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Abstract

Laser interference lithography is an attractive method for the fabrication of a large-area two-dimensional planar scale grating, 

which can be employed as a scale for multi-axis optical encoders or a diffractive optical element in many types of optical 

sensors. Especially, optical configurations such as Lloyd’s mirror interferometer based on the division of wavefront method 

can generate interference fringe fields for the patterning of grating pattern structures at a single exposure in a stable manner. 

For the fabrication of a two-dimensional scale grating to be used in a planar/surface encoder, an orthogonal two-axis Lloyd’s 

mirror interferometer, which has been realized through innovation to Lloyd’s mirror interferometer, has been developed. In 

addition, the concept of the patterning of the two-dimensional orthogonal pattern structure at a single exposure has been 

extended to the non-orthogonal two-axis Lloyd’s mirror interferometer. Furthermore, the optical setup for the non-orthogonal 

two-axis Lloyd’s mirror interferometer has been optimized for the fabrication of a large-area scale grating. In this review article, 

principles of generating interference fringe fields for the fabrication of a scale grating based on the interference lithography 

are reviewed, while focusing on the fabrication of a two-dimensional scale grating for planar/surface encoders. Verification 

of the pitch of the fabricated pattern structures, whose accuracy strongly affects the performance of planar/surface encoders, 

is also an important task to be addressed. In this paper, major methods for the evaluation of a grating pitch are also reviewed.
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1 Introduction

A diffraction grating is one of the most important optical 

components employed in many academic and industrial 

fields. Its dispersive characteristics have been used for 

spectroscopic measurement [1], and nowadays it is widely 

employed in state-of-the-art scientific applications such as 

the pulse compression of an ultra-short pulse laser [2–4], 

as well as in industrial products such as optical drives or 

head-up displays [5, 6]. In the manufacturing industry, the 

diffraction grating is an important optical element employed 

as a scale of an optical linear encoder for precision posi-

tioning [7, 8]. The accuracy of the grating pitch, which is 

the distance between the neighboring pattern structures 

of the diffraction grating, directly affects the accuracy of 

displacement measurement in a linear encoder. Therefore, a 

scale grating requires high-precision manufacturing process, 

as well as the verification/calibration process.

In recent years, multi-axis planar/surface encoders capable 

of measuring multi-axis displacement with a single meas-

urement laser beam are attracting attention [9–17]. Figure 1 

shows some examples of the surface/planar encoders. In 

planar/surface encoders, a two-dimensional diffraction grat-

ing is employed as the scale for displacement measurement. 

The resolution of in-plane displacement measurement is 

determined by the pitch of the grating in a planar/surface 

encoder. Therefore, accurate fabrication of micrometric/sub-

micrometric two-dimensional pattern structures is required 

for the achievement of a high resolution in a planar/surface 

encoder. In addition, uniformity of the pattern amplitude, as 

well as the symmetry of the pattern profile, are necessary to 

achieve a high diffraction efficiency. Furthermore, it is neces-

sary to establish a method to fabricate two-dimensional grat-

ing pattern structures over a wide area since the measurement 

range of a planar/surface encoder is determined by the size 

of a scale grating. For precision measuring instruments such 
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as micro coordinate measuring machines (micro CMMs) or 

scanning white-light interferometers, several-10 mm2 in-

plane measuring area is enough [18–21]. On the other hand, 

precision positioning systems to be employed in the semicon-

ductor industry require a measuring area over 300 mm2 [22]; 

the fabrication of such a huge two-dimensional diffraction 

scale grating is not practical. To address the issue, a method 

employing a multi-beam optical head and a mosaic-scale 

grating composed of small two-dimensional diffraction scale 

gratings aligned in a matrix has been proposed [23–25]. This 

method can expand the in-plane measuring area of the planar/

surface encoder while reducing the influences of the gravita-

tional deformation of the 2D scale grating and its manufac-

turing cost. Meanwhile, regarding the influence of cumulative 

error due to the stitching process, the size of each small 2D 

scale grating is preferably as large as possible.

Table 1 summarizes major fabrication methods for scale 

gratings used in the modern manufacturing industry. It is 

well known that the fabrication accuracy of scale gratings has 

been dramatically improved with the invention of the ruling 

engines and their improvements [26–29]. Even now many 

replica diffraction gratings are provided based on master grat-

ings fabricated by the ruling engine. With the advancement 

of the fast-tool-servo (FTS) technology associated with the 

precision positioning, as well as the improvement of a dia-

mond cutting tool, the fabrication of grating pattern structures 

having a complex profile has been achieved in the modern 

ultra-precision machining [30–32]. On the other hand, it takes 

time to carry out the machining of a diffraction grating over 

a large area and the long machining time induces the degra-

dation of the machining accuracy due to the tool wear [33]. 

Ghost images and stray lights induced by the cutting mark on a 

machined surface are also issues to be addressed. Furthermore, 

the fabrication of narrow grating pattern structures with a 

micrometric or sub-micrometric grating pitch often employed 

in current applications is difficult by the mechanical machin-

ing. On the other hand, photolithography and laser interfer-

ence lithography can fabricate narrow grating pattern struc-

tures, which cannot be fabricated by conventional mechanical 

machining, over a large area in a short manufacturing time [34, 

35]. It should be noted that the fabrication of a grating by the 

photolithography process requires a precision photomask, as 

well as lithographic equipment; this leads to the increase of 

fabrication cost. On the contrary, laser interference lithography 

[36–40], which has been attracting attention since the inven-

tion of a laser source, can fabricate grating pattern structures 

without using a photomask. Although the fabrication of grat-

ing pattern structures with complex profiles is difficult, the 

features of mask-less and low-cost grating fabrication of the 

laser interference lithography are suitable for the fabrication 

of a large two-dimensional scale grating for multi-axis planar/

surface encoders and other optical sensors [41].

It should be noted that the pitch accuracy of a scale grat-

ing directly affects the measurement accuracy of an opti-

cal encoder system where the grating pattern structures on 

the scale are employed as the graduation for measurement. 

Therefore, it is necessary to establish a method to verify and 

calibrate the grating pitch of a fabricated scale grating. The 

state-of-the-art ultra-precision measuring instruments such as 

critical-dimension scanning electron microscopes (CD-SEMs) 

[42–46] or critical-dimension atomic force microscopes (CD-

AFM) [47–53] can directly evaluate the distance between the 

two neighboring grating pattern structures (namely, grating 

pitch) from the obtained pattern profile. Meanwhile, although 

some attempts have been made to expand the measurement 

range [18, 54–56] and improve measurement throughput [57, 

Fig. 1  Planar/surface encoders for multi-axis displacement measure-

ment. a A six-degree-of-freedom surface encoder with a reflective-

type two-dimensional planar scale grating [9]. b A three-degree-of-

freedom planar encoder with a transparent-type two-dimensional 

planar scale grating [14]
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58], it is still not a realistic way to evaluate the whole length/

area of a scale grating due to the low measurement through-

put and limited measuring range. Many efforts have thus been 

made so far to realize fast evaluation of the grating pitch over 

a large measuring range based on some optical methods such 

as laser diffractometry [50, 59] or laser interferometry [60, 61].

In this paper, some techniques based on the laser inter-

ference lithography for the fabrication of two-dimensional 

orthogonal diffraction grating, which is employed as the 

scale in multi-axis planar/surface encoders, are reviewed. 

After brief descriptions of the principle of the laser inter-

ference lithography, two types of beam-dividing systems 

based on the division of amplitude method and the division 

of wavefront method are explained. After that, some multi-

beam interference lithography systems are explained, while 

focusing on the two types of multi-beam system based on the 

principle of Lloyd’s mirror interferometer. Furthermore, a 

review is also carried out for some major methods of verify-

ing/calibrating the grating pitch. A new approach for real-

izing rapid calibration of a two-dimensional diffraction scale 

grating based on the Fizeau interferometer is also explained.

