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Abstract: The high-aspect-ratio silicon grating (HARSG) is an important X-ray optical device
that is widely used in X-ray imaging and spectrum detection systems. In this paper, we propose a
high-precision alignment method based on the scanning beam interference lithography (SBIL)
system to realize precise alignment between the <111> orientation on the (110) wafer plane
and the grating lines direction, which is an essential step in HARSG manufacture to obtain
the high-aspect-ratio grating structure. After the location of the <111> orientation through
fan-shaped mask etching and reference grating fabrication, a two-step method that combines static
preliminary alignment and dynamic precision alignment is used to align the reference grating
lines direction with the interference field fringes of the SBIL system through the interference
of the diffracted light from the reference grating near the normal direction, which can realize a
minimal alignment error of 0.001°. Through the overall alignment process, HARSGs with groove
densities of 500 gr/mm, 1800 gr/mm, and 3600 gr/mm were fabricated through anisotropic wet
etching in KOH solution, producing ultra-high aspect ratios and etch rate ratios greater than 200.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon-based micro-nano devices are widely used in many fields including microelectronics,
micro/nano-electro-mechanical systems, and nano-optics [1–3] because of the electrical and
optical properties of silicon materials. Among these devices, deeply-etched silicon gratings with
ultra-high aspect ratios (high-aspect-ratio silicon gratings, or HARSGs) have attracted great
attention for applications in the field of X-ray optics in recent years, such as in X-ray imaging
as phase gratings and amplitude gratings [4–8], and also in X-ray energy spectrum analysis
applications as efficient dispersion devices [9–11].

Compared to common grating structures, manufacturing of HARSG has been a challenge due
to its extremely high aspect ratio. In previous studies, it has been demonstrated that HARSGs
can be fabricated using both anisotropic wet etching [12–14] and deep reactive ion etching
(DRIE) methods [9,15]. During wet etching of silicon using alkaline solutions such as KOH
and tetramethylammonium hydroxide (TMAH), it is necessary to ensure alignment between
the <111> orientation on the surface of the (110) silicon wafer and the direction of the grating
lines to suppress transverse etching, which limits the aspect ratio of the grating structure. [14].
HARSG fabrication using DRIE is independent of the crystal orientation, but nevertheless
requires a wet polishing step to reduce the high grating side wall roughness caused by the Bosch
process [16], the effect of which is strongly dependent on the crystal orientation of the sidewall
plane. It should be noted that metal-assisted chemical etching has also been applied to HARSG
fabrication in recent years [17–20], but as a result of the edge effect and the inherent instability
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of metal-assisted chemical etching, the groove density of the large-area silicon gratings obtained
by this method remains limited to date. Therefore, alignment processing is an essential step in
HARSG fabrication that strongly affects both the maximum aspect ratio of the grating and the
grating side wall roughness.

The <111> crystal orientation of the silicon substrate must be located initially before the
alignment process can be performed. A fan-shaped mask etching method [14,16,21] has been
used widely during this step to locate the <111> orientation on the (110) silicon wafer, and this
method can eventually locate a spoke structure that lies closest to <111> orientation. To perform
alignment between the selected spoke and the grating lines, Ahn et al. [13,21] proposed a method
based on the scanning beam interference lithography (SBIL) system using a microscope located
above the wafer that produced an alignment error of less than 0.05◦. Using the relative movement
between the wafer and the microscope, the spoke direction can be adjusted gradually to match the
movement direction of the wafer, which is in the same direction as the grating fringes obtained
after lithography. However, this requires integration of microscopic systems into the SBIL system,
which will increase the system complexity and result in long adjustment times. Zheng et al. [14]
later presented an effective alignment method for a static holographic exposure system based on
moiré fringes between the grating and the interference fringes; however, their method includes
use of a SiO2 reference wafer in an intermediate step, which adds to the process complexity
and introduces additional errors. Additionally, the He-Ne laser used in the intermediate step
determined that this method cannot be used for gratings with periods smaller than 316.4 nm.
Bruccoleri et al. [16] proposed a simpler alignment method for the Mach-Zehnder holographic
exposure system based on a reference grating on the wafer, and the orientation of the wafer was
adjusted by overlapping the spots of diffraction light beams. However, the interference between
diffracted light beams was not reported in their method, which led to a lack of accuracy in the
alignment process and resulted in a large alignment error of 0.1◦.

