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This investigation presents a planar diffractive laser encoder system (PDLENS), which serves as a
two-dimensional (2D) position detection apparatus for precision machine applications. Traditional
2D position detection utilizes a pair of linear encoders in crossed construction and so maintaining
the perpendicularity between this pair of encoders is difficult. Besides, the rigorous alignment
requirements among various components of the encoder system impose a serious user adaptation
bottleneck. Of all alignment tolerances, the head-to-scale alignment tolerance is the most important
problem for applications. In this work, a 2D grating is employed as the scale and the PDLENS is
based on the retro-reflection configuration. Therefore the new encoder can provide good
perpendicularity and tolerate larger alignment errors than the conventional encoder does. The
grating pitch is 1.6 um and the period of the output signal is 0.4 wm due to the double diffraction.
Electronic interpolation with a factor of 400 leads to a readout resolution of 1 nm. The new encoder
and a capacitive sensor were employed to simultaneously measure a circular motion with a radius
of 1 um generated by a piezo stage. Comparing the measured positions, the deviation is less than

30 nm and the repeatability is better than 8 nm. © 2005 American Institute of Physics.

[DOI: 10.1063/1.2006368]

I. INTRODUCTION

As nanometer resolution technology has rapidly ad-
vanced, biological systems, materials, and manipulative sys-
tems have entered the nanometer regime. All of these appli-
cations require planar substrate stages for sample scanning.
These stages with nanometer resolution generally employ
heterodyne laser displacement measuring interferometers
(DMI) or capacitive displacement sensors (Cap sensor) to
locate the moving positions of stages. But Cap sensors have
a limit to a long traveling range. DMI sensors provide a high
resolution and a long traveling range in sensing displace-
ment. However, the DMI sensors have the disadvantage of
being bulky and expensive, and are difficult to integrate into
compact systems.1 The accuracy of high-performance planar
stages depends on the alignment of the workpiece platform
with the interferometer’s mirrors.

A laser encoder system is developed for two-
dimensional, long-distance, nano-scale positioning and so it
is suitable for semiconductor or scanning probe microscopy
measurement applications. Many of today’s state-of-the-art
laser planar encoder designs apply either geometrical2 or
diffractive™ principles of optics. Other designs using the
waveguide technique5 or fluorescent dye method can also be
found in the literature.

YAlso affiliated with Center for Measurement Standards, Hsinchu, Taiwan
300, R.O.C.; electronic mail: alicekao@itri.org.tw

0034-6748/2005/76(8)/085110/7/$22.50

76, 085110-1

The planar encoder includes an optical head and a dif-
fractive grating. The main problem in broadening the appli-
cations of the planar encoders is that the optical head must be
aligned with micrometer precision relative to the diffractive
grating and be held to tight tolerances during system opera-
tion. The need for production machines to operate at high
speed is very important for current industries such as semi-
conductors, hard disks, and liquid crystal display manufac-
turing. Faster operating speeds of the machines typically cor-
respond to larger mechanical wobble or vibration. The
wobble or vibration between the optical head and the oper-
ating machine, where the grating scale is mounted, directly
influence the quality of the optical signals and so make the
optoelectronic signals decay or even disappear. Restated,
false or null measurements are made when wobble occurs.

Our previous work® reported a planer encoder, which is
based on the diffraction principle. The design, which uses
one grating scale and pairs of retro-reflective optics, has the
advantage of improving the tolerance of head-to-scale me-
chanical wobble. The retro-reflection of these encoders pro-
vides an interference scheme with equal optical path. Conse-
quently, the highly visible or contrasting interference fringes
can be seen. However, the last design applies a beam splitter
to produce two incident beams for two-dimensional (2D) dis-
placement. The light intensity is almost lost on grating dif-
fraction. This work presents a new optical design, in which a
corn cube is used as a retro-reflective optical device. 2D

© 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.2006368

085110-2

Kao, Lu, and Lu

FIG. 1. 2D gratings. (a) The 2D grating with rectangular profile (rectangular
grating). (b) The 2D grating with sinusoidal profile (sinusoidal grating).

displacement can be obtained by only one grating and one
incident beam. So, the new design improves the efficiency of
light and simplifies the fabrication.