2  Principle of the Interference Lithography: 
Two-Beam Interference

In the two-beam laser interference lithography, as shown 

in Fig. 2, two plane wavefronts are superposed to gener-

ate line interference fringe patterns on a substrate covered 

with a thin photoresist layer. Through the development 

process after the pattern exposure, line pattern structures 

can be obtained. Now we consider the case where the two 

coherent laser beams with an identical wavelength λ are 

projected symmetrically onto a substrate with the angle of 

incidence of θ. In the case, the intensity distribution I of 

the obtained interference fringe patterns can be expressed 

as follows [62]:

where I1 and I2 are the intensities of two light beams, and 

ϕ is the phase difference between the two light beams at a 

particular X-position on the substrate that can be expressed 

by the following equation [62]:

(1)I = I
1
+ I

2
+ 2

√

I
1
I
2

cos�

Table 1  Major methods for the fabrication of a diffraction grating

Mechanical fabrication Pros

 Complicated pattern structure can be fabricated with the enhancement of the fast-tool-servo (FTS) technology

Cons

 Tool wear could degrade the quality of fabricated pattern structures

 A minimum grating pitch is limited by the cutting tool to be employed (usually up to several micrometers)

 Long machining time is required for the fabrication of pattern structures over a large area

Photolithography/direct writing 

by electron beam (EB)

Pros

 A high-resolution patterning possible with the enhancement of semiconductor technologies

 Pattern structures can be fabricated over a large area through repetitive lithography process

 Complicated structures can be fabricated with the controlled pattern exposure/development process

Cons

 Need to prepare for a precision mask pattern (EB does not require a mask pattern)

 A high fabrication cost

 Long fabrication time (in the case of direct writing by EB)

Laser interference lithography Pros

 Pattern structures can be fabricated over a large area in a single exposure

 A narrow grating pitch: up to a half of the laser wavelength

 A low fabrication cost

 Cons

 Complicated pattern structures cannot be fabricated

Fig. 2  Generation of line interference fringe patterns by the two-

beam interference
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The period of the interference line fringe patterns g, 

which corresponds to the pitch of grating pattern structures 

to be developed, can thus be obtained as follows:

As can be seen in Eq. (1), the light intensities of the two 

beams are required to be the same level so that high visibil-

ity of the interference fringe patterns can be obtained. High 

coherence is also required between the two beams. Spatial 

coherence of the two beams can be assured by employing a 

spatial filter composed of an objective lens and a pinhole, 

and generate the two beams from the laser beam passed 

through the spatial filter. In most of the cases of the laser 

interference lithography systems, sub-beams are generated 

from the same main laser beam. It should be noted that, 

regarding the temporal coherence, attention should be paid 

to choose the laser source. Denoting the wavelength width 

of the light source as Δλ, the coherence length Lc can be 

calculated as follows [62]:

As can be seen in the above equation, a narrower-

linewidth laser with small Δλ is required to achieve longer 

coherence length. It should be noted that high-contrast inter-

ference fringe patterns could be obtained with a low-cost 

laser having a wide linewidth when attention is paid for 

(2)� =

2�

�
x cos 2�

(3)g =

�

2 sin �

(4)L
c
=

�
2

Δ�

the design of interferometer while regarding the achievable 

coherence length [63, 64].

In the laser interference lithography, sub-beams are 

generated by dividing the main laser beam to assure the 

coherency between the two sub-beams. The phenomenon 

of interference can be classified into two types; the division 

of amplitude method [12, 36, 65–71] and the division of 

wavefront method [72–79]. Figure 3 shows some examples 

of the optical systems based on the division of amplitude 

method. In the optical setup shown in Fig. 3a, the main laser 

beam is split into two sub-beams by a beam splitter, and the 

two sub-beams are handled by several mirrors to generate 

interference fringes on the substrate [12]. One of the features 

of this optical configuration is the high degree of freedom 

in optical arrangement; a large-scale diffraction grating can 

easily be fabricated by expanding each of the sub-beams 

by a beam expander. However, this optical configuration is 

weak against external disturbances since non-common opti-

cal paths of the two sub-beams are long. This issue can be 

addressed by employing active control techniques for opti-

cal phase stabilization [80]; however, this makes the overall 

setup more complicated. Figure 3b shows another example 

of the optical system based on the division of amplitude 

method. In the setup, a transparent-type grating with line 

pattern structures is employed to generate sub-beams (posi-

tive and negative first-order diffracted beams) from the main 

beam [77, 78]. By superposing the two diffracted beams, line 

interference fringe patterns can be obtained. The transpar-

ent zeroth-order diffracted beam is stopped by using a hard 

stop. Although the degree-of-freedom of the optical arrange-

ments could be slightly decreased, more stable interference 

lithography can be achieved by reducing the lengths of the 

non-common optical paths.

Fig. 3  Optical configurations for the laser interference lithography based on the division of amplitude method. a An optical configuration with a 

beam splitter for dividing the laser beam [12]. b An optical configuration with a transparent-type diffraction grating for dividing the laser beam
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Another method for generating the sub-beams is the 

division of wavefront method [72–79]. Figure 4a shows an 

example of the optical configurations based on the division 

of wavefront method [77]. In the optical setup, the positive 

and negative first-order diffracted beams generated at dif-

ferent areas on the same transparent-type grating are super-

posed on the substrate to generate line interference fringe 

patterns. Figure 4b shows another example of the setup [64] 

based on the division of wavefront method, which is referred 

to as Lloyd’s mirror interferometer [72, 73]. A Lloyd’s mir-

ror is composed of a substrate and a mirror placed at a right 

angle to the substrate. A part of the main beam (direct-beam) 

is directly projected onto the substrate surface, while the 

other (reflected-beam) is projected onto the substrate sur-

face after being reflected by the mirror. The superposed 

direct-beam and the reflected-beam generate line interfer-

ence fringe patterns on the substrate surface. Although the 

degree-of-freedom of the optical arrangement is low, the 

whole system can be constructed in a compact manner, while 

reducing the non-common optical paths between the direct-

beam and reflected-beam; these features of the Lloyd’s mir-

ror interferometer enables it to carry out more stable pattern 

exposure compared with the optical system based on the 

division of amplitude system. The period of line interference 

fringe patterns g to be obtained by the Lloyd’s mirror inter-

ferometer can be expressed by the following equation [64]:

where θ is the angle of incidence of the direct-beam pro-

jected onto the substrate in Lloyd’s mirror interferometer. 

This equation is the same as Eq. (3) due to the geomet-

ric relationship of the two sub-beams in Lloyd’s mirror 

interferometer.

The above-mentioned optical setups of the two-beam 

interference lithography can generate line interference fringe 

patterns. By carrying out pattern exposures twice before and 

after the 90º rotation of a substrate, orthogonal two-dimen-

sional grating pattern structures can be fabricated [74, 75]. 

However, the two-step exposure could induce the difference 

in the heights of X- and Y-directional pattern structures as 

shown in Fig. 5, resulting in the difference of the X- and 

Y-directional diffraction efficiencies; this could affect the 

performances of planar/surface encoders. This issue can be 

addressed by generating orthogonal two-dimensional inter-

ference fringe pattern through three- or four-beam interfer-

ence, and carrying out pattern exposure by a single exposure 

process.

