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Efficient femtosecond laser fabrication of
ultra-large-area Dammann gratings via line-field
shaping
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We demonstrate efficient fabrication of ultra-large-area
Dammann gratings using femtosecond laser line-field shap-
ing. A cylindrical-lens phase loaded on a spatial light mod-
ulator reshapes a Gaussian beam into a high-aspect-ratio
line focus, allowing rapid metal mask removal via continu-
ous linear scanning. Compared with point-by-point writing,
the efficiency is improved by around 104 times, produc-
ing a 2-inch grating. Various splitting configurations (1 x 6,
2 x 2, 3 x 3, star-shaped, parallelogram) are realized with
a uniformity of 98.58%. The fabricated gratings further
generate structured light arrays (vortex, Airy, azimuthally
modulated) as 6 x 6 highly uniform focal spots that pre-
serve helical phase singularities and self-accelerating pro-
files without observable crosstalk. This approach provides
a low-cost, high-throughput route for large-area Dammann
gratings and advances parallel optical processing and struc-
tured light distribution. © 2026 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(Al) training, and similar technologies, are reserved.
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Highly uniform massive parallel beam splitting is decisive in
optical computing, large-scale interconnects, high-power laser
processing, and high-throughput information processing [1-6],
and acts as a key enabler to break the serial bottleneck of elec-
tronics [7,8]. Existing beam splitters suffer inherent limitations:
cascaded splitters provide only a few channels with high loss,
ordinary gratings yield nonuniform intensity, and spatial light
modulators are costly and damage-prone [9-11].

Dammann gratings, binary diffractive elements [12], split
a beam into equal-intensity sub-beams with uniformity
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independent of the incident field and enable arbitrary array con-
figurations, thus becoming the standard for laser direct writing,
parallel particle manipulation, and structured-light metrology
[13—-18]. Maskless femtosecond laser writing [19-21] is ideal
for large-size, non-standard, small-batch gratings, eliminating
mask costs and shortening design-to-sample cycles. Its bot-
tleneck is efficiency: on sapphire, single-pulse writing causes
debris, periodic surface structures, and microcracks, demanding
slow speeds or repeated passes; even with burst mode, a 12
x 12 grating still takes 72min [22]. Spatial light modulation
can produce beams with extended depth of focus, breaking the
point-by-point speed limit. We previously generated line-shaped
beams for photoresist processing [23], yet combining spatial
light modulation with femtosecond direct writing for efficient
Dammann grating fabrication remains unexplored.

In this study, we propose a femtosecond laser beam shap-
ing method that uses a cylindrical lens phase on a spatial
light modulator to generate a line focus combined with lin-
ear scanning, enabling efficient fabrication of ultra-large-area
Dammann gratings with a 14,000-fold efficiency gain over
conventional point-by-point processing and achieving 93.60%
uniformity for a 6 x 6 splitting array under Gaussian illumina-
tion. Splitting tests on structured fields—including vortex, Airy,
and a four-segment phase-modulated composite beam—show
that each diffraction order retains the original wavefront with-
out distortion or crosstalk, confirming the method’s reliability
in delivering high-quality devices for cutting-edge applications
such as structured-light-array optical tweezers, mode-division-
multiplexed communication, and multi-channel quantum infor-
mation distribution.

In the fabrication setup (Fig. 1(a)), a femtosecond laser
(Coherent Monaco, 517nm, 290 fs, 250kHz) with its energy
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Fig. 1. Fabrication of the Dammann grating. (a) Schematic of
the femtosecond laser beam shaping setup. BE, beam expander;
DM, dichroic mirror; HL, halogen lamp; HWP, half-wave plate;
OBJ, objective lens; PBS, polarizing beam splitter. (b) Customized
linear scanning fabrication strategy. (c) Optical micrograph of the
fabricated large-area 6 x 6 splitting grating. Scale bar: 50 pm.
(d) Magnified view of the region marked in (c). Scale bar: 20 pm.
(e) Comparison between theoretical and experimental transition
point distributions. (f) Beam splitting result of the 6 x 6 Dammann
grating. Scale bar: 200 um. (g) The normalized intensity of the
grayscale of the 36 focal regions arranged in six rows in (f).

controlled by a zero-order half-wave plate and a polarizing beam
splitter was directed onto a spatial light modulator (SLM) loaded
with a cylindrical-lens phase mask, and the resulting line-shaped
field (aspect ratio 20:1) was focused by a 50x objective (NA
= 0.75) onto a sample carried by a 3D nano-positioning stage
(1nm step, 100nm repeatability). This pure-phase holographic
shaping maximizes energy utilization and allows real-time ad-
justment of focal length, line length, and orientation without
hardware changes.