In this paper, we propose a new method for alignment between the interference fringes and the
<111> orientation of the silicon wafer based on the SBIL system that consists of two main steps:
i) a (110) silicon wafer with a fan-shaped mask is etched in a KOH solution to locate its <111>
orientation, and a reference grating pattern is subsequently aligned with the <111> orientation
and transferred onto the wafer via ultraviolet (UV ) contact lithography; and ii) the interference
fringes of SBIL system are aligned with the reference grating through a process of interference of
the diffracted light from the reference grating; this process can be divided into static and dynamic
processes to achieve ultra-high precision. The grating pattern is then exposed and transferred
into the silicon nitride layer for the subsequent wet etching process. As a result, HARSGs with
groove densities of 500 gr/mm, 1800 gr/mm, and 3600 gr/mm are fabricated through anisotropic
wet etching in a KOH solution, demonstrating ultra-high aspect ratios and etch rate ratios.

2. Alignment method

The purpose of the alignment process is to align the interference fringe of the interference field
exposure system precisely with the <111> crystal orientation on the (110) silicon wafer surface,
thus enabling an ultra-high etching rate ratio to be obtained during the wet etching process. The
alignment process can be divided into two main parts, as shown in Fig. 1: i) Location of the
crystal orientation and fabrication of the reference grating; and ii) alignment of the reference
grating with the interference fringes of the exposure system. A SBIL system in our laboratory
[22–24] was used to perform the alignment and lithography processes during our experiments.
The alignment process will be described in detail in this section, with particular emphasis on the
alignment method between the reference grating and the interference fringes based on the SBIL
system.
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Fig. 1. Flow diagram for alignment between the <111> orientation and the direction of the
grating lines.

2.1. Location of the <111> plane direction and alignment of the reference grating

In this work, the <111> orientation of the silicon wafer was located via anisotropic wet etching
of a fan-shaped grating silicon nitride mask. A fan-shaped pattern with angular intervals of
0.03◦ was exposed on the silicon nitride surface of the wafer via UV contact lithography and
was transferred into the 40-nm-thick silicon nitride layer as a wet etching mask. This wafer
was then etched in a 25wt% solution at room temperature for approximately 72 hours. Because
of the anisotropy of silicon when etched in an alkaline solution, the spokes near the <111>
orientation had a smaller lateral etching rate and thus could be retained during the wet etching
process. The etched and unetched areas of each spoke could be distinguished clearly under
an optical microscope; therefore, by measuring the laterally etched width of each spoke, the
spoke with the lowest undercutting could be located, which lies closest to the <111> crystal
orientation. The difference in undercutting between the left and right sides of the spoke could also
aid with accurate location, and the location error for this step could be considered to be half of
the angular interval of the fan-shaped mask [14], which was found to be 0.015◦ in our experiment.
Subsequently, a reference grating oriented parallel to the spoke in the <111> orientation was
formed by UV contact lithography, as shown in Fig. 2. The contact mask for the reference
grating contained a slit to enable alignment with the spoke in the <111> orientation by using
a precision turntable and a microscope included in the contact lithography system. It is clear
that the maximum alignment error is determined by the shape parameters of both the spokes and
the slit, which are shown in Fig. 2(b), and this corresponds to a maximum error of 0.035◦. The
error can be reduced further by adjusting the lengths of the spokes and the shape of the slit, but
the existing error is sufficient for fabrication of the HARSGs in our experiments. The reference
grating pattern was eventually transferred into the silicon nitride layer by inductively coupled
plasma (ICP) etching. For further alignment processing, the period of the reference grating must
be an even multiple of the period of the interference field in the exposure system, which will be
described in detail in Section 2.2.

2.2. Alignment between interference fringes and reference grating

Alignment between the interference field fringes and the reference grating was achieved via
interference of the diffracted light from the reference grating through the SBIL system. Fig. 3
presents a schematic of the static alignment process. Since the reference grating period was set
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to be an even multiple of the interference field period, two coincident diffraction beams will be
generated in the normal direction of the reference grating surface in the ideal case where the
two coherent beams from the exposure system both lie within the principal grating plane. In
common cases in which there is a deviation between the reference grating grid line direction
and the interference field direction, the left and right beams both undergo cone diffraction on
the reference grating, causing these two diffracted beams to deviate from the normal direction,
and resulting in formation of interference fringes within the coherent region of the diffracted
beams on the detector.In addition, as shown in Fig. 3(a), diffracted light of other orders that is
not oriented in the normal direction will also produce interference fringes, but nevertheless, the
interference fringes produced by ±m order diffracted light beams clearly provide the best contrast
because of the differences in the diffraction efficiencies of the different orders. Fig. 3(b) shows a
representation of the wave vector component of the diffracted light in the O-XY plane. When an
included angle α is generated between the interference fringe and the reference grating direction,
the wave vector components of the ±m order diffraction light in the O-XY plane can be expressed
as:

kDxy = k0xy ± mkg (1)

where k0xy and kDxy respectively represent the wave vector components of the incident and
diffracted light in the O-XY plane, kg is the grating vector of the reference grating, and m
represents the order of the diffracted light near the normal direction, and satisfies the relationship
k0xy = mkg. Therefore, the magnitude of kDxy can be expressed as:

kDxy = 2mkgsin
α

2
(2)

Fig. 3(b) clearly shows that the azimuth angle of the diffracted light is 1 − α/2, while the
diffraction angle satisfies the following equation:

sinθ =
kDxy

k0
=

2mλsin
α

2
Λ

(3)

where λ is the exposure wavelength andΛ represents the period of the reference grating.The angle
between the two diffraction light beams is 2θ and is symmetrical with respect to the normal; the
period of the interference fringes produced by two diffraction light beams can thus be obtained:

t =
Λ

4msin
α

2

(4)

According to the period of double-beam interference of the exposure field in the SBIL system
and the grating equation of the reference grating, it can be concluded that for normal diffraction
lights of order ±m, the period of the reference grating and the period of the interference field t0
satisfy the relationship Λ = 2mt0.Therefore, Eq. (4) can be rewritten as:

t =
t0

2sin
α

2

(5)

Eq. (5) above can also be obtained by calculating the moiré fringe generated by two groups of
interference fringes of the exposure field, and it can be seen that the period of the interference
fringes produced by the diffracted light is independent of Λ and inversely proportional to α. In
our experiment, a precision turntable was used in the SBIL system for fine adjustment of the
wafer orientation to maximize the interference fringe period. During the alignment process,
the wafer with the reference grating was initially coated with a photoresist layer and was then
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Fig. 2. (a) Diagram of the method for alignment between the contact lithography mask
and the spoke in the <111> orientation. (b) Shape parameters of the contact mask and the
fan-shaped spokes. Alignment is based on the edge of the slit and the edge of the selected
spoke (dark blue), with accuracy that is determined by the gap between the spokes and the
spoke length. The groove density of the reference grating was set to 450 gr/mm in our
experiment for HARSG fabrication.

Fig. 3. Schematic diagram of alignment method based on the reference grating and the
SBIL system. (b) Matching relationship between the grating vector of the reference grating
and the O-XY plane component of the wave vector of the incident light beams and the ±m
order diffraction lights.

placed on the turntable. As illustrated in Fig. 4, the interference field from the SBIL system was
incident on the reference grating area of the wafer, and the diffracted light beams from the two
exposure beams were received by the nearby detector through a mirror located above the wafer.
The alignment operation was subsequently performed by adjusting the turntable to obtain a large
fringe period, and the exposure process would be performed directly after the alignment via the
relative movement between the interference field and the wafer. For the HARSG manufacturing
experiments, the light source for the SBIL system was a laser with an operating wavelength of
413 nm, and the included angles for the two exposure beams were 22.8◦ and 50.9◦, corresponding
to the 1800 gr/mm and 3600 gr/mm interference fringes, respectively. Therefore, the groove
density of the reference grating was set at 450 gr/mm, and the values of the diffraction order
m near the normal direction corresponding to the groove densities of 1800 gr/mm and 3600
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Fig. 4. Image of the alignment process between the reference grating and interference field
fringes in the SBIL system.

gr/mm were 2 and 4, respectively. It should be noted that, unlike conventional holographic
lithography, the size of interference field in our SBIL system was approximately 0.9 mm, and
thus the period of the interference fringe from the diffraction light that could be observed directly
was limited to approximately 1.8 mm, leading to alignment errors of 0.018◦ for the 1800 gr/mm
density and 0.009◦ for the 3600 gr/mm density. Our etching experiment to fabricate HARSGs
has already demonstrated perfect repeatability with this level of precision, but the alignment
process accuracy can be improved further via a dynamic method that involves introduction of an
additional phase change that results from the wafer movement within the SBIL system when the
fringe period is greater than the spot size on the receiving plane. Fig. 5 illustrates the principle
of the dynamic alignment process. The X-axis and Y-axis respectively represent the scanning
direction and the stepping direction of the worktable in the SBIL system, and when the wafer
moves by dx in the scanning direction, this results in a relative movement by a distance dg in the
grating vector direction between the reference grating and the exposed light field, which satisfies