Il. THEORY
A. Diffraction by 2D grating

A laser beam was normally incident on a 2D grating with
equivalent periods in both directions. The grating was lo-
cated in the X-Y plane. The direction of the light diffracted
by the 2D grating with equivalent periods in both directions
can be written as’®

i e
\/ Vi + Vi + Vf (%) p .
Here p is the period of the grating, v, is m/p, and v, is n/p.
The Ewald sphere is given by v+ v§+ v2=(1/N)2 N\ is the
wavelength. 6 is the angle between the diffractive ray and the
normal to the grating. The 2D grating equation, Eq. (1), de-
termines the direction of the (m,n) diffraction order. The
surface relief depth and spatial frequency of the 2D grating
directly influence the diffraction efficiency and the output
polarization states of the diffracted waves.* The software
GSOLVER based on the rigorous coupled wave theory is used
to design the profile of a 2D grating for an incident beam
with circle polarization. Two types of profile are considered.
Figure 1(a) shows the 2D grating with a rectangular profile
(rectangular grating), and Fig. 1(b) displays the 2D grating
with a sinusoidal profile (sinusoidal grating). Figure 2 repre-
sents the relationship between the diffraction efficiency for
the relief depth of the grating. In Fig. 2(a), the four orders of
diffraction (x1,+1) from the 2D rectangular grating have

maximum efficiency for a surface relief depth of 250 nm. In
Fig. 2(b), the four orders of diffraction (+1,0),(0,+1) of the

(1)

sin 6=
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FIG. 2. The relation between the diffraction efficiency and the grating
depth. (a) The efficiency of 2D rectangular grating. (b) The efficiency of 2D
sinusoidal grating.

2D sinusoidal grating have maximum efficiency, and a sur-
face relief depth of 210 nm. These results demonstrate that
both types of gratings can be used for planar encoders.

B. Configurations and operational principles

According to Sec. I A, the four first-diffraction orders
(x1,0),(0, 1) of the 2D sinusoidal grating are regarded as a
first-type planar encoder. As shown in Fig. 3(a), a laser beam
is normally incident on a 2D sinusoidal grating with equiva-
lent periods in both directions. The grating is located in the
X-Y plane. The incident plane-wave is Uj,=Aqexp(—ikz),
where A, is the amplitude of the incident light, and &
=2/\ is the wave number. The wave vector of the incident
light can be written as k;,=—kZ, where 7 is the unit vector in
the z direction. According to Eq. (1), the four first-diffraction
orders (m==«1,n=0), and (m=0,n==1) are on the X-Z and
Y-Z planes, respectively, of the Cartesian coordinate system.
The first-diffraction field is denoted by U, (m,n). As dis-
played in Fig. 3(b), the four beams of first diffraction are
retro-reflected by corner cubes and returned to the 2D sinu-
soidal grating to generate double diffraction. The double-
diffraction order is denoted by (m,n;m’,n’), where (m’,n’)
represents the order of the double diffraction and (m,n) rep-
resents the order of the original diffraction which produces
the double diffraction. The double-diffraction field is denoted
by Ugp(m,n;m’,n'). The first-diffraction field Uj,(1,0) of
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the 2D sinusoidal grating, and double-diffraction field
Uy,(1,0;1,0) can be expressed as

X
Usl(l,O) =Alexp<ik1,oz + 1277_)
p

= A exp(ikz cos O)exp(ikx sin 6),

X X
Usz(l,o; 1,0) =A26Xp(— ikl,O;l,OZ - l27T_>eXp(127T_>
p p

= Aexp(ikz), (2)

where A, is the amplitude of the first diffraction, A, is the
amplitude of the double diffraction, and sin =\/p.

