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To improve the quality of grating masks made by scanning beam interference lithography, this article established
a mathematical model of step-scanning exposure and analyzed the effects of the beam drift error on the inter-
ference image. Beam angle drift can be decomposed into the drift error , in the exposure plane (XOZ plane) and
the drift error §, perpendicular to the plane. Analysis shows that the §, has a major impact on the interference
fringes during exposure, which may affect the precision of phase lock. §, leads to the appearance of deflected
interference strips and affects the exposure dose. When a low-frequency drift error appears in the light path, the
exposure contrast on the photoresist will decrease with the exposure process, which makes the fabrication of
large-size diffraction gratings difficult. Furthermore, taking advantage of the characteristics of a scanning beam
interference lithography system, an exposed beam stable system was designed that can effectively suppress the
low-frequency drift of the beam. The total beam angle control accuracy is better than the 2.7 prad, and position

control accuracy is better than 3.9 pm (both for 16), which achieves the expected goal of the design.

Optical Society of America

© 2017

OCIS codes: (050.2770) Gratings; (220.3740) Lithography; (220.4830) Systems design.

https://doi.org/10.1364/A0.56.004138

1. INTRODUCTION

Large-area holographic gratings are widely used in inertial con-
finement fusion laser driver systems. In the 1990s, to avoid
static interference exposure in the production of large-area
holographic gratings on lens materials and lens processing
difficulties, researchers at the Massachusetts Institute of
Technology (MIT) proposed a new method of making holo-
graphic gratings: scanning beam interference lithography
(SBIL) [1-4]. Its principle is to make two Gaussian laser beams
pass through the waist of a small-diameter optical system inter-
ference and by precise two-dimensional platform stepping-
and-scanning, record the interference fringes in a substrate
coated with a photoresist, thus fabricating a large-area grating
mask. The SBIL technology is a blend of the characteristics of
holographic gratings [5-7] and ruled gratings [8—10], and it can
expose multiple fringes at the same time, although the inter-
ference images need to be precisely spliced. Because of the
small-sized exposure, the SBIL technology has the advantages
of high wavefront quality and uniformity of interference
fringes. But the scanning beam interference lithography system
is very complex, and the time large-grating production takes
is long; it requires extreme precision conditions and control
levels. Therefore, analyzing and controlling errors in the SBIL

1559-128X/17/144138-08 Journal © 2017 Optical Society of America

system is significant to the successful fabrication of large size
gratings.

The SBIL technology is affected by the quality of the grating
mask. An ideal grating mask should be prepared with a specific
ratio and groove depth, and the bottom of the tank should be
clean without residue on the sidewall of the rectangular groove.
To date, there has been much fruitful work [11-14] on the
relationship between the fabrication parameters of holographic
grating masks and photoresist etching. Based on the develop-
ment model of two-value photoresist [15], Montoya [1,16] at
MIT has analyzed the influence of fringe period errors on the
exposure contrast and discussed the relationship among con-
trast, exposure, and groove depth, given the tolerance of fringe
period errors. However, there is little analysis of the effects of
other errors on exposure in the SBIL system.

Because the SBIL technology adopts the stepping-and-
scanning exposure mode, and the exposure time is longer,
the laser beam will drift with time. There are three main factors
that cause drift error: 1. the output beam of the laser has its own
drift; 2. the laser and the optical system are on different foun-
dations, so the difference in their vibrations leads to beam drift;
and 3. the exposure light path is long, and many optical ele-
ments are arranged in the system, so the beam is prone to be
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disturbed in the transmission process. The existence of beam
drift error will lead to changes in the exposure parameters dur-
ing the exposure process, resulting in a decrease in the uniform-
ity of the mask and poor quality. Therefore, it is necessary to
analyze the influence of the beam drift error in the stepping-
and-scanning exposure process for the SBIL system.

This paper proposes a mathematical model for the effect of
beam drift error on stepping-and-scanning exposure in the
SBIL system and analyzes the influence of different drift errors
on the system. It can provide theoretical guidance for the design
of exposure systems and improve the quality of grating masks.
At the same time, owing to the characteristics of the SBIL sys-
tem, a beam stabilization system is designed that can suppress
the beam drift error and meet the requirements of the exposure
system.