Aluminized glass slides (Al 180nm on 0.21 mm glass) were
patterned by unidirectional linear scanning (Fig. 1(b)). Ultra-
short pulses provide cold ablation; the line length (20 pm) sets
the processing resolution. The scanning trajectory is optimized
to the grating’s transition points, and an optical shutter syn-
chronously toggles the pulse train on only in removal zones
while the stage moves continuously, eliminating start-stop mo-
tions and idle travel.

A fabricated 6 x 6 Dammann grating (Figs. 1(c) and 1(d))
exhibits sharp boundaries, no distortion, and complete metal
removal. Measured transmittance profiles of a single period
(Fig. 1(e)) match the theoretical design. Under collimated Gaus-
sian illumination, a 6 x 6 focal-spot array forms at the back
focal plane of a collection objective (Fig. 1(f)), with spot-to-spot
intensity uniformity of 93.60% (Figs. 1(g) and S1 in Supple-
ment 1). The uniformity is defined as: uni=1-[I, (max) -
1,,(min)]/[1, (max) —I,,(min)] (Where I, is the focal spot in-
tensity).

Fabrication quality is governed by the interplay of scanning
speed and pulse energy. We systematically evaluated the ablation
quality (which is recently emphasized in ultrafast processing of
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Fig. 2. Processing parameter window. (a) Separation and overlap
of femtosecond laser pulses. Scale bar: 20 pm. (b) Influence of pulse
energy and scanning speed on the removal rate of the aluminum
layer. Scale bar: 50 pm. (c) Optimal processing parameter window
based on transmittance. (d) Transmittance as a function of pulse
energy. (e) Transmittance as a function of effective pulse number.
Nanoscale characterization by SEM/EDS and profilometry is pro-
vided in Figs. S2 and S3 in Supplement 1.

transparent media [24]) under three representative pulse ener-
gies (1.2 pJ, 3.6 pJ, and 6.0 pJ) via SEM/EDS and profilometry
(see Figs. S2 and S3 in Supplement 1), confirming that 3.6 pJ
yields clean, damage-free removal. We temporarily fixed the
repetition rate at 1 kHz and varied the scan speed. At this low
repetition rate, adjacent pulses transition from full separation to
high overlap as the speed decreases (Fig. 2(a)). Sufficient over-
lap creates a continuous energy deposition band that produces
working areas with sharp boundaries and completely exposed
substrate. With low pulse energy, reducing speed to increase
overlap achieves complete metal removal and high transmit-
tance. However, at high pulse energy, excessively low speed
(high overlap) causes accumulated energy to penetrate the metal
and melt the glass substrate, degrading surface flatness and
transmittance (Fig. 2(b)). Consequently, higher scanning speeds
require higher pulse energy to maintain removal efficacy, but
excessive energy—even at moderate overlap—still induces ir-
reversible thermal damage. A nonlinear speed—energy trade-off
must be balanced. To quantitatively describe the degree of spa-
tial pulse overlap determined jointly by the scanning speed and
the pulse repetition rate, we define the effective pulse number
as Eff = %, which represents the number of pulses acting per
unit length along the scanning direction, where f is the laser
repetition rate and v is the stage speed.

A larger effective pulse number Eff leads to stronger spatial
overlap. Taking Eff and pulse energy as two variables, by char-
acterizing the metal layer removal rate via optical transmittance
measurements, we constructed the process window diagram
shown (Fig. 3(c)). The dashed region enclosed by the contour
lines corresponds to the high-quality processing window where
the optical transmittance approaches 100%. Outside this re-
gion, either metal residues remain due to insufficient energy, or
substrate damage occurs due to excessive energy. Considering


https://doi.org/10.6084/m9.figshare.33130979
https://doi.org/10.6084/m9.figshare.33130979
https://doi.org/10.6084/m9.figshare.33130979
https://doi.org/10.6084/m9.figshare.33130979

2-path.
Cross-scanning

LS S S 0

Fig. 3. Various gratings and their beam-splitting results. (a) 1 x 6
splitting. Scale bar: 200 pm. (b) 2 x 2 splitting. Scale bar: 200 pm.
(c) 3 x 3 splitting. Scale bar: 200 pm. (d) Star-shaped splitting. Scale
bar: 200 pm. (e) Parallelogram splitting. Scale bar: 200 pm. (f) A
2-inch large-area grating. Scale bar: 1 mm.