The change of angular frequency is considered to eluci-
date the interference phenomenon with the Doppler
effect'™"" as the displacement occurs between the 2D grating
and incident light. In Fig. 3(b), k,; represents the wave vec-
tor of the first order of diffraction U,(1,0), and k, repre-
sents the wave vector of the double-diffraction order
Uy,(1,0;1,0). According to Eq. (2), the wave vector of light
can be expressed as

kin= _kZA’
ky=ksin @ x+kcos 6z, (3)
kS2=k2.

The change of the angular frequency is given by

Awsl = (ksl - kin) ! Vg + [ks2 - (_ ksl)] ! Vg,

=2-(ks1+k52)-Vg, (4)

where V, is the velocity of the 2D grating and is written as
V=V, x+V,y. The change of the angular frequency can be
determined by substituting Eq. (3) into Eq. (4). The result is

Awy =2(ksin @ £+k cos 0 Z+kZ) - (Vo + V,,3)
=2ksin - V,,. (5)
Similarly, in Fig. 3(b) the wave vector of the first-
diffraction field U,;(~1,0) is represented by k',;; the wave
vector of the double-diffraction field Uy,(—-1,0;-1,0) by

k', and the wave vector of the incident light by k;,. The
wave vector of light can be expressed as

ki, =—-kZ,
k', =—ksin@x+kcos 6?2, (6)
k' =kZ. (7)

The change of the angular frequency can be described as
Awy=—2ksin §-V,,. (8)

The double-diffraction fields Uy,(1,0;1,0) and Uy,(-1,0;
—1,0) propagate in the same direction (ky,, =k’ ,=kZ). There-
fore, the amplitude distributions can be expressed as
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FIG. 3. (a) The incident light is diffracted into four first-diffraction orders.
(b) The four first-diffraction orders are retro-reflected by corner cube.
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El =A2€i[(w+Aw')t+¢O], (9)

A & il ( w+Aw2)z+¢0] (10)

The hght intensity /, of the superposition of the two beams is
given by

L |Ey + Ef* = |A,[2 + 2 cos(Aw, — Aw) )] = 4,2
) 5 8mAx
+2 cos(4k sin 0- Ax)] = |A,)*| 2+ 2 cos ,
p
(11a)

where Ax is the displacement in the X direction. Likewise,
the light intensity due to the displacement in Y direction can

be expressed as
8mAy ) ]
p 9

where Ay is the grating displacement in the Y direction. The
two-dimensional displacement can be obtained as stated
earlier.

In the second-type planar encoder, the 2D rectangular
grating is considered. The four first-diffraction beams,
(x1,+1), of the 2D rectangular grating have maximum effi-
ciency, and the four first-diffraction beams (m=+1,n=%x1)

Iy=|A2|2[2+2cos( (11b)
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FIG. 4. The 2D rectangular grating makes an angle of 45° with the axes of
the movement.

are in the four quadrants of the Cartesian coordinate system.
As mentioned earlier, the first-diffraction field of 2D rectan-
gular grating U, (1,1), and the double-diffraction field
U,(1,1;1,1) can be expressed as

(x+y)}
p

Uuy(1,1) =Alexp{ik1,lz+ 27

+
= A exp(ikz cos B)exp[i(x Ey)k sin 0] ,
V

(12)

2r(x +
Up(1,1:1,1) =Azexp<— iky 11,12 = 1M>
p

2a(x +
. exp(z’M) = A,exp(ikz),

where A is the amplitude of first diffraction, and A, is the
amplitude of double diffraction. The wave vector of the first-
diffraction field U, (1,1) is denoted by k,;, and the double-
diffraction field U,(1,1;1,1) is k. According to Eq. (2),
the wave vector of light can be expressed as

kinz_kf’
k .k A

k,=—=sin @ X+ —=sin 0 y+kcos 0%, (13)
V2 V2

ki =kz.