2. SBIL SYSTEM EXPOSURE MODEL

The scanning beam interference lithography system creates an
interference pattern using two collimated Gaussian beams at the
waist; then, the precision platform drives the two-dimensional
motion of the grating substrate and the interference fringes are
exposed on the grating substrate coated with photoresist, as
shown in Fig. 1(a). The direction of movement along the in-
terference fringe is defined as the scanning direction (OY axis);
the direction perpendicular to the interference fringe is defined
as the step direction (OX axis). Because the energy distribu-
tion of the beam is a Gaussian distribution, to ensure the uni-
formity of exposure on the substrate during the exposure
process, the energy needs to be partially overlapped in the
two scanning directions. If the interference image waist radius
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Fig. 1. Schematic diagram of the step-and-scanning exposure in SBIL.
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on the substrate is @, the step interval is usually § = 0.8w. The
normalized exposure to overlap exposure is shown in Fig. 1(b);
at this point, the uniformity of the exposure of the middle part
is higher than 99.9%, which meets the demand for exposure
uniformity.

A Gaussian beam is a plane in the beam waist position, and
according to the Gaussian beam propagation formula, the com-
plex amplitude distribution of the beam on the substrate can be

2 2 in O
E; =Aexp (— #) exp (z’Zﬂ:su/l1 x), (1)
@

2 2 in 0
Ep=Aexp <— #) exp <i27r 51r/11 x) (2
o)

The intensity distribution of the interference field is formed
after two-beam coherent superposition:

[(96)/) = ]L(x),)/) + [R(x))’)

2
+2+/1 (% ) (%, y) cos (?ﬂx—{—(po), (3)

where A is a constant, @ is the waist radius, 7; = |E;|2,
IL = |Eg|2, and ¢y is the initial phase. p = 4/2 sin 0 denotes
the beam interference fringe period, where @ is half of the two-
beam angle. The subscripts R and L in the formula represent
the right and left laser beams, and this convention is also
used below.

3. BEAM DRIFT ERROR ANALYSIS

A. Analysis of Beam Angle Drift Error

In the SBIL system, the Gaussian beam is emitted from the
laser to the optical platform. To eliminate the influence of the
laser’s vibration on the exposure, the laser and the optical plat-
form are usually removed, meaning there are some differences
between the laser and optical platform, which will inevitably
lead to the introduction of some drift to the laser beam.

A schematic diagram of SBIL is shown in Fig. 2. The ex-
posure beam transmission plane is the XOZ plane. The inter-
ference fringe direction is perpendicular to the beam plane,
which is the OY direction, and the interference pattern plane
is the XOY plane. During the exposure process, one side of the
exposure beam relative to the initial exposure beam has a
certain angle drift ¢, as shown in the dotted line in the figure.
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Fig. 2. Schematic diagram of the beam angle drift.



4140 Vol. 56, No. 14 / May 10 2017 / Applied Optics

The influence of the angular drift in different directions on the
system parameters is different, and system requirements for dif-
ferent parameters are not the same. For this reason, the angle
drift is divided into the drift 8, in the XOZ plane and the drift
0, perpendicular to the XOZ plan. According to the spatial
geometry: cos ¢ = cos &, cos .

The variation of the beam angle 6, in the XOZ plane has an
influence on the period of the interference in the exposure
process, which affects the precision of the fringe stitching.
The drift 5y, which is perpendicular to the XOZ plane, will
lead to a certain deflection of the fringe direction, reduce
exposure contrast during scanning, and broaden the line.
Next, the effects of these two kinds of drift on the SBIL system
will be analyzed in detail.

1. Influence of Angular &, on the Fringe Period

The SBIL system precision-stitches the fringes using phase-
locking technology, which compensates for the phase change
caused by substrate displacement using an acoustic optical
modulator (AOM). The interference fringe period is the key
parameter for the conversion between the substrate displace-
ment and the grating phase in the phase-locking system.
The period of interference fringe has shifted during the
exposure, which means the benchmark of phase locking has
changed; this would affect the grating mask groove. In this
section, the influence of beam angle drift on the interference
fringe period will be analyzed.