Fig. 5. Schematic diagram of the dynamic alignment process through the relative movement
in x-direction between the reference grating and the exposure field. Movement perpendicular
to the grating line will resulting in the phase difference between the two diffracted beams,
leading to the periodic change of light intensity on the receiving plane.
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the relation dg = dxsinα. According to grating phase shift theory, a phase difference ϕ which is
related linearly to dx will be generated between the two diffracted beams, where:

ϕ =
4mπdxsinα
Λ

=
2πdxsinα

t0
(6)

Therefore, during movement of the wafer, continuous fringe movement will be observed on
the receiving plane as a result of the linear phase shift, the speed of which is proportional to sinα.

Fig. 6. Interference images of the diffracted light when the movement distance of the
reference grating was (a) 4.6 mm, (b) 5.5 mm, and (c) 6.4 mm during the dynamic alignment
process, providing a clear illustration of the movement of the fringes. (d) Average intensity
of the red framed line area during movement of the reference grating from 0 to 12 mm,
with a change period of approximately 1.8 mm. (e) and (f) show the static image and the
variation in the intensity after slight adjustment of the turntable, respectively, with a much
larger period of approximately 12 mm corresponding to a deviation angle of 0.001◦.
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Fig. 6 shows an example of this method based on an interference field of 4600 gr/mm in the SBIL
system, corresponding to use of a reference grating with a density of 460 gr/mm on the wafer,
and the movement distance and speed of the worktable during this process were set at 12 mm and
1 mm/s, respectively. Through the diffraction light detector in the SBIL system, Fig. 6 presents
images of the light spot in the stationary state and the changes in the average intensity within a
0.2 × 0.2mm2 area during movement of the worktable before and after the dynamic alignment
process. The results clearly show that under different deviation angle conditions, the intensity
received by the area showed different change periods during the scanning processes of 1.8 mm
and 12 mm. As a result, it can be calculated using Eq. (6) that the corresponding deviation
angle of the sample shown in Fig.6 was reduced from 0.007◦ to 0.001◦. Therefore, using the
dynamic alignment process, ultra-high alignment accuracy between the reference grating and the
interference fringes can be achieved, and the composite error of the entire alignment process
described in Section 2. can be calculated to be 0.038◦. Because of the independence of the
errors from each step during alignment process, it is clear that the composite error is mainly
contributed by the alignment error that occurs between the reference grating and the spoke in
the <111> orientation, and this error can easily be optimized further by optimizing the pattern
for the fan-shape spokes and the slit on the contact mask. For example, for a reference grating
fabrication error of within 0.01◦ [14], the total alignment process error would be reduced to
0.018◦, which represents better accuracy than the conventional methods.

3. Results and discussion

3.1. Fabrication of 500 gr/mm HARSG

Deep etching of the 500 gr/mm silicon grating was firstly conducted to verify the reliability
of the reference grating alignment method described in Section 2.1. The grating pattern was
aligned with the <111> crystal orientation and exposed to the photoresist (BP212, Kempur
Microelectronics) through a UV contact lithography system, and was then transferred into
the 40-nm-thick silicon nitride layer through the ICP etching method by using the pattern
as a wet-etching mask. The wafer was etched in a 50 wt% KOH solution with 0.5 wt% of
2,4,7,9-tetramethyl-5-decyne-4,7-diol (TMDD) surfactant for 72 h at approximately 25◦C. A
critical point dryer (K850, Quorum Technologies ) was eventually used after removal of the
wafer from the solution to prevent adhesion of the grating lines due to uneven surface tension
[13]. Fig. 7 (b) shows the etching results for a 500 gr/mm HARSG with depth of 95.9 µm, 0.47
µm line width, and an undercut of 0.31 µm; these results correspond to an aspect ratio of 204
and an etch rate ratio of 309, which are unusually high when compared with previous reports.
The ultra-high etch rate ratio between the vertical direction and the side wall indicated that the
grating lines direction was oriented precisely parallel to the (111) plane, and similar experiments
have demonstrated good repeatability even for shorter fan-mask spokes; this showed that the
alignment between the reference grating and the <111> orientation was sufficiently precise to
enable fabrication of the HARSG.