Similarly, the wave vector of the first-diffraction field
U,(-1,-1) is k', the wave vector of the double-diffraction
field U,(-1,-1;-1,-1) is k’,,, and that of the incident light
is k;,. The wave vector of light can be expressed as

ki, = - kz,

, k. . k. R R
k',y=——=sin@X— —=sin @ y+kcos 0z, (14)
V2 V2

kt2 = k2

Figure 4 demonstrates that the axes on which the grating
lies make an angle of 45° with the axes of movement. A
counterclockwise rotation by 45° around the z axis trans-
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FIG. 5. Tilt between incident beam and 2D grating. The angle between the
incident light and the normal to the grating is A#. The azimuth angle is A¢&.

forms the coordinate system (x,y) to the system (x’,y’). The
wave vector of light k,; and k’,; can be rewritten as

k,y=ksin X' +kcos 02,
(15)
k';yj=—ksin 0% +kcos 6?z.

The change of the angular frequency with the motion of the
grating can be described as follows;

Awy =2ksin - V,,

Awp=-2ksin 0- V.

The two-dimensional displacement can be obtained as men-
tioned earlier. The light intensities /, and [, of interference

are given by
8Ax’ ) ]
p 9

3wAy’
I, % |2+2cos s
’ p

where Ax’ is the displacement in the X" direction and Ay’ is
the displacement in y' direction. Based on the above discus-
sions, both gratings can be used as grating scales for two-
dimensional displacement encoders (planar encoders).

I o [2+200s< (16a)

(16b)

C. Alignment tolerance analysis

Two kinds of errors influence the signal quality of a
planar encoder. One is from the mechanical wobble between
the optical head and the grating scale. The other is from the
installation errors when the system is manufactured. The lat-
ter can be corrected by precise alignments, however, the me-
chanical wobble cannot be avoided during machine opera-
tion. This system provides a large head-to-scale alignment
tolerance.

Figure 5 reveals that the mechanical wobbles between
the optical head and the grating scale cause an angle change
of the incident light upon the grating scale. The angle change
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is described by angle A7 between the incident light and the
normal of the grating scale, and the azimuthal angle A&. The
wave vectors of the incident light and diffraction beams in
Eq. (3) thus become

ki, =— k(sin A7 cos Aé)X — k(sin Az sin Aé)y
— k(cos An)Z,

k;=k(-sin Apcos Aé+sin 0)x

+k(—sin Apsin Ay + k2, (17)

k, = (k sin Ay cos A& + (k sin Ay sin Aé)y
+ (kcos Ap)z.

The change of the angular frequency caused by the Doppler
effect can be rewritten as

Aw =k =k;y) - Vo +[ky— (= ky)]- V,=2(k sin 6 X
+kcos 02) - (Vo X+ V,9)=2ksin §-V,,. (18)
Similarly, Eq. (6) becomes
k;, = — k(sin A7 cos Aé)X — k(sin Az sin Aé)y

—k(cos An)z,

k' =k(-sin Apcos Aé—sin 0)x

+k(=sin Apsin Aé)y +k,,z, (19)

k', = (ksin Ay cos A&X + (k sin Ay sin A§)Y

+ (kcosAmn)z.
The change of the angular frequency is
Awy=—2ksin 0-V,,. (20)

Equations (17) and (19) imply that the two double-diffraction
beams propagate in the same direction (k,=k’,) though the
wobble causes the encoder head to tile from the scale grat-
ing. Equations (18) and (20) mean that the tilt between the
encoder head and the scale grating does not affect the
changes of the angular frequency Aw; and Aw,. Therefore,
the angle between the optical head of the encoder and the
grating was automatically compensated for without affecting
the measurement of displacement in this configuration.

lll. EXPERIMENT AND RESULTS

The retro-reflection of these encoders provides an inter-
ference scheme with equal path lengths. This equal path con-
figuration can obtain a fringe contrast of near 100%. There-
fore, a low coherence light source, such as a diode laser, can
be used. The diode laser, guided by a fiber and collimated by
a lens, is used as a light source. The collimated light is inci-
dent on a 2D grating and diffracted to produce four first-
diffraction beams. The four beams of the first diffraction are
retro-reflected by four corner cubes, which returned them to
the 2D grating to produce double diffraction. Phase shift sig-
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DPM system  beam

CH4
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Amplitude (0.5 V/DIV)

