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Abstract: To improve the exposure contrast of the scanning beam interference lithography
(SBIL) system, a mathematical model of scanning exposure that includes the direction error of
the measurement mirror is established. The effect of the angle between the interference fringe
direction and the X-axis measurement mirror direction on the exposure contrast is analyzed.
An accurate method for interference fringe direction measurement based on the heterodyne
interferometry measurement method of the metrology grating and phase shift interferometry is
proposed. This method combines the diffraction characteristics of the metrology grating and
the phase shift algorithm to calculate the angle between the interference fringe direction and the
measurement mirror direction accurately and adjust it. Experiments show that this angle reaches
0.6777 µrad, which meets high-precision grating fabrication requirements. Exposure comparison
experiments performed at various angles show that a smaller angle between the interference
fringe direction and the measurement mirror direction leads to better grating groove production
by scanning exposure, which is consistent with the theoretical analysis. The accuracy of the
theoretical analysis and the feasibility of the interference fringe direction adjustment method are
verified, laying a foundation for high-quality grating fabrication by the SBIL system.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Scanning beam interference lithography [1–9] (SBIL) system are used in the fabrication of
holographic gratings [10,11]. SBIL is based on the principle that two small-diameter Gaussian
beams interfere to form interference fringes. By measuring the platform displacement along
the X direction feedback on the phase locking system [12], the phase of the interference fringe
changes can be controlled to follow the platform in real time. The interference fringes are then
exposed on the photoresist on the grating substrate surface by high-precision two-dimensional
platform stepping-and-scanning to form high quality gratings with nanometer-scale accuracy.

During the scanning exposure process, the Y-axis is defined as the scanning direction and
the stepping direction is the X-axis. The directions of the interference fringes, the X-axis
measurement mirror, and the scanning direction are ideally oriented to be parallel to each other;
this ensures the accuracy of the phase stitching and the exposure contrast on the grating substrate
during fabrication. However, there is a specific angle between the actual X-axis measurement
mirror and the scanning direction that causes the displacement measurement error to be fed back
to the dynamic phase locking system [6], which then affects the phase locking accuracy. There is
also a specific angle between the direction of the interference fringes and the scanning direction
that will reduce the scanning exposure contrast. Therefore, during SBIL system processing for
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holographic grating fabrication, it is essential to know how to measure and adjust the angles of
the interference fringes, the X-axis measurement mirror, and the scanning directions relative to
each other. To measure and adjust the angle between the interference fringe direction and the
scanning direction, Jiang [7] proposed the method of interference fringes based on a metrology
grating in 2015. The method used the grating phase shift theorem to adjust the angle between the
metrology grating groove direction and the scanning direction. Using the beam alignment system
[13], the reflection beam was made to coincide with the diffraction beam using the metrology
grating, the angle between the metrology grating groove direction and the scanning direction was
adjusted, and an angle range between the direction of the interference fringes and the scanning
direction of less than 19 µrad was realized. However, no accurately measured value of the angle
was given. In 2019, Li [14] proposed a doubled-period grating (DPG) method to measure the
scan angle error in SBIL in combination with phase shifting interferometry (PSI). The method
calculates the phase distribution information at both the starting point and the end point in the
scanning direction and adjusts the angle between the direction of the metrology grating grooves
and the scanning direction. The scan angle error was measured with precision of less than 12.65
µrad. However, this method used the metrology grating minor movement method to obtain
the phase shift images, which requires high platform accuracy and stability. The two methods
above only consider the angle between the direction of the interference fringes and the scanning
direction, and the effect of the phase locking shift caused by the X-axis measurement mirror
angle is not considered.

To improve the exposure contrast further, an angle measurement and adjustment method is
proposed in this paper based on the interference fringes direction and the X-axis measurement
mirror direction being parallel to each other. The principle is as follows. When the platform
moves along the scanning direction, because of their relative angles, the X-axis measurement
mirror is at an angle that causes a displacement change in the X direction. Simultaneously, the
metrology grating also has a change in its phase shift in the scanning direction. The diffraction
characteristics of the gratings are combined with PSI to measure and adjust the direction of the
interference fringes, calculate the angle between the directions of the interference fringes and the
metrology grating grooves, and determine the angle between the directions of the interference
fringes and the X-axis measurement mirror. By adjusting the directions of the metrology grating
grooves and the two beams, accurate measurement and adjustment of the interference fringes can
be obtained that reaches the µrad level.

