanner

Dither X
Dither Y

Ze3

X vy Sample
¥ Stage

Raster X

Fig. 5 Preliminary experimental system for the six-point method. To
verify the lateral displacement measurement using this method, an XY
stage was used instead of a spindle

Table 1 Experimental conditions

Sample HOPG
Tip Pt-Ir / mechanical cut
Scanning Bias voltage 50 mV
conditions Set-point current 2nA
Scanned area 1.8 nm x 1.8 nm (256x256 pixels)
Scan rate 10.2 Hz/ line (25.1 s / image)
Dither Frequency SkHz
modulation | Amplitude ~0.125 nm

The calculated STM tip displacement from point I to II shown in
Figure 6(a) was approximately 2.5 nm. Equation (3) was used, where
m = 8 and n = -11.5; m(6) and n(6) were determined by manual
counting,

4. Conclusion and Future Work

A new method for measuring the rotation error of an ultra-
precision spindle using the MTP-STM method and a regular
crystalline lattice was proposed. Using the six-point tunnel current
technique, the proposed method can be used to determine the lateral
displacement with a resolution of 10 pm. We hypothesize that the
proposed method is suitable for directly measuring the spindle motion
error. Because the accuracy'® (or non repetitive run-out motion) of the

spindle for a roundness measuring machine (RMM) is + 5 nm, and
such a machine has a low measuring speed of 1 to 20 rpm, we plan to
compare the proposed method with conventional spindle
measurement techniques using the RMM in the near future.

hy
Fig. 6 Separation of the crystalline orientations of the HOPG crystal
using the six-point method (g=a+b,h=a+c¢,i=d+e,j=d+1)
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(c) Comparison between Figures 6(h) and (j)
Fig. 7 Cross-section comparison between Figures 6(g), (i), (h), and (j)
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