3  Multi-beam Interference Lithography

3.1  Principle of the Multi-Beam Interference

Interference between two sub-beams can generate line interfer-

ence fringe patterns. As can be seen in Eq. (1), the interference 

fringe patterns have sinusoidal intensity distribution. In addi-

tion, the period of the interference fringe can be adjusted by 

changing the angle of incidence of the sub-beams. Regarding 

(5)g =

�

2 sin �

Fig. 4  Optical configurations for the laser interference lithography 

based on the division of wavefront method. a An optical configura-

tion with a diffraction grating. b An optical configuration with a 

Lloyd’s mirror interferometer [64]

Fig. 5  A schematic of the two-dimensional grating pattern structures 

to be obtained through the development process after two-step line 

pattern exposure before and after 90° rotation of the substrate
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the principle of Fourier transform, complex interference 

fringe patterns can be obtained by superposing several line 

interference fringe patterns. Furthermore, by superposing the 

several line interference fringe patterns extending in different 

directions, two-dimensional interference fringe patterns can 

be obtained. The complex amplitude of the sub-beam made 

incident to the substrate surface can be expressed by the fol-

lowing equation [62]:

where r⃗ is a position vector, ���⃗E
n
 is the electric field ampli-

tude, ��⃗e
n
 is the unit vector of the polarization direction, and 

φn is the initial phase. Interference fringe patterns by the 

three-beam interference can thus be expressed by the fol-

lowing equation [81]:

By choosing the unit propagation vectors ��⃗k
n
 (namely, 

adjusting the angles of incidence of the three sub-beams), 

interference fringe patterns and its periods can be controlled 

[82]. The period of the interference fringe patterns to be 

generated by the superposition of two sub-beams from the 

three can be expressed as follows [81]:

where m < n ≤ 3 (m, n: natural numbers).

In the multi-beam interference lithography with the num-

ber of sub-beams larger than three, in most of the cases, 

all the sub-beams are generated from a single main laser 

beam. Figure 6 shows an example of the optical configura-

tions for the multi-beam interference lithography based on 

the division of amplitude method [83]. A diffractive beam 

splitter (DBS) is employed to generate multiple diffracted 

beams, and some of them are chosen as the sub-beams by an 

aperture array to generate interference fringe patterns on the 

substrate. Since this configuration makes the alignments of 

sub-beams easy, many optical systems employing a diffrac-

tive optical element (DOE) for generating sub-beams have 

been developed so far [84–86].

Many multi-beam interference lithography systems 

based on the division of wavefront have also been reported 

[87–93], some examples of which are shown in Fig. 7. 

Figure 7a shows an example of the four-beam interference 

lithography system with a diffraction grating [86, 87, 93]. By 

generating four diffracted beams from the main laser beam 

with the enhancement of the four groups of grating patterns 

prepared on the same substrate, orthogonal two-dimensional 

interference fringe patterns can be obtained. However, the 

(6)⃖⃖⃖⃗E
n

(

r⃗
)

= E
n ⃖⃗en

exp

(

i ⃖⃖⃗k
n
⋅ r⃗ + �

n

)

(7)

I
(
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3
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i=1

E
2
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3
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E
k
E
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(8)
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2�
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|
|
|

area of the interference fringe fields to be generated by this 

optical setup is limited by the size of the groups of grat-

ing patterns. Therefore, some additional techniques such as 

stitching lithography [71, 78] need to be employed for the 

fabrication of a large-area two-dimensional scale grating. 

Figure 7b shows the three-beam interference lithography 

system composed of several optical fibers [89]. The main 

laser beam is made incident to a fiber bundle to generate 

sub-beams for multi-beam interference lithography. Due to 

the flexibility of the optical fibers, the angle of incidence of 

each sub-beam can easily be adjusted. In addition, it is easy 

to carry out the polarization modulation control of each of 

the sub-beams. However, it is not a realistic way to apply 

the optical configuration to the fabrication of a large-scale 

two-dimensional scale grating. On the other hand, a two-axis 

Lloyd’s mirror interferometer, in which an additional mir-

ror is applied to the conventional one-axis Lloyd’s mirror 

interferometer, is a candidate to fabricate a two-dimensional 

scale grating over a large area [81, 88, 90, 91, 94]. Figure 7c 

shows a schematic of the two-axis Lloyd’s mirror interfer-

ometer for the fabrication of the two-dimensional hexago-

nal pattern structures. In the setup, an angle between the 

two mirrors is adjusted to be 120º, while each of them is 

placed at a right angle with respect to the substrate [91]. On 

the substrate, the sub-beam directly made incident to the 

substrate and the sub-beams reflected by the corresponding 

mirrors are superposed with each other to generate hexago-

nal interference fringe patterns, as the consequence of the 

two line interference fringes having an angle of 120º [91]. 

By adjusting an angle between the two mirrors to be 90º, 

Fig. 6  An optical configuration for the multi-beam laser interference 

lithography based on the division of amplitude method with a diffrac-

tive beam splitter [83]
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orthogonal two-dimensional interference fringe patterns can 

be generated for the fabrication of two-dimensional scale 

grating [90, 94–96], the details of which are explained in 

the following section.

3.2  Orthogonal Two-Axis Lloyd’s Mirror 
Interferometer

3.2.1  Basic Principle

An orthogonal two-axis Lloyd’s mirror interferometer 

can be constructed based on the one-axis Lloyd’s mirror 

interferometer, a schematic of which is shown in Fig. 8a 

[95]. The main laser beam, whose propagation direction is 

parallel with the XZ-plane, is made incident to the inter-

ferometer composed of a substrate and the X-mirror. The 

direct sub-beam (Beam1) and the sub-beam reflected by 

the X-mirror (Beam2) are superposed on the substrate to 

generate line interference fringe patterns parallel with the 

Y-axis in Fig. 8a. In the orthogonal two-axis Lloyd’s mir-

ror interferometer shown in Fig. 8b, a major modification 

is made in such a way that an additional mirror (Y-mirror) 

perpendicular to both the substrate and the X-mirror is added 

to the one-axis Lloyd’s mirror interferometer to construct a 

corner-cube-like optical configuration, while the propagation 

direction of the main laser beam is set to be parallel with the 

meridian plane with the azimuthal angle φ with respect to 

the Y-mirror as shown in Fig. 8c. In the optical configura-

tion, the main laser beam can be divided into the following 

five sub-beams:

Beam1: Directly enters the substrate

Beam2: Enters the substrate after being reflected by the 

X-mirror

Beam3: Enters the substrate after being reflected by the 

Y-mirror

Beam4: Enters the substrate after being reflected by the 

X-mirror and then the Y-mirror

Beam4′: Enters the substrate after being reflected by the 

Y-mirror and then the X-mirror

Interference between the Beam1 and Beam2 generates 

line interference fringe patterns parallel with the Y-axis, 

while the interference between the Beam1 and Beam3 

Fig. 7  An optical configuration for the multi-beam laser interference 

lithography based on the division of wavefront method. a Optical 

configuration with diffraction gratings [86]. b Optical configuration 

with a fiber bundle [89]. c Optical configuration based on the one-

axis Lloyd’s mirror interferometer with an additional mirror

Fig. 8  Orthogonal two-axis Lloyd’s mirror interferometer [95]. a Conventional one-axis Lloyd’s mirror interferometer. b Orthogonal two-axis 

Lloyd’s mirror interferometer with an additional mirror. c Definition of the azimuthal angle
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generates the one parallel with the X-axis. As the conse-

quence of the superposition of the two interference fringe 

patterns, the orthogonal two-dimensional interference fringe 

patterns can be obtained. Denoting the angle between the 

propagation direction of the ith sub-beam and the substrate 

surface as θi, the unit propagation vectors ��⃗k
i
 of the ith sub-

beam can be expressed as follows:

Also, the light intensity distribution of the interference 

fringe patterns to be obtained by the four-beam interference 

can be obtained as follows:

In the orthogonal two-axis Lloyd’s mirror interferom-

eter, the two mirrors are arranged to have a right angle 

with respect to the substrate. Therefore, in the ideal case 

without the misalignments of the optical components, 

θ1 = θ2 = θ3 = θ4. Assuming that an azimuthal angle of φ is 

45º, the combination of two sub-beams from the four gives 

4C2 = 6 types of interference fringe patterns as summarized 

in Table 2. As can be seen in the table, the line interference 
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fringe patterns parallel with the Y-axis can be obtained by 

the interference between the Beam1 and Beam2, as well as 

that between Beam3 and Beam4. The periods of both the 

line interference fringe patterns g12 and g34 are g12 = g34 = λ/

(
√

2cosθ).