2. Effect of the interference fringes on SBIL

In the SBIL system, the interferometer-X-axis measurement system measures the platform
displacement accurately; this displacement is then fed back to the phase locking system to
achieve phase shift in the interference fringes that follow the platform displacement changes
in real time, thus enabling exposure to be achieved by stitching the phase fringes and allowing
gratings to be produced. Figure 1 shows the exposure scheme of the SBIL system. During the
exposure process, system installation errors are unavoidable, as illustrated in Fig. 2. The angle
between the direction of the interference fringes and the scanning direction will “broaden” the
photosensitive area that remains on the photoresist after exposure, which results in a reduction in
the exposure contrast, as shown in Fig. 3(b). In addition, the angle between the measurement
mirror direction and the scanning direction that causes the measurement error of the X-axis
results in a “mismatch” between the interference fringes that are realized after phase locking
control and the ideal interference fringes, which are shown in Fig. 3(c).

In the SBIL system, the beams on both sides are controlled to interfere at the beam waist and
form interference fringes. The angular relationships between the direction of the interference
fringes, the direction of the metrology grating grooves, the scanning direction, and the X-axis
measurement mirror direction are shown in Fig. 4. The angle between the measurement mirror
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Fig. 1. Schematic diagram of SBIL system during stepping-and-scanning process.

Fig. 2. Schematic diagram of SBIL system during stepping-and-scanning with the direction
error of the interference fringes. Vertical view of Fig. 1 with angles.

Fig. 3. (a) Ideal interference fringe exposure along the scanning direction. (b) Effects of
the angle between the fringe direction and the scanning direction on scanning exposure.
(c) Effects of the angle between the measurement mirror direction and the scanning direction
on the interference fringe phase shifts.

and the Y direction is αm, the angle between the metrology grating groove direction and the Y
direction is αg, the angle between the metrology grating groove direction and the interference
fringe direction is αf, and the angle between the beam interference fringe direction and Y direction
is αθ. Each beam is a plane wave at the waist and the energy profile is Gaussian. Assume here
that the waist radii of the beams on the two sides along the X-axis and Y-axis in the exposure area
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are ωx and ωy, their amplitudes are AL and AR. The intensity distribution can then be written as:

I(x, y, t) = exp
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(1)

where px represents the interference fringe period along the X direction and φ(t) is the interference
fringe phase shift related to the time that the phase locking system was connected. Define xm(t) as
the X-direction displacement data measured by interferometer at time t of the system, according
to the phase locking settings [6], the relationship between φ(t) and xm(t) is:

φ(t) =
2π
px

xm(t) (2)

Fig. 4. Relationship diagram of the various angles.

When the angle between the measurement mirror direction and the scanning direction is αm,
the relationship between the X direction displacement data xm(t) at time t and the Y direction is:

xm(t) = − tanαmy(t) (3)

By substituting Eqs. (2) and (3) into Eq. (1), we can obtain:
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[︄
−2

(︄
x2

ω2
x
+

y2

ω2
y

)︄]︄ {︃
A2

L + A2
R + 2ALAR cos

[︃
2π
p

x +
2π
p
(tanαθ − tanαm)y(t)

]︃}︃
(4)

During a single scanning exposure process, the stage moves uniformly along the Y direction at
a speed of v, where:

y(t) = vt (5)

A single scanning exposure of any point (x, y) on the substrate can be written as the integral of
the interference fringe intensity versus time:

D(x, y) =
∞∫

−∞

I(x, vt) dt (6)
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Substitution of Eqs. (4) and (5) into the equation above then gives:
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The exposure contrast of the platform after the movement along the scanning direction is given
by:

γ = γ0 exp
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(8)

where γ0 is the contrast of the interference fringes in Eq. (1), and

γ0 =
2ALAR

A2
L + A2

R
(9)

