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High-sensitive interferometric control
of the quality of diffractive elements

A.M. Lyalikov

Abstract. The prospects of the long lateral shear inter-
ferometry for controlling the quality of diffractive elements
are shown. In this case, use is made of two diffractive
elements, one of which is under investigation, and the other is
the model one. A universal device is proposed to control the
quality of the diffractive elements of both transmission and
reflection types. We present the results of experimental
realisation of the technique for the quality control of
production of two-dimensional amplitude masks and reflection
diffraction gratings.
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1. Introduction

Various diffractive elements made in the form of spatial
periodic structures have recently found wide application in
the measuring technology as optical elements [1]. Periodic
structures formed on the test object in the form of
measuring grids or used in various optical devices [2, 3]
must meet certain metrological requirements [4]. These
requirements imply the need of compliance of the groove
quality of such a structure with that of a model structure.

The most accurate methods for controlling the quality of
periodic structures are the interferometric method and its
holographic variants [5—8].

Long lateral shear interferometry in the case when the
value of the shear exceeds the transverse dimensions of the
object under study has found practical application in the
investigation of optical inhomogeneities of phase objects
[9, 10]. We have considered [11— 14] various approaches for
improving the mapping sensitivity of optical inhomogene-
ities of phase objects for the holographic long lateral shear
interferometry.

In this paper we show the prospects of the long lateral
shear interferometry for controlling the quality of the
diffractive elements. During this process two diffractive
elements are comparatively analysed: one of the elements
is controlled and the other is the model one.
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2. Interferometric control device

Figure 1 shows the optical scheme of a device allowing one
to carry out interferometric quality control of diffractive
elements of transmission and reflection types.
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Figure 1. Optical scheme of the device for the interferometric quality
control of the diffractive elements: (/) laser light source; (2) mirror; (3,
4) telescopic system; (5, 6) and (7, 8) model and controlled diffractive
elements of transmission and reflection types, respectively; (9, 10)
positions of the semitransparent mirrors in the regimes of the quality
control of transmission and reflection elements, respectively; (/1) lateral
shear interferometer; ( /2) plane of the interference pattern.

The collimated probe light beam is formed by a laser
light source ( /), mirror (2), and telescopic system (3, 4). It
should be noted that high requirements are imposed on the
quality of optical elements of the telescopic system forming
a planar wavefront. Due to the fact that the model and
controlled diffractive elements of both transmission and
reflection types [(5, 6) and (7, 8), respectively] are located
in different parts of the probe beam wavefront, the radiation
light source (/) should have a high degree of spatial
coherence to obtain high quality interference patterns.
For interferometric control, we wused the LGN-212
helium —neon laser, which emits at a wavelength of 633 nm.

By rotating the semitransparent mirror, a part of the
probe beam is used for the quality control of transmission
[position (9)] and reflection [position (/0)] diffractive
elements. In the first case, the probe light beam [after
passing through the model and controlled elements (5)
and (6)] is directed by the semitransparent mirror (9) to the
interferometer ( //), which implements a long lateral shift,
exceeding the linear dimensions of the optical elements.
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As a long lateral shear interferometer we used in the
experiments a compact interferometer [8, 9] based on four
mirrors (Fig. 2). The interferometer had an optical spatial
filtering system, traditionally [I15] in the form of two
objectives (7, 9) and aperture (8) with a pinhole. This
system was designed to extract, from the whole set of light
beams diffracted by the model and the controlled elements
in different diffraction orders, only two beams diffracted by
these elements in the same order. The telescopic system
(1, 2)located at the interferometer input was used to reduce
the beam diameter.
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Figure 2. Scheme of the lateral shear interferometer: ( /, 2) objectives of
the telescopic system; (3—6) interferometer mirrors; (7, 9) objectives of
the optical spatial filtering system; (8 ) aperture with a pinhole.

When controlling the quality of the reflection diffractive
elements, the probe light beam passes through the semi-
transparent mirror (Fig. 1) and diffracts by the model and
the controlled elements (7) and (8). The diffracted beams
are directed into the interferometer (//) by the semi-
transparent mirror ( 10).

3. Method of the interferometric control

When implementing the technique of the interferometric
control, the model (M) and controlled (C) diffractive

elements (5) and (6) or (7) and (8) (Fig. 1) of trans-
mission or reflection types, respectively, are placed in
different halves of the cross sections (zones 1 and 2) of the
probe light beam, as shown in Fig. 3a. Let us match the
coordinate system xy with the planes of the model and
controlled diffractive elements (Fig. 3a). We assume that
the optical system forms the object wave with a plane
wavefront. In this case, the aberrations of the optical
control system can be neglected. If this condition cannot be
fulfilled, we should take into account the systematic error
component arising from wavefront aberrations to ensure
the control reliability.
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Figure 3. Schematics of the light beam cross section (circle) as well as of
the model (M) and controlled (C) diffractive elements (rectangles), after
the light beam passes through these elements (a) and the first and second
interfering light beams shifted in space by s are superimposed in the
plane of the interference pattern formation (b).