3.2.2  Influences of Misalignments of Optical Components

In the actual case of the setup, there should be some mis-

alignment for each optical component, and it could affect 

the accuracy of fabricated two-dimensional grating pattern 

structures. Figure 9 shows a schematic diagram of the visible 

stripes in the interference fringe patterns to be generated in 

the case where the X-mirror has an angular misalignment 

about the Z-axis. The angular misalignment of the X-mirror 

give a slight change in the period of the line interference 

fringe patterns parallel with the Y-axis to be obtained by 

the interference between the Beam3 and Beam4′ (g34′); this 

could result in a small period difference between g12 and 

g34, and generates Moiré-like visible stripes with a low spa-

tial frequency on the fabricated two-dimensional pattern 

structures.

The misalignments of the angle of incidence θ and the 

azimuthal angle φ also affect the two-dimensional interfer-

ence fringe patterns. The angle of incidence θ only affects 

the period of the interference fringe patterns. It should be 

noted that the azimuthal angle misalignment could generate 

visible stripes with a low spatial frequency in the interfer-

ence fringe patterns. Figure 10 shows the results of numeri-

cal calculations simulating the influence of the azimuthal 

Table 2  Interference fringe patterns and their periods to be generated by each pair of beams [95]
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angle misalignment. As can be seen in these results, optical 

misalignments could strongly affect the interference fringe 

patterns to be generated by the orthogonal two-axis Lloyd’s 

mirror interferometer. Meanwhile, regarding the principle of 

the generation of interference fringe patterns summarized in 

Table 2, the removal of Beam4 and Beam4′ is effective in 

avoiding the occurrence of the visible stripes on the fabri-

cated two-dimensional pattern structures. Figure 11 shows 

the optical setup for the orthogonal two-axis Lloyd’s mir-

ror interferometer, where a physical filter is placed in the 

interferometer unit to remove Beam4 and Beam4′ [96]. Fig-

ure 12a, b compares the two-dimensional grating pattern 

structures fabricated by the optical setup with and without 

the filtering of Beam4 and Beam4′ [95]. In Fig. 12a, a photo-

graph of the grating pattern structures exposed by the inter-

ference fringe patterns generated by the superposition of all 

the four beams (Beams1, 2, 3 and 4/4′) is indicated. As can 

be seen in the figure, visible stripes due to the influence of 

optical misalignments can be observed; this can be over-

come by filtering Beam4/4′ by employing a physical filter 

as shown in Fig. 11c. Figure 12b shows the grating pattern 

structures exposed by the interference fringe patterns by the 

three beams (Beams1, 2 and 3). As can be seen in the fig-

ure, the occurrence of the visible stripes with a low spatial 

frequency has successfully been eliminated.

3.2.3  Polarization Modulation Control

The physical filtering of the Beam4 and Beam4′ is effec-

tive in vanishing the visible stripes on the fabricated pattern 

structures. Meanwhile, the line interference fringe patterns 

as the consequence of the interference between the Beam2 

and Beam3, which are extending in the direction of 45º with 

respect to the X-axis as can be seen in Table 2, are not neces-

sary for the fabrication of the orthogonal two-dimensional 

grating pattern structures. It is thus necessary to reduce the 

influence of these fringe patterns. A polarization modulation 

control is effective in reducing the unnecessary interference 

fringe patterns [88, 89, 97]. Figure 13 summarizes the inter-

ference fringe patterns estimated in numerical calculations 

for each of the cases with different polarization modulation 

Fig. 9  Visible stripes in the interference fringe patterns due to the 

angular misalignment of the Y-mirror [95]. a Without the misalign-

ment. b With the angular misalignment about the Z-axis

Fig. 10  Influences of the azimuthal angle misalignment of the main 

laser beam Δφ in the orthogonal two-axis Lloyd’s mirror interferom-

eter [95]. a Azimuthal angle misalignment of the main laser beam. 

b Estimated interference fringe patterns without the other optical 

misalignments except Δφ. c Estimated interference fringe patterns 

with misalignments of ΔφXY = 0.08°, ΔφYX = 0.08°, ΔφXZ = 0.4°, 

ΔφYZ = 0.4°, Δφ = 0°
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control states [96]. Microscopic images of the fabricated 

grating pattern structures measured by an AFM are also 

shown in the figure. As can be seen in the figure, polari-

zation states of each sub-beam could strongly affect the 

interference fringe patterns, and it is necessary to optimize 

the polarization states of the sub-beams for obtaining two-

dimensional grating pattern structures without distortion. It 

should be noted that attention should be paid to the change in 

the polarization states of the sub-beams after the reflection 

by the X- and Y-mirrors in the interferometer unit. It is well 

known that most of the commercially-available dielectric 

mirrors are composed of multiple thin layers, and the mate-

rial and thickness of each layer could affect the polarization 

state of the reflected sub-beam [62]. Therefore, it is neces-

sary to take the influence of X- and Y-mirrors into consid-

eration for the optimization of the polarization modulation 

control in the orthogonal two-axis Lloyd’s mirror interfer-

ometer [96]. Numerical calculations have revealed that it 

is difficult to vanish the influence of unnecessary interfer-

ence fringe patterns; meanwhile, it has also been revealed 

that the orthogonal two-axis Lloyd’s mirror interferometer 

in optimized polarization states could generate affordable 

orthogonal two-dimensional interference fringe patterns as 

shown in Fig. 14 [96].

For the fabrication of a large-area two-dimensional scale 

grating based on the orthogonal two-axis Lloyd’s mirror 

interferometer, a large-scale interferometer unit is required. 

However, as can be seen in the estimated interference fringe 

patterns shown in Fig. 10, the angular position of the inter-

ferometer unit with respect to the main laser beam should be 

adjusted precisely. However, it is not an easy task to carry 

out the precise alignment of a large-scale interferometer unit.

3.3  Non-Orthogonal Two-Axis Lloyd’s Mirror 
Interferometer

3.3.1  Basic Principle

For the fabrication of a two-dimensional scale grating with 

an optical setup in a small dimension, a non-orthogonal 

two-axis Lloyd’s mirror interferometer has been developed. 

Figure 15a, b are schematics of the interference lithography 

units of the orthogonal-type and the nonorthogonal-type [88, 

98]. In the orthogonal-type interference lithography unit, a 

pair of orthogonal mirrors are placed at a right angle with 

respect to the substrate, while the main laser beam is pro-

jected onto the interferometer unit with an oblique angle 

of incidence. On the contrary, in the non-orthogonal-type 

interference lithography unit, the angles of X- and Y-mir-

rors are set to be 90° + θX and 90° + θY (θX > 0°, θY > 0°), 

respectively, while the main laser beam is projected onto 

the substrate in the interferometer unit at a right angle. On 

the substrate surface, the two sub-beams reflected by each 

of the X- and Y-mirrors and the direct-beam are superposed 

with each other to generate two-dimensional interference 

fringe patterns. This optical configuration could avoid the 

generation of visible stripes with a low spatial frequency on 

the fabricated pattern structures that can be observed in the 

orthogonal-type, since there are no multiple-reflected sub-

beams in the non-orthogonal type. In addition, the optical 

configuration of the non-orthogonal type with the main laser 

beam projected onto the substrate at a right angle makes 

the alignments of the whole setup easier than those for the 

orthogonal-type. Furthermore, the periods of the X- and 

Y-directional interference fringe patterns can be adjusted 

Fig. 11  Orthogonal two-axis Lloyd’s mirror interferometer [96]. a A 

schematic of the setup. b A photograph of the setup. c The orthogonal 

two-axis interference unit

Fig. 12  Photographs of the fabricated two-dimensional scale gratings 

[95]. a A scale grating with the visible stripes due to the optical mis-

alignments in the orthogonal two-axis Lloyd’s mirror interferometer. 

b A scale grating fabricated by using the orthogonal two-axis inter-

ference unit shown in Fig. 11c
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precisely and independently by adjusting the angles θX and 

θY of the X- and Y-mirrors, respectively.