In the ideal case of exposure stitching, the contrast after the stepping and scanning exposure
is consistent with that of the single exposure. The Eq. (9) indicates that the contrast of the
interference fringes is related to the amplitude ratio of the beams on the two sides. The exposure
energy is adjusted to be equal on both sides, which allows γ0 = 1 to be obtained. Equation (8)
shows that there is a Gaussian function distribution between exposure contrast and the change of
tanαθ − tanαm. The full width at half maximum (FWHM) of the Gaussian function is px/πωy.
The FWHM of Gaussian function is proportional to period px and inversely proportional to the
beam waist radius ωy in the Y direction of the spot. That is, when px is larger or ωy is smaller, the
FWHM is larger, indicating that the change tolerance of contrast to angle tanαθ − tanαm is larger.
It can also be seen from the Fig. 3 (b) (picture as follows) more intuitively that when the period is
larger, the proportion of the period of ‘ fringe blurring ‘ caused by the fringe angle is smaller.
When the spot is smaller, the fringe length is shorter, and the influence of the fringe angle is
smaller. When the waist radius ωy of the interference spot in the Y direction and the period of
the interference fringes px are determined, the exposure contrast γ is related to the square of
tanαθ − tanαm, which is the difference between the tangents to the interference fringes and the

Fig. 5. Relationship between the exposure contrast γ and the angle αfm between the
interference fringe direction and the measurement mirror direction.
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measurement mirror. Typically, the values of αθ and αm are much less than 1, and the tangent
can be approximated to give the angle tanαθ − tanαm ≈ αθ − αm = αfm. This demonstrates that
the exposure contrast is related to the angle between the interference fringe direction and the
measurement mirror direction. When the interference fringe direction is consistent with the
measurement mirror direction, αfm = 0, and the exposure contrast γ = 1. When the system
parameter ωy = 0.9 mm and the interference fringe period px = 574.71 nm, the change in the
exposure contrast with αfm is as shown in Fig. 5. The figure shows that the exposure contrast
decreases gradually with increasing αfm, and when αfm<28 µrad, the exposure contrast is greater
than 0.99, and the influence of αfm on the exposure contrast is less than 1%, which meets the
exposure requirements.

3. Accurate measurement principle for the interference fringe direction

It can be deduced from the previous section that the angle between the interference fringe
direction and the X-axis measurement mirror direction is an important factor that affects the
exposure contrast, and it is thus necessary to measure the angle between these two directions
accurately. The angle αfm between the interference fringe direction and the measurement mirror
direction cannot be measured directly. Therefore, a metrology grating is added to the system as an
intermediate element. The angle between the interference fringe direction and the measurement
mirror direction is determined based on three angles, as illustrated in Fig. 4.

3.1. Angle between X-axis measurement mirror direction and scanning direction

The X-axis displacement measurement system uses a dual-frequency laser interferometer to
perform the measurements. The interferometer system is a four-fold optical subdivision type,
and the heterodyne calculation board is a K1-fold electronic subdivision type. The wavelength of
the dual-frequency laser interferometer is λm. If the recording exposure starting point A(xa, ya) is
scanned along the Y direction toward B(xa, yb), it can be found that:

∆x =
∆N1

4 × K1
× λm (10)

where ∆N1 is the frequency integral count obtained from the heterodyne calculation board as
processed after the stage scans along the Y direction from ya to yb, and ∆x is the displacement
change measured by the interferometer due to the angle αm between the measurement mirror
direction and the scanning direction.

tanαm =
∆N1

4 × K1
×
λm

yb − ya
(11)

Therefore, the angle between the measurement mirror direction and the scanning direction αm
can be calculated by recording the displacement change measured by the interferometer when the
stage moves in the scanning direction.

