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A grating is an important element of a phase-shifting point diffraction interferometer, and the grating constant
and duty cycle have a great impact on the interferometer, so the design of a grating becomes significant. In order
to measure the projection objective with a numerical aperture of 0.2, we present a joint optimization method of a
pinhole and grating based on scalar diffraction and the finite difference time domain method. The grating constant and the film thickness are selected, and the duty cycle of the grating is optimized. The results show that in
the grating processing the material chromium is adopted, the thickness is 200 nm, and the grating constant is
15 μm. When the duty cycle is 55%, the interference fringe contrast is the greatest. The feasibility of the design
result is further verified by experiment.
OCIS codes: 120.3180, 120.4640, 260.1960, 050.1950.
doi: 10.3788/COL201715.101203.

A phase-shifting point diffraction interferometer (PS/
PDI) is a device with the greatest accuracy so far that
is applied to the detection of wavefront aberration of
the projection objective[1–3]. Having no need of any reference element, the PS/PDI produces a reference spherical
wave with the help of pinhole diffraction, which is why the
measuring result is not restricted by the machining precision of a standard lens and the detection accuracy is very
high. Many PDI studies, either theoretical or experimental, have been performed recently[4–11]. A PS on-axis PDI
has also been investigated, which has a low requirement
on the space-bandwidth of the CCD camera[12]. A transmission grating[13–16] is an important element as well, performing the function of beam splitting, and the grating
constant and duty cycle usually exert a great impact on
the interferometer. A number of researchers abroad to
the PS/PDI have invariably indicated that the duty cycle
of the grating needs to be decided based on an optimized
calculation and the result depends on the projection
objective and the pinhole diameter of the diffraction plate
of the image space, but the calculation methods were not
given[17–19].
Figure 1 shows the schematic of the PS/PDI established
by our laboratory[20,21]. As shown in Fig. 1, the object pinhole spatially filters the light from the source into a perfect
spherical wave. The binary diffraction grating splits the
beam from the object pinhole into multiple diffraction
orders that illuminate the test optics. The PS/PDI mask,
which is located at the image plane of the optical system
under test, is aligned such that the 0th order illuminates
the reference pinhole and the þ1st order falls on the center
of the test window. All the other diffraction orders are
blocked by the mask. The 0th-order wave is spatially
filtered by the pinhole and generates a spherical reference
wave. The þ1st order, which passes through the relatively
1671-7694/2017/101203(5)

large test window and remains undisturbed, contains the
aberration imparted by the test optics. The test and reference beams propagate to the mixing plane, where they
generate an interference pattern recorded by CCD. By
translating the grating perpendicular to the grating line
direction, PS interferometry can be achieved. Here, the
role of the transmission grating is to split the beam.
In this Letter, the grating is designed in order to measure the projection objective with a numerical aperture
(NA)of 0.2. Through joint optimization method (JOM)
of a pinhole and grating based on scalar diffraction and the
finite difference time domain (FDTD), the grating constant and the film thickness are determined, and the duty
cycle is optimized. The optimization method is suitable for
measuring projection objectives with an arbitrary NA.
There are many factors that influence the interference
fringe contrast, for example, the NA of the measured projection objective, the grating constant, the grating film
coating material, the grating film thickness, the grating
duty cycle, and the reference pinhole diameter. In order
to measure the projection objective with NA 0.2, the
present work is distributed into three main parts: the grating constant, grating film material, and thickness were
determined. The theoretical approach and proper equations to retrieve the duty cycle of the grating, in which

Fig. 1. Schematic view of the PS/PDI.
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the grating constant, grating film material and thickness,
and reference pinhole diameter are considered. An experimental is carried out and the results show the rationality.
In the design of a grating for a PS/PDI, the grating constants usually are 20[17], 18[18], or 15 μm[19]. In this Letter,
the grating constant is determined to be 15 μm.
In the visible band (λ ¼ 632.8 nm), the film coating
materials of the grating usually use chromium (Cr) film.
The calculated transmittance curve of Cr by FDTD is
shown in Fig. 2, in which the vertical axis indicates the
normalized optical power. From the transmittance curve,
we can see that when the thickness of the Cr film is
200 nm, the transmittance is 2.44 × 10−6 , so the opaque
part of the grating is able to stop light enough. Therefore,
the thickness of the grating Cr film is determined to
be 200 nm.
The JOM of the duty cycle of the grating is determined
as follows. First, the diffraction efficiency of the 0th order
and the þ1st order of the grating is calculated according to
the distant field Fraunhofer approximation in which the
grating constant, grating film material, and thickness
are considered. Then, the diffraction efficiency after the
0th-order light goes through the reference pinhole will
be calculated by means of FDTD. Finally, the fringe contrast and the optimized grating duty cycle are obtained.
The single-slit diffraction characteristics under spherical wave illumination are studied, and then the analysis
is extended to grating diffraction. It is assumed that
the point light source is located in the vertical surface
of the slit center with a width of 2a, as is shown in Fig. 3.
According to Rayleigh–Sommerfeld diffraction, the
integral formula is