Figure 16 shows the non-orthogonal two-axis Lloyd’s 

mirror interferometer unit with a polarization modulation 

control unit [88]. The interferometer is based on the division 

of wavefront method, and the main laser beam is divided 

into the following three sub-beams:

Fig. 13  Interference fringe 

patterns estimated in numerical 

calculations and fabricated grat-

ing pattern structures for each 

of the polarization status of the 

three-beams in the orthogonal 

two-axis Lloyd’s mirror inter-

ferometer [96]

Fig. 14  A reduction of the unnecessary interference fringe compo-

nents by the optimization of the polarization modulation control in 

the orthogonal two-axis Lloyd’s mirror interferometer [96]

Fig. 15  Two-types of two-axis Lloyd’s mirror interferometers for the 

fabrication of two-dimensional orthogonal grating pattern structures 

[98]. a Orthogonal type. b Non-orthogonal type

Fig. 16  A basic principle of the non-orthogonal two-axis Lloyd’s 

mirror interferometer with a polarization modulation control [88]
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Direct beam: Directly projected onto the substrate

X-beam: Enters the substrate after being reflected by the 

X-mirror

Y-beam: Enters the substrate after being reflected by the 

Y-mirror

The wavevectors ��⃗k
1
 , ��⃗k

2
 , ��⃗k

3
 of the direct beam, X-beam 

and Y-beam, respectively, can be expressed by the follow-

ing equation:

In the non-orthogonal two-axis Lloyd’s mirror interfer-

ometer, periods g′

X
 and g′

Y
 of the interference fringe patterns 

to be generated by the interference between the direct beam 

and X-beam, the direct beam and Y-beam, respectively, can 

be expressed by the following equations [98, 99]:

The polarization direction of the main laser beam is 

aligned to be parallel with the Y-axis before being made 

incident to the polarization modulation control unit, which 

is composed of two half-wave plates. One of the half-

wave plates is placed for the direct beam and its fast axis 

is adjusted to be 22.5º with respect to the Y-axis. The other 

is placed for X-beam and its fast axis is adjusted to be 45º 

with respect to the Y-axis. This optical configuration gives 

the 90º difference of the polarization direction of X-beam 

with respect to Y-beam; namely, X-beam and Y-beam cannot 

interfere with each other, and the interference fringe compo-

nent by the superposition of X-beam and Y-beam can van-

ish, as can be understood from Eq. (10). It should be noted 

that the fringe contrasts of the pair of the direct beam and 

X-beam, and that of the direct beam and Y-beam are reduced 

since the polarization difference between the beams is 45° 

while the interference fringes by X-beam and Y-beam are 

eliminated. Figure 17 shows a schematic of the setup for 

the non-orthogonal two-axis Lloyd’s mirror interferometer 

[88]. The main laser beam is generated from the laser beam 

from a HeCd laser source. Each of the X- and Y-mirrors is 

mounted on a rotary stage to adjust the mirror angle with 

respect to the substrate. Figure 18 shows the AFM images of 

the two-dimensional grating pattern structures having a pitch 

of 0.57 μm fabricated by the setup shown in Fig. 17 with and 

without the polarization modulation control [88]. As can be 

seen in the figure, the polarization modulation control was 

found to contribute to eliminating the influences of unneces-

sary interference fringe patterns by the interference between 

X-beam and Y-beam.
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3.3.2  Fabrication of a Large-Area Two-Dimensional Scale 

Grating

In the non-orthogonal two-axis Lloyd’s mirror interfer-

ometer, pattern exposure of a large-area two-dimensional 

scale grating can be carried out by employing large X- and 

Y-mirrors and expanding the main laser beam to be made 

incident to the interferometer unit [98]. Figure 19a shows 

a setup for the fabrication of large-area two-dimensional 

scale grating [100]. The main laser beam can be expanded 

by employing a large-aperture lens for the collimation of 

the laser beam propagating from the spatial filter composed 

of a pinhole and an objective lens to construct a Keplerian 

beam expander. This optical configuration enables the inter-

ferometer to carry out the pattern exposure over a large area 

of 100 mm × 100 mm [98]. However, the expansion of the 

main laser beam could reduce the light intensity on the sub-

strate, and the pattern exposure time needs to be extended 

to satisfy the required exposure dose of the photoresist layer 

prepared on the substrate surface. However, the non-orthog-

onal two-axis Lloyd’s mirror interferometer can accept the 

Fig. 17  A setup for the non-orthogonal two-axis Lloyd’s mirror inter-

ferometer [88]

Fig. 18  AFM images of the orthogonal two-dimensional grating pat-

tern structures fabricate by the non-orthogonal two-axis Lloyd’s mir-

ror interferometer [88]. a Without the polarization modulation con-

trol. b With the polarization modulation control
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long exposure time since it is based on the division of wave-

front method having high stability against external distur-

bances that come from the short non-common optical paths 

among the three sub-beams. It should be noted that a large 

polarization control unit is required for the setup shown in 

Fig. 19a. Meanwhile, it is not so easy to prepare for a large 

half-wave plate having a small retardance variation, resulting 

in incomplete polarization modulation control. This issue 

can be addressed by applying the Galilean beam expander 

in the optical setup as shown in Fig. 19b [100]. In the setup, 

the beam expansion is carried out in a two-step procedure. 

In the first step, the laser beam from the light source is made 

to pass through the spatial filter and is shaped in a collimated 

laser beam with a small diameter. The polarization modula-

tion control is carried out at this stage by using the polariza-

tion control unit composed of two half-wave plates with a 

small retardance variation over the entire plate. After that, a 

pair of plano-concave lens and a large-aperture collimating 

lens is employed for the expansion of the laser beam after 

the polarization modulation control to obtain the main laser 

beam for the pattern exposure. Figure 20 shows the results 

of the numerical calculation for verifying the influences 

of imperfect polarization modulation control [100]. AFM 

images of the two-dimensional pattern structures fabricated 

by the setup without the polarization control, the setups with 

the optical configuration shown in Fig. 19a, b are also indi-

cated. As can be seen in the figures, incomplete polarization 

control could result in distorted pattern structures. It is also 

revealed that the optical configuration shown in Fig. 19b is 

effective in removing the pattern distortion.

Another issue of the non-orthogonal two-axis Lloyd’s 

mirror interferometer for the fabrication of a large-area scale 

grating is its light intensity distribution in the expanded main 

laser beam. In general, the laser beam passed through a spa-

tial filter has a Gaussian light intensity distribution; namely, 

a large intensity difference can be found at the laser axis 

and the outer position in the expanded main laser beam. 