3.2. Angle between groove direction and scanning direction of the metrology grating

As shown in Fig. 6, the scanning exposure system uses two Gaussian beams that are exposed
symmetrically in the normal direction of the substrate. If a metrology grating with the same
groove density as the target exposure grating is placed on the same plane as the grating substrate,
the exposure beams on both sides are then diffracted by the metrology grating to meet the Littrow
condition; i.e., the incident light coincides with the +1st or −1st orders of the diffracted light.
Simultaneously, part of the light that is separated from the optical paths on both sides is returned
into detector 1 to act as a phase reference signal after being adjusted using the beam splitter
prism. The left beam passes through the −1st order diffracted light of the metrology grating, and
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the reflected light from the right beam is sampled via the beam splitter prism; this sampled light
then enters detector 2 as a phase measurement signal. The symbol φ is used to represent the
phase information, the subscript L and R are used to represent the left side and right side of the
beam, and the suffix -1, 0 and +1 are used to represent the corresponding diffraction order.

Fig. 6. Schematic diagram of the optical measurement path for interference fringe direction
using the metrology grating. CCD: charge-coupled device. AOM1 and AOM2: acousto-optic
modulators.

The frequencies of the acousto-optic modulators AOM1 and AOM2 are set such that the
exposure beams on the two sides have a specific frequency difference, and detector 1 can then
receive the reference phase:

φe = φL,0 − φR,0 (12)

After the beam passes through the metrology grating, detector 2 then receives the measured
phase:

φm = φL,1 − φR,0 (13)

The left beam’s −1st order diffracted light carries the phase information from the metrology
grating:

φm = φL,0 + φg − φR,0 (14)

The phase of the metrology grating is:

φg = φm − φe (15)

When the metrology grating is scanned along the Y direction, the following phase shift is
received by the detector:

∆φg = φg(y0) − φg(y1) = 2π ×
∆N2
K2

(16)

Here, y0 and y1 are the Y direction coordinates of the starting position and the end position,
respectively, ∆N2 is the frequency integral count obtained from the heterodyne calculation board,
and K2 is the corresponding electronic fraction from the board.

When there is an angle αg between the groove direction of the metrology grating and the
scanning direction, and when the metrology grating moves in the Y direction by ∆y = y1 − y0,
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then according to the phase shift theorem of the grating, the reflected light on the right side shows
no phase shift, and the phase shift of the left side’s −1st order beam after passing through the
metrology grating is given by:

∆φL =
2π
pg
∆y sinαg (17)

where pg is the metrology grating period, and the phase shift after the dual-beam interference
should be consistent with the following phase shifts received by the detector:

∆φL = ∆φg (18)

αg = arc sin
∆N2
K2

×
pg

∆y
(19)

3.3. Angle between groove direction of the metrology grating and the interference
fringe direction

As shown in Fig. 6, the −1st order beam on the left side coincides with the reflected light from
the right beam and enters detector 2. The phase shift can be measured accurately using the
heterodyne interferometry measurement. If we place a charge-coupled device (CCD) detector
symmetrically in the right optical path, the right side’s+ 1st order diffracted light coincides with
the left side’s reflected light and enters the CCD surface. Under the condition that the two beams
have the same frequency, the interference pattern of these beams can be observed. At the same
time, the metrology grating phase information carried from the −1st order diffracted light can be
analyzed using the interference pattern received by the CCD, allowing the angle between the
direction of the metrology grating and the direction of the interference fringes to be obtained
accurately.

The vector direction of the metrology grating is along the Xg axis, and the groove direction is
along the Yg axis. If the angles between the left exposure beam and the Xg and Yg axes are βLx
and βLy, respectively, then the angles between the right exposure beam and the Xg and Yg axes
are βRx and βRy, respectively, and the four angles satisfy the following conditions:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

βLx =
π
2 − (θ + δLx)

βLy =
π
2 − δLy

βRx =
π
2 − (θ − δRx)

βRy =
π
2 − δRy

(δ∗∗ ≪ 1) (20)

where δ∗∗ are the deviation of the incident angle of the left and right exposure beams in the
system. The subscript L and R are used to represent the left side and right side of the beam, and
the suffix x and y are used to represent the deviation of direction.