U ðpÞ ¼

A
jλ

ZZ
Σ

exp½jkðr 0 þ rÞ
K ds:
r 0r

Fig. 3. Single-slit diffraction.
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U ðpÞ ¼

ZZ
K expðjkβÞ ds:
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In Eq. (2), l refers to the spacing from the slit to the
image surface and expðikβÞ is the phase difference between
point p0 and point p in the image plane. Without regard to
sub-wave diffraction, the amplitude when the light emitted from the light source transmits to point p0 is
u0 ¼

A
exp½jkðr 0 þ lÞ:
r0 þ l

(3)

Letting 1∕f ¼ ð1∕r 0 Þ þ ð1∕lÞ, then f ¼ r 0 l∕ðr 0 þ lÞ,
then Eq. (3) can be expressed as
u0 ¼ f

A
exp½jkðr 0 þ lÞ:
r 0l

(4)

Substituting Eq. (4) into Eq. (2), we get
u
U ðpÞ ¼ 0
jλf

(1)

In Eq. (1), A refers to a constant, k ¼ 2π∕λ is the wavenumber, and K is the inclination factor K ¼ cosð!
n ;!
r Þ.
According to the Rayleigh–Sommerfeld diffraction formula, the complex amplitude distribution of point p on
the image surface can be gotten from the axis point p0 ,
as follows:
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ZZ
K expðjkβÞ ds:

(5)

Σ

!
n ; d Þ ¼ cos 0 ¼ 1, and Eq. (5) can be
For p0 , K ¼ cosð!
expressed as
u
U ðpÞ ¼ 0
jλf

ZZ
expðjkβÞ ds:

(6)

Σ

In Eq. (6), β is the optical path difference between p0
and p. Expanding β and ignoring the higher-order items,
we get
U ðpÞ ¼

u0
jλf

ZZ
Σ
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Equation (7) can be organized as
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Fig. 2. Cr film transmittance versus thickness.
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When one side of the matrix aperture b → ∞, the matrix
aperture becomes a slit. So, Eq. (8) can be expressed as
u l
U ðpÞ ¼ p0 ð1 þ jÞ
jf 2λl



jk
2
ðx − ζÞ dζ:
exp
2l
−a

Z

a

(9)

Im ¼ I0

Equation (10) is the single-slit diffraction formula under
point light source illumination.
The Fraunhofer approximation of multiple-slit diffraction is


sinðN δ∕2Þ
δ
exp jðN − 1Þ :
U ðpÞ ¼ A
sinðδ∕2Þ
2


FðζÞ ¼

 2 Z


a
u0
jkx
jkxζ
dζ
exp −
U ðpÞ ¼ p ð1 þ jÞ exp
2l
l
j 2λl
−a


sinðN δ∕2Þ
δ
exp jðN − 1Þ :
×
sinðδ∕2Þ
2
(12)

Z



2
j2mπζ
dζ :
FðζÞ exp −
d
−a
a

(15)

1
exp½jkzðδ þ jβÞ

ζ ∈ ½−a; a
:
ζ ∈ ða; d − a

(16)

In Eq. (16), 1 − δ and β refers to the real and imaginary
parts of the reflecting index of the metal material used for
the grating line and z refers to the thickness of the
material. When Eq. (16) is substituted into Eq. (15), it
is expressed as
Im

(11)

In Eq. (11), A refers to the amplitude of incident light,
δ ¼ ð2π∕λÞd sin θ is the optical path difference, N is the
number of slits, d is the grating constant, and θ is the
diffraction angle. From Eqs. (10) and (11), we get
the multiple-slit diffraction formula

1
d2

In PS/PDI, a rectangular linear grating is used whose
structure is shown in Fig. 4, and the pupil function of a
linear grating is

Making use of the Fraunhofer approximation[22], removing the higher-order integral, letting f ≈ l, Eq. (9) is described by

 2 Z

a
u0
jkx
jkxζ
dζ:
exp −
U ðpÞ ¼ p ð1 þ jÞ exp
l
2l
j 2λl
−a
(10)
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a
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From Eq. (17), we can get the grating diffraction intensity of different orders.
The grating parameter of the PS/PDI is d ¼ 15 μm,
the material of the grating ruling is Cr. According to
processing conditions, the thickness of the grating film
is 200 nm and the refraction index of Cr is 2.65 þ 3i. Under
the condition of a different duty cycle, the diffraction
efficiency of the 0th order and þ1st order is shown Fig. 5.
We can see that with the increase of duty cycle (in this
paper, the duty cycle of the grating refers to the ratio of
the transparent part and the grating constant), the diffraction efficiency of the 0th order increases and that of
þ1st order first increases and then decreases.

