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Abstract: To fabricate plain holographic gratings with high wavefront quality and to obtain
the wavefront required in varied line-space grating, an active control technology of a diffraction
grating wavefront by modulating the phase distribution of the scanning-beam interference
lithography system was proposed. Sinusoidal wavefront control is simulated, and the controlled
wavefront being almost the same as the target wavefront. A photoresist grating was fabricated
whose surface is uniform and the wavefront is ideally sinusoidal. The theoretical analysis and
experimental results confirmed that the wavefront of the diffraction grating can be actively
controlled by modulating the phase distribution of the scanning-beam interference lithography
system.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The diffraction wavefront is a comprehensive criterion of the grating performance. The
diffraction wavefront of the grating directly determines the spectral quality and resolution, and
the performance indexes such as stray light and ghost line can be analyzed from the wavefront
shape. Therefore, the active control of diffraction wavefront is an important means to improve
the grating performance. Such as the pulse compression grating [1,2] which is a core optical
element in chirped pulse amplification systems. Research into the control of the wavefront of
the diffraction grating is a very important aspect of the chirped pulse amplification systems
development process [3–6]. Researchers in the field believe that wavefront distortions increase
the far-field divergence angle of the laser beam, broaden the width of the spot, affect directly the
focusing properties of the beam, reduce the brightness at the center of the spot and the uniformity
of the far-field radiation of the focal spot, and thereby affect the uniformity of the bombardment
capsule required of the system and the multi-path transmission in the driver, and even seriously
jeopardizing its safe operation. For these reasons, the study of grating diffraction wavefront
control has valuable applications in solid-state laser engineering.

In addition, being a core optical element of the planar grating spectrometer [7], the traditional
grating, with its straight grooves of equal spacing, has the capability to separate spectra but
is unable to provide focusing for spectral imaging. For this reason, a focusing system and an
alignment system are needed in the design of the spectrometer. Additional optical components
for the spectrometer increase the structural complexity, bulkiness, and inconvenience in use as
well as energy losses. In short wave spectrometers such as extreme ultraviolet and soft X-ray
[8], substances absorb large amounts of light energy, making the recording of spectral signals
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difficult. In constructing a compact spectrometer having high resolution, strong dispersive power,
and high diffraction efficiency, the varied line-space (VLS) grating [9–11] with self-focusing
and aberration correction capabilities was developed. By choosing the appropriate fringes
distribution of the VLS grating, the focus position and shape of the focal line of the spectrometer
can be adjusted to correct the aberration of an optical system, without the optical system used
for focusing and collimating. The grating fringe distribution can be expressed by the grating
diffraction wavefront. The VLS grating with the required fringe distribution can be manufactured
by using the active control technology of a diffraction grating wavefront.

Therefore, wavefront control of the diffraction grating mainly involves two aspects. The first is
the control of the wavefront error, which ensures in general that the wavefront is still sufficiently
planar. The second is the active control of the wavefront which, for non-planar gratings or
variable-pitch gratings, means that the grating has a specific wavefront that can be used in optical
systems to compensate for deficiencies of other optical devices.

The scanning beam interference lithography system (SBIL) was first proposed by researchers
at the Space Nanotechnology Laboratory of the Massachusetts Institute of Technology(MIT)
[12–16]. This system combines the advantages of mechanical scribing, holographic lithography,
and laser direct writing [17–21]. Using a small Gaussian beam as a lithographic light source,
interference fringes are partially superposed using splicing lithography to obtain a large-size
holographic grating. The wavefront of this diffraction grating can be adjusted by controlling
the phase distribution of the lithography beam, thereby realizing wavefront control to ensure
that it is still an absolute plane, and to obtain the wavefront required for non-planar gratings or
variable-pitch gratings.