According to Eq. (20), the wave vectors kL and kR of the two side exposure beams can be
written as:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

kL =
2π
λ

[︃
sin(θ + δLx)xg + sin δLyyg −

√︂
1 − sin2(θ + δLx) − sin2δLyz

]︃
kR =

2π
λ

[︃
− sin(θ − δRx)xg + sin δRyyg −

√︂
1 − sin2(θ − δRx) − sin2δRyz

]︃ (21)

where xg, yg, and z are the directional vectors of the Xg-axis, the Yg-axis, and the Z-axis in
the metrology grating coordinate system, respectively. Because the exposure beam interferes
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at the beam waist, and the wavefront of the laser beam at the beam waist is a plane wave, the
interference fringes of the exposure beam at the substrate surface can be written as:

Iz,0 = Ia(xg, yg) cos
{︃

2π
λ
[sin(θ + δLx) + sin(θ − δRx)]xg +

2π
λ
[sin δLy − sin δRy]yg + φ0

}︃
+ Ib(xg, yg)

(22)

where Ia(xg, yg) and Ib(xg, yg) are quantities related to the light intensity distributions of the
exposed beams on the two sides, and φ0 is the phase of the interference fringes at the origin.
Equation (22) indicates that the angle αf between the direction of the interference fringes and the
direction (Yg direction) of the metrology grating grooves satisfies the following:

tanαf =
sin δLy − sin δRy

sin(θ + δLx) + sin(θ − δRx)
≈
δLy − δRy

2 sin θ
(23)

According to the properties of beam diffraction, after the beam passes through the metrology
grating, the zeroth order reflected light wave vector of the left beam that passes through the
metrology grating is given by:

kL,0 =
2π
λ

[︃
sin(θ + δLx)xg + sin δLyyg +

√︂
1 − sin2(θ + δLx) − sin2δLyz

]︃
(24)

The wave vector of the +1st order diffracted light of the right beam can be written as:

kR, + 1 =

(︃
2π
pg

−
2π
λ

sin(θ − δRx)

)︃
xg +

2π
λ

sin δRyyg

+

√︄(︃
2π
λ

)︃2
−

(︃
2π
pg

−
2π
λ

sin(θ − δRx)

)︃2
−

(︃
2π
λ

)︃2
sin2δRyz

=
2π
λ
{[2 sin θ − sin(θ − δRx)]xg + sin δRyyg

+

√︂
1 − [2 sin θ − sin(θ − δRx)]

2 − sin2δRyz
}︃

(25)

The interference pattern Ii of the zeroth order reflected light of the left beam that passes
through the metrology grating and the +1st order diffracted light of the right beam that passes
through the metrology grating can be written as:

Ii = Ia(xg, yg) cos
2π
λ
{[sin(θ + δLx) + sin(θ − δRx) − 2 sin θ]xg + [sin δLy − sin δRy]yg

+

[︃√︂
1 − sin2(θ + δLx) − sin2δLy −

√︂
1 − [2 sin θ − sin(θ − δRx)]

2 − sin2δRy

]︃
z
}︃
+ Ib(xg, yg)

(26)
Through appropriate adjustment of the optical path, δLx, δLy, δRx, and δRy are all much less

than 1, and Eq. (26) can then be reduced to:

Ii = Ia(xg, yg) cos
2π
λ
[(δLx − δRx) cos θ · xg + (δLy − δRy) · yg − (δLx − δRx) sin θ · z] + Ib(xg, yg)

(27)
The CCD surface lies perpendicular to the beam propagation direction and the coordinate

system of the CCD plane is established as follows.⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
xccd = xg cos θ − zg sin θ

yccd = yg

zccd = xg sin θ + zg cos θ

(28)
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Fig. 7. Flow chart of interference fringe direction adjustment procedure.

Therefore, the exposure beam interference fringes received at the CCD surface can be written
as:

Iccd = Ia(xccd, yccd) cos
2π
λ
[(δLx − δRx)xccd + (δLy − δRy)yccd] + Ib(xccd, yccd) (29)

Comparison with Eq. (22) shows that by calculating the phase distribution of the interference
pattern on the CCD surface, the term δLy − δRy can then be obtained. Substitution of this term
into Eq. (23) then allows the angle αf between the direction of the metrology grating on the
substrate surface and the direction of the interference fringes to be measured.

tanαf =
δLy − δRy

2 sin θ
=

λ

4π sin θ
·
∂ϕ(x, y)
∂y

(30)

By adjusting the exposure beam and varying the angles δLy and δRy, the angle between the
scribing direction of the metrology grating and the interference fringe direction can be measured
accurately.