Time (2 msec/DIV)
(b)

FIG. 6. (a) A scheme for phase shift module. The phase of the four arms can
be shifted by increments of 90°. (b) The four orthogonal sinusoidal signals.

nals produce four orthogonal sinusoidal signals (sine and
cosine) to determine the direction of movement, eliminate
common-mode noise, and increase the resolution by
interpolation. Smyth and Moore presented the phase shift
method in their work of instantaneous phase shifting
interferometry.u_14 The phase shift technique is called direct
phase measurement (DPM). As shown in Fig. 3(b), a quarter
wave plate is inserted into one path of retro-reflected optics.
The right-hand circularly polarized beam passes twice
through the quarter wave plate and the polarization becomes
left-handed. The polarizations of the two double-diffraction
beams that propagate in the same direction become orthogo-
nal. The combined beam (two double-diffraction beams) is
directed to DPM. Figure 6 displays DPM with four channels.
The combined collimated beam (two double-diffraction
beams) is made to travel through the nonpolarizing beam
splitter and so splits into two arms. A polarizing beam splitter
is introduced into each arm, so the two beams splits into four
polarized beams. A photodetector is placed in each channel
to detect the interference. Figure 6(a) indicates that one po-
larizing beam splitter was rotated by 45° around the optical
axis. Hence the polarization direction shifted the relative
phase by 90° between channels 1 and 3, and by 180° be-
tween channels 1 and 2. The above discussion shows that
phase among the four channels can shift by increments of
90°. Figure 6(b) plots the four orthogonal sinusoidal signals.

A piezo-positioning system with a scanning range of
20 pum and nanometer resolution is used to measure the ac-
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FIG. 7. (a) The stage moved in a step locus. (b) The generated sinusoidal
signals when the stage moved in a step locus.

curacy of the planar encoder. The positioning system uses a
flexure stage with a high mechanical stiffness and highly
accurate guidance, a linearity of 0.1% and a repeatability of
+5 nm provided by an internal Cap sensor. Figure 7(b)
shows the generated sinusoidal signals when the stage is
moved in a step locus as shown in Fig. 7(a). The step locus
signal shows that the planar encoder can separately record
the X- and Y-axis displacements.

The output beams of the new encoder consist of two
pairs of double-diffraction beams. The two double-
diffraction beams of either pair are always collinear even
though the scale grating is tilted by a wobble. This advantage
arises from the retro-reflection configuration. However, the
tilt of the grating changes the entrance positions of the first-
diffraction beams. In this experiment, the beam diameter is 1
mm, the aperture of the corner cubes is 3.75 mm, the detec-
tor size is 3 mm, and the distance between the grating and
conjugate optics is 15 mm. Therefore, the lateral shift of the
first-diffraction beams must be less than (3.75-1)/2
=1.375 mm to keep the beam always within the aperture of
the corner cube. This requirement gives the head-to-scale
tolerance to be Ap=sin~'(1.375/15)=5.25°.
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FIG. 8. (a) Circle motion measured by the capacitive displacement sensor
and the planar encoder. (b) The differences between the measurements and
the standard deviation of the repeatability measurements.

The period of the sinusoidal signals from the encoder
head is 0.4 wm, which is one quarter of the scale pitch due to
double diffraction. The signal period is subdivided by a
counter board with an interpolation factor of 400 (HEIDEN-
HAIN IK 220),15 which leads to a readout resolution of 1
nm. The stage was programmed to move along a circle locus
with a radius of 1 wm as shown in Fig. 8(a). Figure 8(b) is
the deviation diagram along the circular path. The pixels
are the sampling points, and the deviation is defined as
\/(xe—xc)2+(ye—yc)2, where (x.,y.) and (x,,y,) are the posi-
tions measured by the Cap sensor and planar encoder, re-
spectively. This experiment was repeated ten times. The de-
viations are less than 30 nm and the standard deviations are
around 8 nm, which results from the periodic error of 2D
gratings, nonlinearity of the positioning system, and noises
of electronic circuit.
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