2. Principle of active wavefront control of a diffraction grating

As shown in the schematic diagram of SBIL(Fig. 1), a small Gaussian laser is separated into
two beams as exposure beams and pass through a symmetrically distributed filter for spatial
filtering and beam shaping modulation. They are then spread over the upper surface of a grating
substrate placed on a two-dimensional stage and superposed at the beam waist. During scanning,
the optical path difference of the two beams changes because of disturbances from the external
environment. Deviations occur in the positioning of the displacement platform causing shifts in
the phase of the interference fringes. These shifts in phase are sent to the phase locking system;
subsequently, the phase of the interference fringes is modulated using acousto-optic modulators.

The two lithography beams are superposed at the beam waist to form the same straight periodic
fringes as in plane-wave interference. Therefore, the lithography beam can be regarded as plane
light with a Gaussian profile. The electric field distribution of the left and right beams can be
written as:

E1(x, y) = A1e−(x
2+y2+z2)/w2

1ej((x−xd)k sin θ+zk sin θ−kL1+ϕ0+ω1t)ŷ (1)

E2(x, y) = A2e−(x
2+y2+z2)/w2

2ej(−(x−xd)k sin θ+zk sin θ−kL2+ϕ0+ω2t)ŷ (2)

where A1 and A2 denote the energy constant of the two lithography beams, w1 and w2 denote
the radius of the spot of the two lithography beams at the position of the interference field, xd
denote the positioning error of the displacement platform, θ is the incident angle of the exposure
beam, ω1 and ω2 denote the angular frequencies of the left and right beams after modulation, L1
and L2 the optical path lengths of the left and right beams from the beam splitting grating to the
lithography area, and φ0 denotes the phase constant of the beam after the beam splitting grating.
With λ the wavelength of laser beam, its wavenumber is k=2π/λ.

The small difference between the light spots of the left and right exposure beams has a small
impact on the exposure contrast and has no impact on the phase of the interference fringes.
Therefore, assuming that the two light spots have the same radius, that is, w1=w2=w. The incident
angle of the exposure beam is θ, and the spot on the substrate surface is elliptical. The semimajor
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Fig. 1. Schematic diagram of the scanning beam interference lithography system [22].

axis becomes w/cosθ, along the X direction. The semiminor axis is still w, along the Y direction.
Assuming that the grating base surface z= 0, the light intensity distribution after the coherent
superposition of the two beams can be written as [23]:

I(x, y) = Aexp
[︃
−2

(︃
x2

(w/cos θ)2
+

y2

w2

)︃]︃ [︃
1 + γ0 cos

(︃
2π
p

x + φn(x, y)
)︃]︃

(3)

where ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

A =
√︁
ε/µ(A2

1 + A2
2)/2

γ0 = 2A1A2/A

p = λ/2 sin θ

φn(x, y) = 2π
(︂
−xd/p + (L2 − L1)/λ +

∫
(f1 − f2)dt

)︂ . (4)

In which p is the interference fringe period, γ0 represents the contrast of interference fringes,
and φn(x,y) denotes the distribution in phase shifts for the interference fringes after the coherent
superposition of the two beams from that for an ideal phase of a plane diffraction grating.
Controllable by the scanning lithography system, it is called the phase preset. xd/p measured
by the stage displacement measurement system, (L2-L1)/λ measured by the phase measurement
system and (f 1-f 2) can be modulated by the phase locking system.

In lithography, the two-dimensional stage scans along the Y direction, which is parallel to the
direction of the interference fringe, and scans with speed v. After the scan is completed, the
two-dimensional displacement platform steps in the X direction, which is perpendicular to the
interference fringe direction, and then continues to scan along the Y direction. The exposure
of the upper surface of the substrate can be written as the integral in time of the light intensity
distribution after the coherent superposition of two beams, the exposure of the n-th scan can be
written as:

Dn(x, y) =
+∞∫

−∞

In(x, y)dt =
1
v

+∞∫
−∞

I(x, y)dy = ADn(x, y)
[︃
1 + γ0 cos

(︃
2π
p

x + φn(x, y)
)︃]︃

(5)
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where

ADn(x, y) = A
w
v

√︃
π

2
exp

{︃
−2

[x − (n − 1)S]2

(w/cos θ)2

}︃
, (6)

in which S denotes the step displacement between adjacent scans. Repeat the process of “scanning
exposure - stepping” repeatedly. If the exposure of the whole grating is completed after N
scanning exposures, the exposure of photoresist on the upper surface of the grating substrate is
the sum of the exposure of N tracing exposures, expressed as:

D(x, y) =
N∑︂

n=1
Dn(x, y)

= DB(x)
[︃
1 +

DA(x, y)
DB(x, y)

cos
(︃
2π
p

x + Φe(x, y)
)︃]︃ . (7)

In particular, we have⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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n=1
ADn(x, y)

DA(x, y) = γ0
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ADn(x, y) cos φn(x, y)
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ADn(x, y) sin φn(x, y)
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tanΦe(x, y) =
N∑︁

n=1
ADn(x, y) sin φn(x, y)/

N∑︁
n=1

ADn(x, y) cos φn(x, y)

(8)

where 2πx/p+Φe(x,y) represents the total phase distribution after all N scans, andΦe denotes the
difference in the phase distribution between the grating and the ideal holographic planar grating,
knowing that the wavefront of the diffraction grating deviates from that for an ideal plane by
Φemλ/2π, m is the diffraction order. This means that we need only change Φe to control the
wavefront.

Combining Eq. (3) with the third expression of Eq. (8), we find from the y-direction displacement
that the platform moves continuously, and its phase distribution can also be outputted continuously.
For the stepping motion in the x direction, the phase distribution is determined by the weight
ratio between the preset phase and the preset phase of the adjacent scans of the nth scan. The
edge energy of Gaussian beam is low, the preset phase weight ratio of the adjacent scan is low.
Therefore, the phaseΦe of the center line of this scan is approximately:

tanΦe(x, y) ≈
ADn(x, y) sin φn(x, y)
ADn(x, y) cos φn(x, y)

= tan φn(x, y). (10)

That is,Φe(x,y)≈φn(x,y). The preset phase of the n-th scan can be approximately regarded as
the difference between the lithography phase distribution after the N-th lithographic scan and the
phase distribution of the ideal fringe from a holographic plane diffraction grating with a uniform
grating pitch. The wavefront of the diffraction grating is controlled via the preset phase φn, by
modulated (f 1-f 2) using the phase locking system. As an example, to demonstrate our wavefront
control process, we performed 10 successive scans and plotted the wavefronts of each (Fig. 2).
The blue surface identifies the target wavefront, the blue-green surface highlights the target
wavefront for each scan, and the red curve gives the contribution of the target wavefront from
each scan. Each contribution follows a Gaussian distribution; the ratio increases and decreases
slowly between two successive scans, ensuring a smooth transition for the controlled wavefront.
A comparison of the controlled wavefront with the target wavefront is shown in Fig. 3(a). Again,
the blue surface is the target wavefront, and the blue-green surface is the target wavefront for each
scan. The target wavefront basically matches the control wavefront; their difference is presented
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in Fig. 3(b). Except where no splicing occurs between the first two ends of the lithography
process, the difference between the target wavefront and the controlled wavefront is almost zero,
demonstrating the control of the wavefront of a diffraction grating.

Fig. 2. Control of the wavefront of a diffraction grating.

Fig. 3. Comparison of the controlled and target wavefronts: (a) overlay of the controlled
and target wavefronts, and (b) difference between the controlled and target wavefronts.

3. Simulation analysis and experimental verification

From the above analysis, any wavefront shape can be adjusted by controlling the preset phase
φn(x,y) during the lithography process. The analysis of the simulation was consistent with actual
lithography parameter values. The density of the mask for a plane holographic grating is 1800
gr/mm, and the radius of the beam waist at the substrate is w=0.9 mm. In our study, a step
displacement of S=0.6 mm was chosen; with the number of steps being N=134, the size of the
grating was then 80 mm×80 mm. Because the Y-direction scan is a continuous lithographic
process, we took as an example the control of the vertical fringe direction phase to clarify the
process. Specifically, the preset phase of each scan in the Y direction is a constant value and
is set toΦe(x,y)=πsin(2πx/L), and the target wavefront isΦemλ/2π, where L=80 mm. Setting
m=1, λ=632.8 nm, the target wavefront of the simulated grating (Fig. 4) is sinusoidal with a
photovoltaic value of one wavelength.