4. Experimental results

A straight-line plane holographic grating with a period of 574.71 nm was used as the metrology
grating. Using the method described in the previous section, three angles were measured
accurately and adjusted. First, the angle αm between the measurement mirror and the scanning
direction was measured and adjusted to be close to the scanning direction. After the stability
of the measurement mirror was ensured, the angle αg between the metrology grating groove
direction and the scanning direction was then measured and adjusted to ensure that the difference
between the angle αg and the angle αm between the measurement mirror and the scanning
direction was less than 1 µrad. Then, the angle αf between the metrology grating groove direction
and the interference fringe direction was measured using the interferogram collected by the CCD
detector. Finally, an accurate value for the angle between the interference fringe direction and
the measurement mirror direction was obtained. The measurement and adjustment process is as
shown in the flow chart in Fig. 7.

The stage moves by a distance of 50 mm along the Y direction. The displacement data
measured by interferometer and the phase shift data from the metrology grating were collected
synchronously. These data were then linearly fitted. The angle between the measurement
mirror and the scanning direction was calculated to be αm = 173.9647 µrad. The angle between
the metrology grating groove direction and the scanning direction was αg = 174.2617 µrad.10
measurements data are shown in Table 1, and linearly fitting data are shown in Fig. 8.

The interferogram collected by the CCD detector after a five-step phase shift [15] is shown in
Fig. 9. The phase distribution of the interferogram was obtained using a phase shift algorithm,
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Fig. 8. 10 measurements linearly fitting data: (a) Angle measurements average data for
αm between the measurement mirror and the scanning direction. (b) Angle measurements
average data for αg between the metrology grating groove direction and the scanning
direction.

Table 1. 10 measurements data

data1 data2 data3 data4 data5

αm( µrad) 173.9647 173.5190 173.4635 173.4164 173.4600

αg( µrad) 174.2617 174.5062 174.4402 174.3039 174.5676

data6 data7 data8 data9 data10

αm( µrad) 173.4073 173.4431 173.4626 173.4779 172.9611

αg( µrad) 174.3257 174.2123 174.4220 174.3827 173.8128

Average αm( µrad)=173.5647 Average αg( µrad)=174.2617

with results as shown in Fig. 10. The obtained phase shift phase locking [6] data are shown in
Fig. 11, that accuracy is 0.044rad (λ/144, 3σ). By combining these results with Eq. (30), the
angle between the direction of the metrology grating grooves and the direction of the interference
fringes was then calculated to be αf = 0.3807 µrad.

The angle between the interference fringe direction and the scanning direction is:

αθ = αg + αf = 174.6424 µrad (31)

The angle between the interference fringe direction and the X-axis measurement mirror is:

αfm = αθ − αm = 0.6777 µrad (32)

To verify the accuracy of the measurements and the adjustment of the interference fringe
direction, a scanning exposure comparison experiment was performed by varying the angle
between the interference fringe direction and the measurement mirror direction. Experimental
parameters are summarized in Table 2. To ensure consistency among the exposure and
development parameters, exposure was performed on five regions on the same grating substrate.
To prevent the beam from introducing other errors during the adjustment process, the direction
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Fig. 9. Interference fringe patterns received by the CCD detector based on the five-step
phase shift.

Fig. 10. Angle between the interference fringe direction and the groove direction of the
metrology grating.

Fig. 11. Phase shift phase locking data.
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Fig. 12. Displacement changes for the measurement mirror for the same scanning distance
at different angles.

Fig. 13. Theoretical exposure contrasts corresponding to different angles used in comparison
experiments.

of the interference fringes remained unchanged, and only the angle of the measurement mirror
was varied. The angle measurement data from the measurement mirror are shown in Fig. 12.
Angle parameters for all five exposure areas are shown. Based on the previous analysis, the
theoretical contrasts γ for the corresponding angle αfm are shown in Fig. 13. As shown in the
figure, when the angle between the interference fringe direction and the measurement mirror
direction increases, the contrast then gradually decreases. When the angle is 199.0411 µrad, the
exposure contrast is reduced to 0.6191, which does not meet the exposure requirements.