inevitable small fluctuations in laser energy and repeatability
tolerance of the mechanical system, we did not select parameters
at the window edge. Instead, we chose the working point marked
by the red star, which lies inside the window and offers the widest
process tolerance. As confirmed by Figs. 2(d) and 2(e), under
the selected parameters, when pulse energy or Eff fluctuates
over a relatively wide range, the optical transmittance remains
consistently above 98%, ensuring quality consistency in long-
duration continuous processing and batch production. A concise
summary of the key processing parameters and their optimal
windows is provided in Table S1 in Supplement 1. In addition,
we verified that the polarization state of the incident laser has no
significant influence on the ablation morphology (see Fig. S5 in
Supplement 1), further relaxing the constraints on experimen-
tal implementation. To systematically verify the universality and
structural uniformity of our fabrication method, we fabricated
a series of Dammann gratings with different designs, as shown
in Figs. 3(a)-3(f). Figure 3(a) shows a one-dimensional 1 x 6
splitting grating, producing six equally spaced diffraction spots
with highly uniform intensities. Figures 3(b) and 3(c) present
two-dimensional 2 x 2 and 3 x 3 splitting gratings, respectively,
yielding regular, distortion-free spot arrays. To demonstrate
broad applicability, we designed and fabricated star-shaped
(Fig. 3(d)) and parallelogram-shaped (Fig. 3(e)) splitting grat-
ings; the resulting spot patterns precisely match theoretical
expectations without introducing stray spots or morphological
defects, confirming excellent design flexibility.

Benefiting from the high-aspect-ratio line-shaped light field
and customized linear continuous scanning strategy, we success-
fully fabricated a large-area grating up to 2 inches in size, with
a total processing time of approximately 2.8 hours (limited by
hardware to a scanning speed of 10 mm/s; using a mainstream
stage or galvo scanner, the time can be reduced to within 30 min-
utes), as shown in Fig. 3(f). The grating maintains uniformity
over the entire area, and the efficiency is nearly 14,000 times
higher than that of conventional point-by-point scanning, offer-
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Fig. 4. Structured light beam splitting tests. (a) Experimental
setup. (b)—(d) 6 x 6 arrays (left/middle) and magnified single spots
(right) for vortex (topological charge 4), Airy, and four-segment an-
nular beams, respectively. (e)—(g) Intensity profiles along the white
dashed lines in (b)—(d). Scale bars: 200 pm (arrays), 40 pm (magni-
fied spots).

ing a viable route for scalable rapid manufacturing of large-area
gratings. We further measured the diffraction efficiency of the
6 x 6 grating. Using a 100-pm-radius mask to block the zero-
order, three independent measurements yield non-zero-order
efficiencies of 24.0% + 1.8% (mean + s.d.).

Multi-channel replication of structured light fields is of great
value for optical communication coding and quantum infor-
mation processing [25]. We conducted structured light beam
splitting experiments, as schematically shown in Fig. 4(a). A
collimated Gaussian beam was modulated by an SLM loaded
with three different phase masks to generate a vortex beam,
an Airy beam, and a four-segment annular phase-modulated
beam, respectively. Each beam then passed through the same
6 x 6 Dammann grating and a Fourier lens to produce the
corresponding focal spot array.

A spiral phase mask with topological charge 4 (Fig. 4(b),
left) generated a vortex beam, yielding a uniform 6 x 6 vor-
tex array (Fig. 4(b), middle); the magnified spot (Fig. 4(b),
right) exhibits the characteristic annular profile with a dark core
(Fig. 4(e)), confirming preservation of the phase singularity
without distortion. Additional phase diagnostics via cylindrical-
lens astigmatic transformation (Fig. S4 in Supplement 1) further
confirm the preservation of helical phase singularities after
passing through the grating. Switching to a cubic phase mask
(Fig. 4(c), left) produced self-accelerating Airy beams, whose
array (Fig. 4(c), middle) displays the expected curved tails, and
the magnified spot with its intensity profile (Figs. 4(c), right and
4(f)) clearly resolves the main lobe and side lobes, demonstrat-
ing energy balance and wavefront fidelity even for asymmetric
beams. An azimuthally modulated beam was generated by a
four-segment annular phase mask (Fig. 4(d), left), which further
produced a uniform 6 x 6 focal spot array (Fig. 4(d), middle);
the magnified spot and profile (Figs. 4(d), right and 4(g)) con-
firm that the phase-induced intensity pattern is well preserved
without crosstalk.
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In summary, we have demonstrated a femtosecond laser line-
field shaping strategy that enables rapid, mask-free fabrication
of large-area Dammann gratings. Beyond the significant im-
provement in throughput, this method features high flexibility in
phase-pattern customization and has been successfully applied
to various splitting configurations (1 x 6, 2 x 2, 3 x 3, star-
shaped, and parallelogram). More importantly, this low-cost,
high-efficiency approach is not limited to Dammann gratings;
it can be readily extended to the rapid prototyping of other bi-
nary diffractive optical elements, offering a versatile route for
scalable diffractive optics manufacturing.
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