From Eq. (10), with φn(x,y) replacingΦe(x,y) in the control system, the preset phase of the
n-th scan becomes φn(x,y)=πsin[2π(n−1)S/L]. After the N-th scan, with N=134, the simulated
control wavefront (Fig. 5) was compared with the simulated grating target wavefront (Fig. 4).
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Fig. 4. Simulated grating target wavefront

The difference between the two wavefronts (Fig. 6) is almost zero except for the parts of the
lithography process where no superposition occurs—the edges segments of the diffraction grating.
In the actual fabrication of the grating, the initial and final positions of scanning can be placed
outside the active grating base to eliminate the uncontrollable influences from the edges of the
grating. After removing these large differences (see Fig. 7), the wavefront in the Y direction
does not change, ensuring the observations are clearer. In a fine scanning of the difference in
the wavefronts in the X direction, we find the difference between the control wavefront of the
lithography part and the target wavefront of the grating is no more than 0.2 nm and hence can be
neglected.

Fig. 5. Simulated grating control wavefront.

Fig. 6. Difference between the target and control wavefronts for a simulated grating.
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Fig. 7. The wavefront in the Y direction after removing the large differences of Fig. 6.

To verify the results of the theoretical calculations and simulations of wavefront control of a
diffraction grating, relevant verification experiments were performed on a prototype of the SBIL
system. In regard to settings, the wavelength of the laser light source is 413.1 nm, the laser output
power 40 mW, and the scanning and stepping speeds of the displacement platform are 7 mm/s and
1 mm/s, respectively. Light exposures were controlled, and the lithography interference fringes
were recorded on a Shipley S1805 photoresist to fabricate the diffraction photoresist grating.
The target wavefront of the grating is the same as the sinusoidal wavefront in simulations. The
surface of the exposed photoresist grating (Fig. 8) is uniform, it does not change significantly
from the wavefront modulation. We used an interferometer (Zygo Corp., Middlefield, CT) to
determine the wavefront of the diffraction photoresist grating. Under the influence of the target
wavefront, the controlled wavefront (Fig. 9) is seen to have a relatively ideal sinusoidal shape.

Fig. 8. Photo of the lithography photoresist grating.
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Fig. 9. Control wavefront resulting from the target wavefront of the grating.

4. Conclusion

A method was proposed for the active control of the diffraction grating wavefront using a SBIL
system. The phase distribution of the plane grating directly reflects the wavefront of the diffraction
grating. SBIL uses a small Gaussian beam as a lithography light source, whose frequency can
be modulated by the acousto-optic modulator of the phase-locked system. Presetting the phase
distribution resolves the problem of controlling the wavefront of the diffraction grating.

With an 80 mm × 80 mm photoresist grating in simulations, the photovoltaic value of the
target wavefront of the grating was sinusoidal. The controlled wavefront was almost the same
as the target wavefront of the grating, except for the edges. The difference between the target
wavefront and the diffraction wavefront is no more than 0.2 nm and hence can be neglected.

In experiments to fabricate this grating, the target wavefront of the grating was the same as in
the simulation, The edges of the grating base were placed outside the scanning area to eliminate
their uncontrollable influences. The surface of the photoresist grating was uniform, and does
not vary significantly under wavefront modulation. The diffraction wavefront of this photoresist
grating was recorded using an interferometer. The control wavefront was relatively sinusoidal,
proving that by the scanning exposure system the main wavefront of the grating can be modulated
by the phase distribution of the plane grating fringe and that the method of dynamic control is
effective.
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