The two laser beams are incident on the grating substrate
with wavelength 4, so the fringe period p can be obtained as
follows:

A
~ 2sin @ @

The 6 in the formula denotes the angle between the expo-
sure beam and the grating substrate normal. In the process of
making holographic gratings, the interference period can be
adjusted by changing the angle between the two beams to
achieve the purpose of making different line density gratings.

In the actual exposure system, because of the impact of the
external environment, the exposure beam in the XOZ plane has
an angle drift 8., as shown in Fig. 3, which represents the differ-
ential between the two ends of the formula (4):

dp A cos

P - Zpsin2 0

?

(5)

According to the above analysis, the effects of beam angle
drift 6, on grating period were simulated, as shown in Fig. 4,
in which the incident wavelength A was 413.1 nm and values of
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Fig. 3. Schematic diagram of the beam angle drift §,.
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Fig. 4. Influence of beam angle drift on the fringe period.

the grating line density p were 1/600 gr/mm, 1/1200 gr/mm,
1/1800 gr/mm, and 1/2400 gr/mm.

The abscissa in the figure shows the variation of the beam
angle &, in the XOZ plane. The ordinate represents the relative
change in the interference period, with units of ppm. The fol-
lowing conclusions can be drawn from the figure:

(1) The period of the interference varies linearly with the
beam angle drift; as the beam angle drift increases, the fringe
period changes more sharply;

(2) Under different grating periods, the influence of beam
angle drift on the fringe period is not the same; when the gra-
ting line density is small, the effect of beam angle drift on the
fringe period is more obvious. This result means that larger gra-
ting periods require more stringent requirements for beam
angle drift.

Specifically, with an exposure wavelength 1 of 413.1 nm
and a grating period p of 555.6 nm (1/1800 gr/mm), the pre-
cision of the grating period needed to keep within 10 ppm
in the exposure process leads to a beam angle drift value of
8, = £4.005 x 107 rad, which means that the beam angle
drift should be controlled within +4 prad.

2. Influence of Angle Drift 5, on the Interference Direction
and the Contrast

In the SBIL system, it is expected that the direction of inter-
ference fringes is strictly parallel to the scanning direction, to
ensure the continuity of the latent image grating in the process
of scanning. In fact, there is a certain angle between the inter-
ference fringe and the scanning direction; there is also a drift in
the beam angle, leading to a change in the direction of the
fringes. In this section, we will analyze the influence of the drift
d,, which is perpendicular to the XOZ plane, on the direction
of interference fringes and the exposure contrast.

For the laser beam in the transmission plane (XOZ plane),
the direction vector of the left beam is 17 (0, sin 6, - cos ), the
direction vector of the right beam is (0, - sin 8, - cos 6), and
the direction vector of the interference fringes is R(1, 0, 0), as
shown in Fig. 5. It is assumed that there is a drift &
perpendicular to the XOZ plane in the right side of the expo-

sure beam, so the direction vector of the right beam is changed
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Fig. 5. Effect of angle drift 5, on direction of interference fringes.

to Ig(sin 5, -cos 6, sin 6, - cos &, cos 0). At this time,
the direction vector of the interference fringes s
R'(sin 20 cos 6, cos 0 sin 6, sin 6 sin §,), and it can be cal-
culated that the direction change §; of the interference fringes
in the XOY plane caused by the angular drift is

_ tan 5y
' 2sin@

tan (6)

Because of the existence of the beam angular drift §,, the
direction of the interference fringe is deflected on the exposure
plane. For example, when the exposure wavelength 1 is
413.1 nm, the grating period p is 555.6 nm, and the exposure
beam has a drift 5, of 10 prad; the direction of the interference
fringes ¢, is 13 prad.

The SBIL system uses the scanning exposure mode, limited
to the precision of the guide rail and the adjustment precision
of the fringe direction, so there exists an inherent declination &;
between the interference fringe direction and the scanning
direction. Therefore, the angle between the interference fringe
direction and scanning direction is 8y = &, + §; in the expo-
sure process, as shown in Fig. 6.