This issue can be neglected when a high-power laser source 

can be employed in the interferometer system. However, 

it is not so easy to operate such high-power laser sources 

in a laboratory where the available facilities and research 

budget are limited. The process optimization is thus required 

to achieve the fabrication of large-area scale grating having 

uniform pattern amplitude over a large area. In this case, not 

only the light intensity distribution of the two-dimensional 

interference fringe patterns but also the material property 

Fig. 19  Beam expansion units for the fabrication of a large-area scale 

grating [100]. a Based on the Keplerian beam expander. b Based on 

the Galilean beam expander

Fig. 20  Influences of the 

imperfect polarization modula-

tion control on the interfer-

ence fringe patterns and the 

corresponding two-dimensional 

pattern structures to be obtained 

by the pattern exposure [100]. 

a Without the polarization 

control. b With the imperfect 

polarization modulation control. 

c With the improved polariza-

tion modulation control
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of the employed photoresist are required to be taken into 

consideration. One of the effective solutions for this issue 

is to employ a beam shaper composed of diffractive optical 

elements (DOEs) [101, 102]. Figure 21 shows an example 

of the optical setup employing a beam shaper [101]. In the 

setup, the main laser beam is expanded in a three-step proce-

dure. At first, the laser beam from the laser source is made to 

pass through a spatial filter, and is shaped into a collimated 

laser beam with a small diameter. The collimated beam is 

then made incident to the beam shaper to obtain a laser beam 

having top-hat intensity distribution. After that, the polariza-

tion modulation control is carried out in the second step of 

the beam expansion, followed by the beam expansion by the 

pair of the plano-concave lens and a large-aperture collimat-

ing lens in the final step. Figure 22 compares the light inten-

sity distribution of the main laser beams generated by the 

setup shown in Figs. 19a, b and 21 [101]. With the employ-

ment of the beam shaper, the main laser beam having high 

and uniform intensity over the entire region can be obtained; 

this contributes to fabricate two-dimensional grating pattern 

structures having uniform amplitude over a wide area.

Figure 23a, b show a schematic and a photograph of the 

non-orthogonal two-axis Lloyd’s mirror interferometer 

equipped with the polarization modulation control unit and 

a beam shaper [101]. Figure 23c shows the two-dimensional 

scale grating in a size of 100 mm × 100 mm fabricated 

through a single pattern exposure process. It should be noted 

that the scale grating shown in Fig. 23c has been fabricated 

in an ordinary laboratory room where strict environmen-

tal control has not been done; this fact means that the non-

orthogonal Lloyd’s mirror interferometer has high stability 

against the environmental fluctuations, and is suitable for the 

fabrication of large-area scale gratings.

3.4  Current and Future Trends

In this section, the multi-beam interference technology has 

been reviewed, while mainly focusing on the two types of 

two-axis Lloyd’s mirror interferometers (the orthogonal-type 

and the non-orthogonal-type) for the fabrication of a two-

dimensional orthogonal diffraction grating to be employed 

as a scale in planar/surface encoders for multi-axis displace-

ment measurement. Nowadays orthogonal two-dimensional 

Fig. 21  A beam expansion unit with a beam shaper [101]

Fig. 22  Intensity distributions 

of the main laser beams gener-

ated by each of the beam expan-

sion assembly [101]. a With the 

setup shown in Fig. 19a. b With 

the setup shown in Fig. 19b. c 

With the setup shown in Fig. 21 

having a beam shaper

Fig. 23  A non-orthogonal two-axis Lloyd’s mirror interferometer for 

the fabrication of a large-area two-dimensional scale grating [101]. 

a A schematic of the setup. b A photograph of the setup. c A two-

dimensional scale grating in a size of 100 mm × 100 mm with a grat-

ing pitch of 1 μm
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diffraction gratings are expanding their application in many 

industrial fields; for example, Fig. 24 shows an example 

of the applications in an optical angle sensor [103], where 

the two-dimensional diffraction grating is employed as a 

dispersive optical element. By combining a mode-locked 

femtosecond laser and a two-dimensional diffraction grat-

ing, highly accurate multi-axis measurement can be realized 

[104–107]. However, it is still difficult to find out appro-

priate two-dimensional diffraction gratings in commercial 

markets, and researchers/engineers should prepare for the 

two-dimensional diffraction gratings suitable for their appli-

cations by themselves; in such a case, the two-axis Lloyd’s 

mirror interferometers reviewed in this paper could be a 

powerful solution for fabricating the grating by themselves 

for their purposes.

In the state-of-the-art scientific fields, studies on methods 

for fabricating three-dimensional fine structures such as pho-

tonic crystals [108–110], biomimetic structures [111], and 

nanoporous filters [112] have been actively carried out in 

recent years. One example is 3D lithography using the Tal-

bot effect [112–114]. In this method, a periodic light inten-

sity distribution is generated by using a diffraction grating, 

and is used for the photoresist exposure to fabricate three-

dimensional periodic fine structures in a large area. Various 

methods have been studied so far, including the method of 

using colloidal particles as a diffraction grating [115]. A 

method to increase the degree-of-freedom of designing the 

three-dimensional periodic structure has also been devel-

oped [116]. Another technological trend is the fabrication of 

narrower pattern structures. According to Eq. (3), the mini-

mum pitch of the interference fringe patterns to be achieved 

by the interference lithography is a half of the light wave-

length. The employment of a laser source having a shorter 

wavelength can reduce the pitch in the same manner as the 

technological trend that can be seen in the semiconductor 

industry [117]. Meanwhile, efforts have also been made to 

overcome the theoretical limitation by employing evanescent 

wave interference lithography [118–120]. Also, the in-situ 

monitoring of the pattern exposure process, which is being 

actively investigated in recent years, is expected to improve 

the accuracy of pattern structures to be obtained by the 

laser interference lithography [121, 122]. The interference 

lithography is expected to play an important role in the fab-

rication of such functional optical elements, regarding the 

strong demands from the state-of-the-art scientific fields.

4  Measurement Technology 
for the Evaluation of the Grating Pitch 
of a Di�raction Grating

In some applications, the accuracy of a pattern pitch is not 

important; for example, the fabrication of functional surfaces 

for the improvement of tribological properties by applying 

surface textures [123]. On the other hand, in the optical 

multi-axis encoder system, the accuracy of the grating pitch 

directly affects the accuracy of displacement measurement 

[7, 8]. The assurance of the grating pitch is thus one of the 

important issues to be addressed for achieving further higher 

positioning accuracy in a precision positioning system. 

Table 3 summarizes major methods for evaluating the pitch 

of a diffraction grating, which include critical-dimension 

scanning electron microscopes (SEMs) [42–46] or atomic 

force microscopes (AFMs) [47–52], vacuum interferomet-

ric comparators [124–128], laser diffractometric methods, 

and interferometric methods. In this section, these major 

methods for the evaluation of a grating pitch are reviewed.

4.1  Critical-Dimension SEMs/AFMs (CD-SEMs, 
CD-AFMs)

A direct and straightforward method to evaluate the grating 

pitch is to obtain the profile of grating pattern structures 

and detect the distance between the two neighboring pat-

tern structures. Critical-dimension scanning electron micro-

scopes (CD-SEMs) [42–46] and critical-dimension atomic 

force microscopes (CD-AFMs) [47–53] having a high lateral 

resolution can be employed for the purpose. Figure 25 shows 

an example of the critical-dimension AFM [53], where dif-

ferential laser interferometers are employed to control the 

stage position. A grating pitch of less than 100 nm can be 

evaluated in a manner traceable to the national standard of 

length. However, in most of the cases, the in-plane measure-

ment range of such measuring instruments with a high lateral 

resolution is limited (usually less than 100 μm × 100 μm). 

Many efforts have thus been made so far to expand the meas-

urement range of such instruments with the enhancement of 

precision positioning systems, and nowadays a wide in-plane 

area over the several-hundred  mm2 can be evaluated [18, 

54, 55]. Meanwhile, it is still a difficult task to evaluate the 

whole area of a scale grating employed in an optical encoder, 

whose length can be longer than several-10 mm [129]. The 

expensive cost and long scanning time make it difficult to 

calibrate the whole area of a scale grating in a laboratory-

level condition.