Therefore, the intensity distribution of the grating
diffraction is
I ðpÞ ¼ U ðpÞ
¼

2


 Z


2
u 20 sinðN δ∕2Þ 2 a
jkxζ
dζ :
exp −
λl sinðδ∕2Þ
l
−a

Fig. 4. Structure of the rectangular linear grating.

(13)

When δ ¼ 2πd sin θ∕λ ¼ 2mπ, the interference factor
has a maximum value; in other words, I ðpÞ has a maximum value so that the diffraction order is realized. The
expression of the maximum value is
Im ¼ I0

 Z



2
1 sin N mπ 2 a
jkxζ
dζ :
exp
−
2
l
d N sin mπ
−a

(14)

Considering the transmittance of the grating line, if expressed in the pupil function FðζÞ[23], and when the intensity has a maximum value we get

Fig. 5. (Color online) Curve of the grating diffraction efficiency.
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The 0th-order light of the grating diffraction needs to go
through the reference pinhole in the PS/PDI mask, so the
transmittance of the different diameter reference pinhole
in the PS/PDI mask is calculated with the method of
FDTD, which is shown in Fig. 6. The light transmittance
increases with the increase of the diameter of the pinhole.
For the projection objective with an NA of 0.2, the pinhole
diameter of PS/PDI mask is determined to be 1.5 μm[24]
and therefore the intensity transmittance is 0.3566.
When 0th-order light interferes with þ1st-order light,
the interference fringe contrast is
p
2 I 0I 1
:
K¼
I0 þ I1

Fig. 7. Curve of the interference fringe contrast.

Table 1. Grating Design Parameters for PS/PDI
Grating
Constant
(μm)

Duty
Cycle

Film
Thickness
(nm)

Film Coating
Materials

15

55%

200

Cr

(18)

The curve of the interference fringe contrast is shown
in Fig. 7.
From Fig. 7, we can see that when the duty cycle of the
grating is 0.55, the curve has a peak; that is, the contrast of
interference fringe is the biggest.The interference fringe
contrast decreases rapidly with the increase in duty cycle.
The experiment is carried out and the apparatus is shown
is Fig. 8. The projection objective is a 20X-demagnification
Schwarzschild objective whose NA is 0.2, and the reference
pinhole diameter is 1.5 μm, wherein the grating structure
adopts the above design method. Table 1 is the grating
structure parameters.
The PS/PDI structure of the homemade grating and
interferograms are shown in Fig. 8.The interferogram has
a good intensity contrast and clear fringe. From the

Fig. 6. Curve of the pinhole transmittance.
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Fig. 8. PS/PDI structure of the homemade grating and interferograms. (a) A grabbed interferogram, (b) an interferogram
of the removed background, (c) the homemade grating adopts
the design method in this Letter, (d) an enlarged view of (b),
and (e) a Zernike coefficient diagram of the measurement results.

interferogram of the removed background [Fig. 8(b)], we
can calculate that the interference fringe contrast is 90%.
The homemade grating adopts the design method in this
Letter is shown in the Fig. 8(c). We then use PS/PDI to
measure the projection objective of NA 0.2. Using the
phase-shift method and acquiring five interferograms of
the removed background, the projection objective wavefront aberration can be measured. Figure 8(e) is the Zernike
coefficient diagram of the measurement results. According
to the final calculation, the peak to valley (PV) value of the
measured projection objective is 0.6140λ and the rootmean-square (RMS) value is 0.07109λ. Such a result is
consistent with the measurement results of commercial
equipment Zygo (PV ¼ 0.6096λ, RMS ¼ 0.07206λ).
A diffraction grating is an important element of a
PS/PDI that performs important functions. We clarify
the method of designing the grating for a PS/PDI, determine the grating constant, and present the principles for
the selection of the film thickness. We also optimize and
calculate the duty cycle of the grating by JOM of the pinhole and grating based on scalar diffraction and FDTD so
that the interference fringe with the greatest intensity
101203-4
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contrast is obtained. This Letter guides the processing of
the grating with design result, and the experiment shows
that interference fringes with excellent contrast can be
obtained and the measuring result is true. The design
method in this Letter is suitable for projection objective
measurements with arbitrary NA.
This work was supported by the Major Scientific Instrument Development Project of the National Natural Science Foundation of China (No. 11627808), the National
Natural Science Foundation of China (No. 61675026),
and the National Science and Technology.
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