To simplify the description of the technique, we assume
that the projections of the grooves of the periodic structures
of the diffractive elements on the xy plane are oriented
parallel to the x axis. We present the expressions for the
amplitude transmission (or reflection) coefficients of the
controlled and model diffractive elements in the form

<X 2nny
Tne(X,) = Y ayexp |:T+n(/)m,c(xay) , (1)

n=-—00

where the parameters with the subscript ‘m’ refer to the
model element, and with the subscript ‘c’ — to a controlled
one; a, are the coefficients; n is the diffraction order; P is
the average period of the projection of the structures on the
xy plane; ¢, (x,y) are the functions that determine the
deviation of the periods of the projections of the structures
of controlled and model elements from the average period
P. It is obvious that the difference between the functions
@m(x,») and ¢ (x,y) can be used to estimate the deviation
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of the parameters of the periodic structure of the controlled
element from the parameters of the model element.

The probe beam (after passing through diffractive
elements or after reflecting from these elements) is a set
of diffracted elements which propagate at different angles to
the optical axis of the device, the angles being determined by
the spatial frequencies of the beams 5,. The expression for
the phase @,(x,y) of any light wave can be conveniently
represented in the form of separate expressions for each of
the zones (zone numbers are indicated in Fig. 3a):

_ 2Tcnny + nony (xvy) for zone 17
Pal7) = { 2,y + ne(x,y) for zone 2, @

where 1, = cosa,/A; o, is the angle between the propaga-
tion direction of the beam diffracted to the nth order and
the axis y; 4 is the wavelength.

Consider the peculiarities of the interference pattern
formation. For the first light beam extracted by the optical
spatial filtering system in the interferometer (/1) (Fig. 1),
we will use the same coordinate system xy and designations
of optical elements as in Fig. 3a. For the second beam
extracted by the optical spatial filtering system, we will
introduce the coordinate system x’y’ and denote the model
and controlled diffractive elements by M’ and C’, respec-
tively. We assume that the first light beam propagates
strictly along the optical axis of the device and the second
— at some small angle to the axis of the first beam. The
expressions for the complex amplitudes of the light waves,
generated in the interferometer and extracted by optical
spatial filtering system, can be represented, in this case, in
the coordinate systems xy and x'y’:

i 1 + exp{i[on(x,»)]} for zone 1,
A(x,y)oc{ 1 + exp{i[p.(x,»)]} for zone 2, 3)

1 +exp{i[(2n/A)(x" cos o + ¥’ cos B)

+ 2 N f v,
A'(x"y") o Pm(x ) )]}, , or zlone @

1+ exp{i[(2n/4)(x" cos o + y" cos B)

+o.(x, v} for zone 2/,

where o and f are the angles between the propagation
directions of the second light beam and the axes x’ and y’,
respectively. The expression for the complex amplitude of
the second light wave (4) in the coordinate system xy can be
written in the form

1 4 exp{i[(2n/A)(x cosa + y cos ff)

4'(x,7)oc + @ (x f s, 0]} for zone 1’, )
1+ exp{i[(2n/4)(x cos o + y cos B)
+ @ (x —5,»)]} for zone 2.

When controlling the quality of the elements, the value
of the lateral shear s is chosen equal to the distance between
the centres of the model (M) and controlled (C) diffractive
elements (Fig. 3b). In other words, the shear s must be such
that in the observation plane (/2) (Fig. 1) of the interfer-
ence pattern, the images of the controlled element C formed
by the first light beam are superimposed with the images of
the model element M’ formed by the second beam (Fig. 3b).
Thus, in the plane (/2) two light waves, described by the
expressions (3) and (5), are superimposed to form an
interference pattern in the superimposed zones 2 and 1’

for the first and second light beams, respectively. The light
intensity distribution I(x, y) in the interference pattern in the
plane (12) is described by the expression

I(x,9) = [A(x,y) + A" (e, )][A"(x,9) + A" (x, )] (6)

Taking into account the interference pattern formation
only in the superimposed zones 2 and 1’, we obtain, in view
of expressions (3), (5), and (6), the intensity distribution

I(x,y) ~ 1 + cos[2n(éx + ny) + 8], (7

where ¢ =cosa and # =cosf/A are the parameters
characterising the width and orientation of the interference
fringes that are determined according to (5) by the
propagation direction of the second light beam; d¢ =
|@m(x,¥) — @.(x,y)|. Distribution (7) characterises the
differences of the controlled diffraction element from the
model one, the differences being governed by the phase
distribution d¢.