Fig. 24  An application of the two-dimensional diffraction grating in 

an optical angle sensor [103]
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Table 3  Major methods for the evaluation of a grating pitch

Critical-dimension scanning electron microscopes 

(CD-SEMs)/atomic force microscopes (CD-

AFMs)

Direct and straightforward pitch evaluation from the obtained scale grating profile

A high lateral resolution better than sub-nm

Pattern structures with a sub-micrometric pitch can be evaluated

Absolute grating pitch can be obtained

The evaluation of a long scale grating is not a realistic task

A high instrumentation cost

Vacuum interferometric comparators Detect edges of a grating pattern structure for pitch measurement

Long scale gratings can be evaluated

Scale grating with a micrometric pitch can be evaluated

Lateral resolution can be improved with the employment of a short-wavelength light source 

in the edge sensor

Strict environmental control is required for the laser interferometers

A high instrumentation cost

Laser diffractometric methods Grating pitch deviation can be evaluated through detecting the change in the angle of dif-

fraction of diffracted laser beams from a grating under evaluation

Long scale grating can be evaluated

Instrumentation is possible even in a small laboratory

Only the “mean” grating pitch in the area irradiated by the measurement laser beam can be 

obtained

A high-precision rotary stage is required (depending on the setup)

Interferometric methods A rapid evaluation of the pitch deviation is possible

Large-scale grating can be evaluated with the enhancement of a large FOV of an interfer-

ometer

Fig. 25  A critical-dimension 

atomic force microscope (CD-

AFM) for the evaluation of a 

nanometric lateral scales [53]
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4.2  Vacuum Interferometric Comparator

Vacuum interferometric comparators can be employed to 

evaluate the grating pitch of a scale grating over its whole 

length [124–128]. Figure 26 shows a schematic of the vac-

uum interferometric comparator developed for the calibra-

tion of a linear scale for linear encoders [125]. In the setup, 

interferometers are fully arranged in a vacuum, while a 

scale grating to be evaluated is placed in the atmospheric 

condition. By making an optical head scan over the linear 

scale while measuring the scanning position by the laser 

interferometer, the pitch deviation of a scale grating can be 

calibrated. Figure 26b shows a schematic of the principle 

of edge detection by the optical head in the comparator. 

The light intensities of transparent light through the three 

slits captured by photodetectors are employed to detect the 

edge of grating pattern structures through signal processing. 

Since the position of the detected edge of a grating pattern 

structure can be assured by the reading of the laser inter-

ferometer, a grating pitch can be evaluated by detecting the 

edges of each of the grating pattern structures. A long linear 

scale grating with a length of 1600 mm can be successfully 

calibrated with a resolution of 0.8 nm [125]. The concept 

of the comparator can also be expanded to the evaluation of 

two-dimensional pattern structures [130]. Meanwhile, these 

setups require facilities with a high degree of environmen-

tal control. A high cost for the instrumentation is also an 

obstacle to constructing a comparator in ordinary research 

laboratories where research budgets and available facilities 

are limited.

4.3  Laser Diffractometry

Figure 27a shows a setup for measurement of the grating 

pitch by using the diffracted beam [131]. In the setup, a 

grating under measurement is mounted on a high-precision 

rotary table equipped with a high-precision angle sensor 

such as an optical rotary encoder. The variation of a grating 

pitch affects the angle of diffraction of diffracted beams from 

a diffraction grating. According to the grating equation [62], 

in the case of the normal incidence, the following relation-

ship can be found among the light wavelength λ, grating 

pitch g and the angle of diffraction βm of the mth-order dif-

fracted beam:

On the assumption that λ is known, it is possible to evalu-

ate g by detecting the angle of diffraction of diffracted beams 

[131–134]. By utilizing the Littrow configuration, where the 

reflected laser beam propagates in the opposite direction of 

the propagation of the incident laser beam, βm can easily be 

obtained. Although this method cannot directly evaluate the 

grating pitch as CD-SEMs or CD-AFMs do, they can carry 

out fast pitch measurement over a wide measuring area. It 

has also been reported that a good agreement can be found 

between the results obtained by a CD-AFM and an opti-

cal setup based on the laser diffraction method [135]; this 

fact means that the laser diffraction method can carry out 

reliable measurement of a grating pitch. The accuracy of 

the pitch measurement by the laser diffraction method can 

be improved by employing several diffracted beams [133]. 

Furthermore, when a mode-locked femtosecond laser beam 

(13)sin �
m
=

�

g

Fig. 26  Vacuum interferometric comparator for the calibration of a linear scale for linear encoders [125]. a A schematic of the whole system 

setup of the comparator. b A principle of detecting the edge of a grating pattern structure
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is employed as the light source for the grating pitch measure-

ment, many diffracted beams in the same diffraction order 

from the same grating area can be obtained as shown in 

Fig. 27b; by detecting the angles of diffraction of these dif-

fracted beams, highly accurate measurement of the pitch 

deviation can be achieved [131].

By scanning the measurement laser beam over a surface 

of the scale grating under measurement in the laser dif-

fraction method, a fast evaluation of the pitch deviation of 

a scale grating can be achieved [59, 136, 137]. Figure 28 

shows an example of the optical configurations for the evalu-

ation of grating pitch deviation. In the setup, a grating under 

measurement is initially placed to satisfy the Littrow config-

uration where the diffracted beam propagates in the opposite 

direction to the incident laser beam. After that, an optical 

head is made to scan over the grating under measurement. 

Due to the pitch deviation of the grating, the diffracted beam 

experiences the change in the angle of diffraction that can be 

detected by optical methods such as the long trace profiler 

(LTP) [136, 138] or the laser autocollimation [59, 139]. The 

LTP system is based on the pencil beam interferometer [140] 

that employs a pair of parallel and separated narrow beams 

(referred to as the pencil beams). A pair of the diffracted 

pencil beams are focused on a photodetector by a Fourier-

transform lens, and generate an interference fringe pattern. 

Since the change in the angles of the diffracted pencil beams 

is converted into the displacement of the interference fringe 

pattern on the photodetector, the grating pitch deviation can 

be detected by observing the position of the interference 

fringe pattern on the photodetector. By employing a penta-

prism for the scanning of the laser beam, the influence of the 

angular error motion of the scanning can be reduced [136]. 

Furthermore, by detecting both the zeroth-order diffracted 

beams and the first-order diffracted beam, the grating pitch 

can be evaluated while reducing the influence of the local 

slope of a grating surface [137]. One of the drawbacks of 

the setup shown in Fig. 28 is its low resolution for meas-

urement of the angle of diffraction of the laser beam. This 

can be overcome by the optical configuration based on the 

laser autocollimation [59, 139]. With the employment of 

photodiodes (PDs) as the photodetectors for the detection 

of the diffracted beams, a high-resolution measurement can 

be realized while designing the optical head in a compact 

size [141–144]. Figure 29a shows one of the examples of 

the optical configuration for the laser diffraction method 

based on the laser autocollimation [59, 145, 146]. The 

setup is designed to capture the zeroth and first-order dif-

fracted beams from the scale grating under measurement. 

Through the arithmetic processing with the two readings out 

of these three diffracted beams, the grating pitch deviation 

of a scale grating can be evaluated without being affected by 

the angular error motion of the scanning of the scale grat-

ing. Denoting the angles of diffraction of the positive and 

negative first-order diffracted beams as θPos(x) and θNeg(x), 

respectively, the pitch deviation Δg can be obtained by the 

following equation [59]:

where 
-

g is the nominal grating pitch. It should be noted that 

the influences of the local slope of the scale and the angular 

error motion of the scale scanning are cancelled in the above 

equation; namely, the setup shown in Fig. 29a can carry 

out grating pitch deviation measurement in a stable man-

ner. Also, through the arithmetic processing of the readings 

(14)
Δg ≅

�

�

g
+

�Pos(x)−�Neg(x)

2

− g

Fig. 27  The evaluation of a grating pitch based on the laser diffrac-

tion method [131]. a Measurement of the positive first-order dif-

fracted beam in the Littrow configuration. b The laser diffraction 

method utilizing multiple first-order diffracted beams generated by a 

mode-locked femtosecond laser source having multiple optical modes

Fig. 28  The evaluation of a grating pitch deviation based on the laser 

diffraction method with a long trace profiler (LTP)
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of the angle sensor, the local slope of the scale grating 

Δθsurface(x) can be obtained as follows [59]:

where Δθstage(x) is the angular error motion of the scale 

scanning. Figure 29b shows the pitch deviation of a scale 

grating from a commercial interferential scanning-type opti-

cal linear encoder measured by the setup shown in Fig. 29a 

[59]. As can be seen in the figure, a high resolution of bet-

ter than 0.002 nm can be obtained. Furthermore, with the 

enhancement of the additional angle sensor for measurement 

of the angular error motion of the scale scanning (Δθstage(x)), 

the flatness error of the scale grating can also be evaluated 

by using the readings of the optical head based on the laser 

autocollimation. Figure 29c shows the flatness error of a 

scale grating measured by the setup shown in Fig. 29a [59]. 