Using the parameters presented in Table 3, the exposure was divided into different regions.
Each region was then scanned 26 times with a step interval of 0.5 mm, that is, each region was
13 mm and 2 mm apart from the next region. The developed grating is shown in Fig. 14, and
the groove shapes in the different exposure regions were measured by atomic force microscopy
(AFM), with results as shown in Fig. 15.
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Table 2. Experimental parameters

Photoresist Shipley 1805

Laser wavelength 413.1nm

Laser power of one beam 0.9mw

Period 574.71nm

Stepping distance 0.5mm

Scanning velocity 50 mm/s

Scanning distance 85mm

Fig. 14. Comparison of exposure experiment grating mask photographs.

Fig. 15. Mask groove measurements acquired by AFM for comparison experiments.
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Table 3. Angle parameters of the different exposure areas (unit: µrad)

(a) (b) (c) (d) (e)

αθ 174.6424 174.6424 174.6424 174.6424 174.6424

αm 173.9647 124.4883 74.29564 24.92244 -24.39871

αfm 0.6777 50.1541 100.34676 149.71996 199.04111

Figure 15 shows that when the angle between the interference fringe direction and the
measurement mirror direction is 0.6777 µrad, the grooves of the grating mask are good. When
the angle between the direction of the interference fringes and the measurement mirror direction
increases, the top of the grating mask groove gradually becomes rounded, and the curvature
of the bottom of the groove also increases gradually because of the gradual reduction in the
exposure contrast. When the exposure contrast is too low, part of the photoresist is not dissolved
completely, the groove shape becomes sinusoidal, and the groove shape quality is seriously
reduced. The influence of the angle between the two directions on the exposure contrast is thus
verified. Due to the process tolerance of the photoresist characteristics and development process
for the exposure contrast, the groove contrast of (a)-(c) in Fig. 15 is not obvious. However,
the accurate measurement and adjustment for interference fringe direction provide the greater
tolerance for other errors in the system, and lay a foundation for future research on active control
of wavefront.

In this experiment, the angle between the interference fringe direction and the measurement
mirror direction was adjusted to 0.6777 µrad. This shows that the method for measurement of the
interference fringe direction that combines the heterodyne interferometry measurement of the
metrology grating with the phase shift calculation can provide significant improvements in the
measurement and adjustment accuracy of the interference fringe direction and can also increase
the exposure contrast. This is highly significant for scanning of the interference field to enable
fabrication of a high-quality holographic grating mask.

5. Conclusion

To improve the exposure contrast of the SBIL system, a mathematical model of scanning
exposure that includes the directional error of the measurement mirror has been established.
The influence of the angle between the direction of the interference fringes and the X-axis
measurement mirror direction on the exposure contrast was then analyzed. An interference fringe
direction measurement method that combined the heterodyne interferometry measurement for
the metrology grating with PSI was proposed. When the measurement mirror direction was
determined, the heterodyne interferometry measurement was then used to measure the angle
between the direction of the metrology grating grooves and the scanning direction accurately
and then adjust it. The interference pattern of the interference fringes that passed through
the metrology grating was collected by a CCD detector; the phase shift algorithm was then
used to calculate the phase distribution to determine the angle between the direction of the
interference fringes and the metrology grating groove direction and thus obtain an accurate
value for the angle between the interference fringe direction and the direction of the metrology
grating grooves. The angle could be adjusted to less than 1 µrad by adjusting the exposure
beam. Exposure contrast experiments at different angles between the interference fringes and
the measurement mirror were also performed. The experiments showed that when using the
same process parameters, the grating groove shape worsened as the angle increased, which
was consistent with the theoretical analysis. The adjustment accuracy of the angle between the
interference fringes and the measurement mirror and its influence on the scanning exposure
contrast were verified. In the experiments, after the direction of the interference fringes was
adjusted, the angle between the interference fringes and the measurement mirror could be adjusted
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to 0.6777 µrad, which greatly improved the adjustment accuracy of the interference fringes,
reduced their influence on the contrast of the scanning exposure, and met the scanning exposure
requirements, thus laying a foundation for the production of high-quality gratings by the SBIL
system.
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