To improve the control reliability, it is desirable to
obtain several interference patterns with various fringe
adjustments defined by the parameters ¢ and #. Obtaining
the interference pattern in the fringes of infinite width
corresponds to ¢ =0 and # = 0. To adjust the interference
fringes horizontally, the condition ¢ = 0 should be met, and
vertically — the condition = 0. The fringe widths P, and P,
for the last two special cases will be determined by the
parameters n and ¢, respectively, i.e., P, = A/cosf and
P.=1/cosa. )

We noted above that in obtaining the interference
pattern in the plane (/2) (Fig. 1), the images of the
controlled element C and model element M’ (Fig. 3b)
formed by the first light beam and second light beams,
respectively, should be exactly superimposed. The accept-
able inaccuracy in superimposition of the images of the
elements C and M’ in the plane xy can be found from the
condition under which this shear leads to a bend of the
interference fringe by a value of no more than 0.1 period.

4. Experimental realisation of the control
method

The above method of the interferometric control was tested
for diffractive elements of transmission and reflection types.

We controlled the quality of the amplitude masks
representing a two-dimensional periodic structure in the
form of 40-um-thick stretched thin threads, arranged cross-
wise. These diffractive elements were used as measuring
grids, intended for studying phase objects by the defocused
grid method [16], as well as to visualise the surface shape by
the fringe projection method [17]. Fabrication of metal
diffraction gratings made it possible to use high-power
radiation sources in measuring systems.

The average period of the structures was 165 pm. To
ensure the high quality of the amplitude mask required the
control of the compliance of the structure period with the
model amplitude mask period. Figure 4 shows the diffrac-
tion spectrum of a cross grating, observed in the back focal
plane of the objective, when the grating is illuminated by
coherent light. The interferometric control device is config-
ured to operate in the regime of the quality control of the
transmission diffractive elements, i.e., the semitransparent
mirror is set to position (9) (Fig. 1). The model and
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Figure 4. Diffraction spectrum of the controlled two-dimensional trans-
mission diffraction grating.

controlled amplitude masks measured 140 x 110 mm in size.
Figure 5 shows the interference patterns in the fringes of
finite width, reflecting the difference between the behaviour
of the functions ¢, (x,») — @.(x,y) for the diffraction
grating formed by the vertical threads.

Figure 5. Interference patterns showing (with different sensitivities) the
differences between the controlled and model gratings. The patterns were
obtained by extracting +1st (a) and +3rd (b) diffraction orders by the
optical spatial filtering system.

The first interference pattern (Fig. 5) was obtained as
described above: the optical spatial filtering system extracted
+1st diffraction orders. The second interference pattern was
obtained by extracting +3rd diffraction orders (Fig. 5b)
placed on a horizontal line in the spectrum of the diffraction
grating (Fig. 4). The sensitivity of the difference mapping
Om(x,7) — @ (x,») in the latter case is increased by three
times, which is evidenced by a large bend in proportion to
the interference fringes in the central zone of the super-

imposed image masks. The second interferogram makes it
possible to determine more accurately the difference in the
arrangement of the threads in the structure from their
location in the model structure. For example, it follows
from the interference patterns that in some areas of the
central zone of the amplitude mask under study this
difference is about 80 um.

We also controlled the quality of the reflection diffrac-
tion gratings, which form a system of spatially divergent
light beams in the device. In addition to the equalisation of
the diffraction efficiency of diffraction orders, the given
diffractive element should ensure the formation of the
wavefront of a particular shape. Figure 6 shows the results
of the interferometric control of the reflection diffraction
grating quality by using the procedure described above. We
used +4th diffraction order to obtain the interference
patterns. We obtained the interference patterns with differ-
ent fringe adjustments, which confirms the need to increase
the sensitivity in the process, especially when visualising
small differences between the controlled element and the
model one. We failed to visualise on the interference pattern
in the fringes of infinite width any differences in the shapes
of the wavefronts formed in +4th diffraction orders by the
controlled and model elements (Fig. 6a). If the fringes were
adjusted successfully, in this case these are fringes of finite
width located horizontally, we managed to observe a slight
defect in the lower part of the controlled diffractive element,
which manifests itself as the curvature of the fringe
(Fig. 6b). This curvature corresponds to the deviation of
the wavefront of the beam diffracted in the +4th order from

Figure 6. Interference patterns showing the deviation of the wavefront
formed in the +4th order by the controlled diffraction grating from the
front formed in the same order by the model grating. The patterns were
obtained in the fringes of infinite (a) and finite (b) width.
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the model wavefront of the beam diffracted in the same
order at ~ 0.14. It should be noted that in the interfero-
metric control of the quality of the diffractive element with
the lower diffraction orders, this defects cannot be observed.

5. Conclusions

Thus, the developed technique and universal device for the
interferometric control of the diffractive element quality
allow relatively simple implementation of the quality
control of elements of transmission and reflection types
and can be used in the manufacturing environment. This
technique can also be successfully applied for the certifi-
cation of diffractive elements.
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