As can be seen in the figure, a good agreement can be found 

between the obtained flatness error and the grating profile 

measured by a commercial Fizeau interferometer [61].

4.4  Laser Interferometric Method

In the above-mentioned methods, a two-dimensional scale 

grating needs to be moved by using a two-dimensional posi-

tioning system for the evaluation of the grating pitch along 

the X- and Y-directions. Meanwhile, in the interferometric 

method where the grating pitch deviation is detected as the 

phase shift in the wavefront of the diffracted beams, a large-

area scale grating can be evaluated in a short time [60, 61, 

147]. Figure 30a shows a schematic of how the grating pitch 

(15)Δ�surface(x) = −
(��

Pos
(x) + �Neg(x))

4
− Δ�stage(x)

deviation could affect the phase in the wavefront of the dif-

fracted beam [61]. The wavefront of a first-order diffracted 

beam can be evaluated by using a Fizeau interferometer; 

place the grating in the Littrow configuration under the 

measurement laser beam of the interferometer as shown in 

Fig. 30b. For the evaluation of the X- and Y-directional pitch 

deviations of two-dimensional grating pattern structures, the 

scale grating needs to be rotated about the Y- and the X-axes, 

respectively, to obtain the wavefronts of the diffracted beams.

Attention should also be paid to the flatness error of the 

scale grating when evaluating the grating pitch deviation 

based on the laser interferometric method, since the out-of-

flatness error could also affect the wavefront of the diffracted 

beam. This issue can be addressed by the arithmetic opera-

tion with the wavefronts of the positive and negative first-

order diffracted beams. Now the wavefronts of the X-direc-

tional positive and negative first-order diffracted beams, IX+1 

and IX−1, respectively, can be expressed as follows [61]:

where eX(x,y) and eZ(x,y) denote the X-directional pitch 

deviation and the out-of-flatness error of the scale grating, 

and θLittrow is the Littrow angle. From these two equations, 

the X-directional pitch deviation eX(x,y) can be obtained as 

follows while cancelling the out-of-flatness error eZ(x,y), and 

vice versa [61]:

(16)IX+1(x, y) = 2�
eX(x, y)

g
+ 2�

2eZ(x, y)

�
cos

�Littrow

2

(17)IX−1(x, y) = −2�
eX(x, y)

g
+ 2�

2eZ(x, y)

�
cos

�Littrow

2

Fig. 29  The evaluation of a grating pitch deviation based on the laser 

diffraction method with a multi-axis laser autocollimator [59]. a Opti-

cal sensor head. b Pitch deviation of a scale grating from a commer-

cial optical linear encoder measured by the setup c flatness error of 

the measured scale grating reconstructed from the sensor reading
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In the same manner, the Y-directional pitch deviation 

eY(x,y) can be obtained from the Y-directional positive and 

negative first-order diffracted beams. Figure 31a–c show 

the grating pitch deviation and the out-of-flatness error of a 

two-dimensional scale grating measured by the laser inter-

ferometric method with a commercial Fizeau interferom-

eter. Arithmetic operations described by Eqs. (16), (17), and 

(18) are applied to obtain these results. The two-dimensional 

grating fabricated by the laser interference lithography with 

a nominal grating pitch of 1 μm has successfully been evalu-

ated. This method can carry out a fast evaluation of the two-

dimensional diffraction grating over the area within the field-

of-view (FOV) of the Fizeau interferometer. The validity of 

the above method has been confirmed by the good agree-

ment of the measured pitch deviation and the out-of-flatness 

(18)eX(x, y) =
g

4�

[

IX+1(x, y) − IX−1(x, y)
] error of the scale grating with the errors in the readings of 

the three-axis surface encoder [61].

It should be noted that attention should be paid for the 

out-of-flatness of the reference optical flatness in the Fizeau 

interferometer, since it usually has a peak-to-valley (PV) 

value of λ/20, and cannot be neglected in the precision evalu-

ation of the grating pitch. This issue can be addressed by 

employing the wavefronts of the positive and negative first-

order diffracted beams, as well as the zeroth-order diffracted 

beam, in the modified arithmetic operations [148–150]; 

namely, evaluation of the pitch deviation of a scale grating 

can be carried out while self-calibrating the Fizeau interfer-

ometer employed in the pitch evaluation.

Fig. 30  The evaluation of a grating pitch deviation based on the laser 

interferometric method with a Fizeau interferometer [61]. a A phase 

shift in the wavefront of the diffracted beam due to the deviated grat-

ing pitch. b Measurement of the wavefront of positive first-order dif-

fracted beam under the Littrow configuration

Fig. 31  Grating pitch deviation and the out-of-flatness error of a 

two-dimensional scale grating measured by the laser interferomet-

ric method with a commercial Fizeau interferometer [61]. The two-

dimensional grating has been fabricated by the laser interference 

lithography, and has a nominal grating pitch of 1 μm. a Out-of-flat-

ness of the scale grating. b X-directional pitch deviation. c Y-direc-

tional pitch deviation
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5  Conclusions

In this paper, some techniques for the fabrication of a dif-

fraction grating based on the laser interference lithography 

have been reviewed, while focusing on the fabrication of 

orthogonal two-dimensional gratings to be employed as a 

scale for multi-axis planar/surface encoder. Lloyd’s mirror 

interferometers, which are based on the division of wave-

front system, have superior stability against the external 

disturbances, and are thus suitable for the fabrication of a 

large-area two-dimensional scale grating that requires long 

pattern exposure time. Some innovations have been made to 

the conventional one-axis Lloyd’s mirror interferometer to 

realize the fabrication of a high-precision two-dimensional 

scale grating at a single exposure. Optimizations of the opti-

cal setup have also been carried out to fabricate a large-area 

two-dimensional scale grating required in the state-of-the-art 

scientific and industrial fields.

Some major methods for measurement of a grating pitch 

have also been reviewed in this paper since the accuracy 

of the grating pitch is one of the important aspects of the 

diffraction grating, especially when it is employed as the 

scale for displacement measurement in an optical encoder 

system. A diffraction grating is one of the most important 

optical components in many scientific fields, and many 

efforts have thus been made so far to evaluate the grating 

pitch. Among them, optical techniques based on the laser 

diffraction method and the laser interferometric method are 

appropriate ones for the evaluation of a scale grating to be 

employed in optical encoder systems, regarding the required 

large measurement range, and even now some research pro-

jects are being actively carried out.

Since it is still difficult to find out commercially available 

two-dimensional diffraction gratings in a market, the estab-

lishments of fabrication and evaluation technologies of a 

two-dimensional scale grating described in this paper allow 

researcher/engineers to fabricate their gratings appropriate 

for their applications even in their ordinary research labo-

ratories where available facilities and research budgets are 

limited. These technologies are expected to accelerate the 

research activities where a large-area two-dimensional dif-

fraction grating plays an important role as a scale for multi-

axis displacement or a diffractive optical element in optical 

measuring instruments and products.
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