3.2. Fabrication of high groove density deep etching silicon grating

Higher groove density silicon gratings with ultra-high aspect ratio were fabricated using the
alignment method described in Section 2 based on the scanning interference field exposure
system. A 450 gr/mm grating was first fabricated on the wafer to act as the reference grating;
thereafter, interference fields with groove densities of 1800 gr/mm and 3600 gr/mm were aligned
with the reference grating before subsequent exposure on the photoresist layer (S1805, Dow).
The photoresist mask pattern was then transferred into the silicon nitride layer via ICP etching.
Unlike the process in Section 3.1, a chromium supporting mesh mask with a thickness of 100
nm was subsequently fabricated on the silicon nitride layer using a standard lift-off process to
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Fig. 7. (a) Schematic diagram of fabrication of the 500 gr/mm HARSG, and (b) SEM
sectional view.

improve the stability of the grating structure, as illustrated in Fig. 8. Therefore, the mask that
was prepared for wet etching was a combination of both the silicon nitride grating mask and the
chromium supporting mesh mask. The wafer was eventually etched in a 50 wt% KOH solution
containing 0.5 wt% of TMDD surfactant. Fig. 9 shows the results of etching of the 1800 gr/mm
grating mask in a 19-20◦C etch solution for 20 h, indicating an etch depth of 16.8 µm and a
line width of 0.15 µm, which corresponds to an aspect ratio of 112. Note here that although the
SBIL system can produce a large area grating mask to cover the entire wafer, the sizes of the
HARSGs fabricated in our experiments were limited by the internal dimensions of the critical
point dryer. Similar results are shown in Fig. 10 for another two 1800 gr/mm samples after 10
hours of etching, which presented an etch rate ratio of approximately 210. These results also
indicated that the TMDD surfactant did not have a significant effect on the etch rate ratio, and that
the slight differences in etch depth between the two samples might be caused by changes in room
temperature and differences in the duty cycles of the grating masks. A HARSG with density of
3600 gr/mm was also fabricated by etching for 5 h in a KOH solution, which is shown in Fig. 11
to have a 5.5 µm etch depth and 60 nm line width. It can be concluded from the results presented
above that the alignment method based on the SBIL system proposed in our paper can achieve

Fig. 8. (a) Schematic diagram of high-groove-density grating mask fabrication process, and
(b) microscopic image of the 1800 gr/mm grating mask with a Cr mesh mask. The width of
the chrome line is 10 µm, and the length and width of the individual grids are 600 µm and
150 µm, respectively, with an angle of 70.53◦ corresponding to the angle between the two
<111> crystal directions on the (110) plane.



Research Article Vol. 30, No. 22 / 24 Oct 2022 / Optics Express 40851

precise alignment between the holographic grating lines and the <111> crystal orientation, and
further obtain excellent anisotropy in the wet etching process.

Fig. 9. (a) Image of the 1800 gr/mm HARSG, and (b) SEM sectional view with a declination
angle. The inclined plane shown at the bottom of the grating on the right resulted from
broadening caused by the supporting mesh mask during the wet etching process.

Fig. 10. SEM images of 1800 gr/mm HARSGs when etched for 10 h in (a) a 50 wt% KOH
solution with 0.5 wt% TMDD and (b) a KOH solution without the surfactant.

Fig. 11. (a) Image of the 3600 gr/mm HARSG and (b) the SEM sectional view. The mesh
mask for the 3600 gr/mm HARSG had a width of 50 µm and length of 200 µm for each grid.
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4. Conclusion

A new method for alignment between the grating lines and the <111> orientation of a silicon
wafer based on the SBIL system is proposed in the paper for use in the fabrication of HARSGs.
Through interference of the diffracted light beams from the reference grating, a composite error
of 0.038◦ can be achieved when using the proposed alignment method, and each process step
has been verified via anisotropic wet etching experiments, which showed good stability and
eventually obtained HARSGs with groove densities of 500 gr/mm, 1800 gr/mm, and 3600 gr/mm
with ultra-high aspect ratios and etch rate ratios. Compared with the alignment methods that
were used in previous studies, the method in our paper provides both convenience and high
precision, and offers good compatibility for the SBIL system without the need to introduce
additional components into the system. Furthermore, the accuracy of the method can easily be
improved further by changing the contact mask pattern presented in Section 2.1. It should also be
noted that the alignment method can be applied to the static holographic interference lithography
system without a requirement for drastic changes, which can improve the alignment accuracy
of the static holographic exposure system greatly for requiring fewer intermediate steps when
compared with the previous method.
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