Because there is an angle §y between the fringe direction and
the scanning direction, Eq. (3) becomes
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Fig. 6. Schematic diagram of the influence of the angle J, between
the fringe direction and the scanning direction on the scanning exposure.
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I(x,9) = 106 y) + 1% )
23/, o) (o) cos [2; (5 + 609) + coo}. )

During each scanning process, the substrate moves along the
OY direction with a movement speed of v, so the amount of
exposure on the substrate can be written as an integral of the
interference fringe intensity:

D(x,y) = / I(x, y, t)ds. (8)

Substituting Eq. (7) into the Eq. (8), we can obtain the

expression for the exposure:

2
D(x,y) = CZ\/E exp <—2 ;2) {A% + A
+2A;Ag exp [—l <7m)59>} cos <2—ﬂx) } 9)
2\ 7 p

From the above equation, we can see that the exposure con-
trast after a single scanning exposure is

A A 1 (7wd,
=g e[ ()) o

From Eq. (10), during the exposure process, because of the
angle 8 between the interference fringe direction and the scan-
ning direction, the exposure contrast decreases. Based on this
analysis, we simulated the relationship between exposure con-
trast ¥y and angular drift 5,, as shown in Fig. 7. The fringe
period p was 555.56 nm (1/1800 gr/mm), the inherent decli-
nation existing in the system was 20 prad, and the beam waist
radii were 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm.

In the figure, the horizontal coordinate represents the angle
d,, which is perpendicular to the XOZ plane, and the ordinate
represents the exposure contrast y, during a scanning exposure.
The following conclusions can be drawn from the figure:

(1) The exposure contrast decreases with the beam angle
drift 5y; as the beam angle drift increases, the exposure contrast
more sharply decreases;
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Fig. 7. Effect of angle drift §, on exposure contrast .
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(2) Under different exposure spot sizes, the influence of
beam drift on the exposure contrast is not the same. The larger
the beam size is, the more obvious the effect of beam angle drift
on the exposure contrast is; this is one of the advantages of a

small-sized beam in the SBIL.
Specifically, for a period p of the grating of 555.6 nm

(1/1800 gr/mm) and a beam waist radii @ of 1 mm, it is ex-
pected that exposure contrast fluctuations within 3% during
the process will meet the requirements for etching with the gra-
ting mask. Based on the above analysis, it can be concluded that
the angle drift 6, perpendicular to the XOZ plane should be less
than 15 prad. If the size of the beam waist radii is 2 mm, the
angular drift should be within 1.7 prad.

B. Effect of Low-Frequency Linear Drift on the
Exposure Contrast

The SBIL system uses a stepping-and-scanning exposure mode,
so it requires a longer exposure time than static holographic
exposure. To ensure the quality of the grating, the exposure
status of the photoresist at different spatial positions needs
to be consistent. In this section, we will analyze the effect of
the low-frequency drift of the beam position on the exposure
contrast during the whole exposure process.

It is assumed that there is a slow linear drift 3, in the left side
beam during the exposure process, and the drift rate is {, which
means that the drift of the beam at exposure time # is 5, = (.
Then, Eq. (3) is changed to

I(x,p, ) = 115(x,p) + Lx(x )

2
+2+/15(x, )1 p(x, y) cos <;x—|—¢)1>. (11)

In this equation, /;5 = exp{-2[(x + ¢#)* + y*]/w}, where
@, represents the phase change caused by the beam drift. In the
SBIL technique, the phase of the interference can be precisely
controlled by phase locking, so the phase change of the inter-
ference introduced by the beam drift is not considered in
this paper.

The stepping-and-scanning exposure mode is shown in
Fig. 8. Assuming that each scan time is 7', the scanning speed
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SBIL system.
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is v, and the step time is P; when scanning is to step 7, the start
time for the scan is 7, e = (2= 1)7 + (2 - 1)P and the end
time is 7, g = 27 + (- 1)P.

Based on the above assumptions, the exposure of the nth
step can be obtained:

2
D,(x) = Dp,(x) + Dy (x) cos (;”x + qon). (12)
Dp, and Dy, are

fn_end
D) = / 1509 + Tx()loeds

Zn_end
Dan) = [ 11s6) + I onds
tnis[ar[
After the nth scanning step, the total exposure on the grating
substrate is the sum of the 7 scanning exposures:

N N N o
D(x) = ZDn(x) = E:DD,Z + ZDA” cos (7)6' + q)n>.
n=1 n=1 n=1
(13)

The first term in the equation indicates the average exposure
of the photoresist, and the D, frequency is much smaller than
the interference fringe frequency, so the contrast of the total
exposure on the photoresist can be expressed as

N N
yn&) = Du,/ > Dp, (14)
n=1 n=1

Based on the above model, we simulated and discuss the
exposure of photoresist under various conditions. The follow-
ing parameters were used: grating size of 200 mm x 200 mm,
scanning speed v of 10 mm/s, step interval § of 0.8 mm, step
time P of 5 s, and number of steps 7 of 250 steps. The drift
rates { were set to 0 m/ min, 1 pm/ min, 3 pm/ min, and
5 pm/ min, respectively, and the contrast of the exposure on
the whole photoresist was simulated as shown in Fig. 9.

The abscissa in Fig. 9 is the number of steps (the number of
scans), and the ordinate is the total contrast of the substrate
surface. The following conclusions can be drawn from the
figure:
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Fig. 9. Contrast on the photoresist under various drift rates.
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(1) When the beam does not drift, the exposure contrast on
the photoresist is an ideal exposure contrast of 1. At this time,
the amount of bright stripes on the photoresist is sufficient,
and the background light in the dark stripes is low. The
removed photoresist is uniform with the retained photoresist,
the depth of the grating mask groove is deep, and the side wall
of the groove is steep. The quality of grating mask fabricated is
the best.

(2) When low-frequency drift occurs in the optical path,
the exposure contrast on the photoresist decreases with the ex-
posure process. At the same number of steps, with increasing
beam drift rate, there is a larger decrease in the exposure con-
trast on the photoresist. For example, when the drift rate is
3 pm/ min, with approximately 96 steps, the exposure con-
trast decreased to below 0.97; with approximately 185 steps,
the exposure contrast dropped below 0.9. When the exposure
contrast decreases, the exposure of the bright stripes on the
photoresist is not sufficient, and the photoresist removed on
the grating substrate is not uniform. At this time, the grating
mask groove is shallower and the non-uniformity of the grating
surface is decreased. Therefore, the existence of low-frequency
drift in the SBIL system is disadvantageous to the whole system
performance. If the SBIL system is used to fabricate gratings
with larger size, the time for grating fabrication will be further
increased, and the harm caused by the low-frequency drift will
continue to expand.

4. DESIGN AND EXPERIMENT OF BEAM
STABILIZATION SYSTEM

A. Introduction to Beam Stabilization System
Based on the above simulation and analysis, combined with the
characteristics of the SBIL optical path, a real-time beam sta-
bilization system is designed, as shown in Fig. 10. The system
consists of a laser light source, piezoelectric steering mirrors
(ESM), reflectors, beam splitter (BS), polarizing beam splitter
(PBS), decoupling lens, and two-dimensional position-sensitive
detectors (PSD). When the beam is emitted by the laser, the
angle and position of the beam can be adjusted by the two
piezoelectric deflection mirrors. Then, the laser beam passes
through the PBS and is divided into two beams. One beam
is incident into the exposure light path, and the other beam
enters the measurement apparatus of the beam stabilization
system.

The angle and position of the beam are measured by a com-
bination of the decoupling lens and the PSDs. One PSD is
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Fig. 10. Sketch of beam stabilization system for the SBIL.
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placed in the focal plane; the focal length of the lens is f7,
and the PSD measures the variation 4, so the beam angle fluc-
tuation can be obtained as @, = 4,/ f. Another PSD is placed
in the /, position; the lens focal length is £, and when the
change recorded by the PSD is 45, the position of the light
beam is 4, = d, f,/({, - f,), which is the result of measure-
ment of the beam position information.

The system has high real-time requirements for the control
algorithm, so a field programmable gate array (FPGA) is
selected to process the signal. The controller has 4 analog
inputs, which acquire the angular and positional coordinates
of the laser beam. There are 4 analog outputs of the controller,
which control the 4 axes of the piezoelectric actuator, respec-
tively. Figure 11 shows a schematic diagram of the beam
stabilizer controller.

The PSD selected is a Newport OBP-U-9L. The focal
length of the angle decoupling lens is 1000 mm, and the
angle PSD is located on the focal plane. The position decou-
pling lens focal length is 100 mm, and the distance from the
PSD to the lens is 150 mm. The A/D converter resolution is
16 bit and the input range is 10 V, which means that the
resolution is 0.305 mV. The PSD conversion relationship is
2.5 mV = 1 pm, that is, the PSD positional resolution is
0.122 pm. According to the principle of decoupling measure-
ment, the resolution of the beam angle can be calculated as
0.122 prad, and the resolution of the beam position is
0.244 pm. This design can clearly meet the measurement
requirements for a beam stabilization system.

B. Experimental Results and Analysis
According to the above design, the beam stabilization system is
set up in the SBIL system as shown in Fig. 12. The detector is
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. 12. Physical diagram of beam stabilization system.
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Fig. 13. Drift of an uncontrolled beam in the SBIL system.

placed in the vertical optical path; the x direction of the detec-
tor is the OZ direction of the system, and the y direction of the
detector is the OY direction.

Based on the design of the measurement system, we have
tested the exposed beam uncontrolled; the measured frequency
was 2 kHz, and the measurement time was 10 min (600 s), as
shown in Fig. 13. Figure 13(a) represents the beam angle drift,
and Fig. 13(b) indicates the beam position drift; the x direction
corresponds to the blue curve in the figure, and the y direction
corresponds to the green curve.

There is an obvious low-frequency drift phenomenon in the
laser beam; in particular, the low-frequency drift of the beam
position is obvious. The beam angle drift rate is approximately
0.3prad/ min, and the beam position drift rate is approxi-
mately 2.7 pm/ min.

We have controlled the laser beam by the designed control
system. Control results are shown in Fig. 14: (a) shows the
beam angle stability results, and (b) shows the beam position
stability results, where the x direction corresponds to the blue
curve in the figure, and the y direction corresponds to the
green curve.

The designed system can effectively suppress the low-
frequency drift of the beam. The achieved beam angle stabili-
zation accuracy is better than 1.4 prad in the x direction and
2.3 prad in the y direction, while the total angle control pre-
cision is better than 2.7 prad. The beam position accuracy is
better than 3.5 pm in the x direction, better than 1.6 pm in the
y direction, and the total position control accuracy is better
than 3.9 pm (both 16). Figure 15 shows the beam angle
and position drift spectra; when the beam is uncontrolled,
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Fig. 14. Drift of a controlled beam in the SBIL system.

the low-frequency drift (less than 10 Hz) occupies a large pro-
portion, and after the system is controlled, the low-frequency

drift is well suppressed.
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5. CONCLUSIONS

In this paper, which studies the exposure beam of a SBIL sys-
tem, a scanning exposure model with beam drift is established,
and the influence of beam angle drift error and position drift
error on the scanning exposure is analyzed. Then, based on the
theoretical analysis, a beam stabilization system is designed.
According to the simulation, analysis, and testing, the following
conclusions can be drawn:

(1) The angle drift error can be decomposed into the drift
d, in the XOZ plane and the drift 6, perpendicular to the XOZ
plane. The drift 6, will have an impact on the fringe period
and influence the fringe stitching accuracy. The drift 6, will
cause a deflection in interference fringe direction, reducing
the exposure contrast in the scanning process. For a period
p of 1/1800 gr/mm with a beam radius @ of 1 mm, to keep
the grating measuring accuracy within 10 ppm, drift §, should
be controlled within 4 prad; to keep the exposure contrast fluc-
tuations within 3%, the drift 5y should be within 15 prad.

(2) During the exposure process, the existence of low-
frequency drift error leads to a decrease in the exposure con-
trast, an uneven exposure of the photoresist, and a decrease
in the uniformity of the grating surface. If large gratings are
fabricated, with the increased exposure time, the harm caused
by low-frequency drift will continue to expand. Therefore, it is
necessary to suppress the low-frequency drift error of the beam.

(3) An exposure beam stabilization system is designed for
the SBIL that can effectively suppress the low-frequency drift
of the beam. This system has achieved beam angle stabilization
accuracy of better than 1.4 prad in the x direction and 2.3 prad
in the y direction, with a total angle control precision of better
than 2.7 prad. The beam position accuracy is better than
3.5 um in the x direction and better than 1.6 pm in the
y direction, and the total position control accuracy is better
than 3.9 pm (both 1o). Therefore, the system has achieved
the expected design objective.
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