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ABSTRACT Holography plays a significant role in applications
such as data storage, light trapping, security, and biosensors. How-
ever, conventional fabrication methods remain time-consuming,
costly, and complex, limiting the fabrication of holograms and their
extensive use. Here, we demonstrate a single-pulse laser ablation

technique to write parallel surface gratings and Fresnel zone plates.

We utilized a 6 ns high-energy green laser pulse to form interference patterns to record a surface grating with 820 nm periodicity and asymmetric zone

plate holograms on 4.5 nm gold-coated substrates. The holographic recording process was completed within seconds. The optical characteristics of the

interference patterns have been computationally modeled, and well-ordered polychromatic diffraction was observed from the fabricated holograms. The

zone plate showed a significant diffraction angle of 32° from the normal incident for the focal point. The nanosecond laser interference ablation for rapid

hologram fabrication holds great potential in a vast range of optical devices.
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olograms have applications in spec-
Htroscopy, telecommunication, light

trapping, security systems, and bio-
sensors.' 2 A hologram is an optical image
typically stored in a two- or three-dimensional
(2D or 3D) medium of interference patterns
formed by coherent laser beams. The image
consists of a structure with varying density
or profile that reconstructs a wavefront by
means of diffraction.'® Historically, 3D holo-
grams have been recorded using silver halide
chemistry and photopolymers.'" In  silver
halide holograms, the image is recorded in a
laser light sensitive emulsion, followed by
photographic development.” While photopo-
lymers are recorded in the same mode, they
can be cured by heat treatment or ultraviolet/
visible light exposure.'? Practical approaches
can be realized by recording images in photo-
resist, which can be transformed into a nickel
surface relief grating for embossing holo-
grams in hydrophobic polymers.'® The use
of photoresist requires high-cost and custo-
mized equipment for fabricating the master
holograms. Surface gratings can also be writ-
ten by complex techniques such as E-beam
lithography (EBL) and focused ion beam
(FIB) milling."*~"® However, these approaches
are high-cost, low-throughput, and labor
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intensive.'” To overcome these limitations,
direct laser interference patterning (DLIP) in
split-beam off-axis mode has been developed
to fabricate surface patterns.'® This approach
involves laser pulses (~300 mJ/cm?) to selec-
tively modify thin films made out of polymers,
aluminum zinc oxide, nickel, and steel.'*?° For
example, the use of a frequency-quadrupled
diode-pumped solid-state laser (6 ns, 266 nm,
20 m)J) allowed direct interference pattern-
ing of light-emitting fluorene polymer.?’
In these approaches, the laser pulse was split
into multiple beams, which were focused
by identical lenses on the sample surface.
This approach known as off-axis interfer-
ence patterning requires accurate symmet-
ric and interferometric alignment of multiple
laser beams. The development of customiz-
able single-beam patterning techniques
without requiring a complex optical setup
remains a challenge in producing optical
elements.

Here, we demonstrate a one-step rapid
holographic recording technique, in which
a nanosecond laser pulse is used to engi-
neer diffraction patterns on transparent
substrates coated by light-absorbing mate-
rials. In laser light patterning, a grating can
be produced by the intensity distribution of
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Figure 1. Fabrication of the holograms through nanosecond laser light interference. (a) Schematic of the surface hologram
recording setup. A Nd:YAG pulsed laser beam (1 = 532 nm, 350 mJ) travels through the beam expander and is reflected back
from an object. (b) Microscope image of gold surface grating showing parallel lines. Scale bar = 2 um. (c) Diffraction grating

periodicity of ~820 nm.
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Figure 2. Optical characterization of the diffraction grating fabricated via laser ablation. (a) Schematic of an integrating
sphere employed to capture the diffraction pattern. (b) Diffraction pattern obtained by illumination of a broadband white
light on a semitransparent hemispherical screen (r = 15 cm). (c) Diffraction spots in transmission mode by shining laser light
(532 nm) perpendicular to surface grating. (d) Diffraction spots displayed on a plane screen in both transmission and

reflection modes.

interference directed to a coated surface. Unlike silver
halide holography, the collimated laser ablation is a
physical procedure in which the high peak power of
the laser is capable of selectively removing a region of
the coated layer determined by the ablation threshold
of the light-absorbing material. The optical properties
of the formed pattern depend on the pulse duration,
localized energy of the laser beam, and any absorption
of the ablated material. With the highly localized
energy of the laser beam directly ablating the material,
an optical device can be fabricated within seconds.
In the present work, we present parallel surface grat-
ings and asymmetrical Fresnel zone plates (FZPs) to

ZHAO ET AL.

demonstrate the simplicity and high efficiency of
nanosecond pulsed laser ablation holography.

RESULTS

The peak energy of the Nd:YAG laser beam (4 =
532 nm, 6 ns) was set to 10 mJ with a spot area of 1 cm?
after the beam expander. The laser beam directly
patterned the gold-coated sample positioned with a
tilt angle from the surface plane of an object (i.e., plane
mirror), which was perpendicular to the incident direc-
tion (Figure 1a). The interference occurred between
the two laser beams traveling in opposite directions,
resulting in a well-ordered grating. The period of the
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Figure 3. Angle-resolved measurements of the diffraction grating fabricated via laser ablation. (a) Schematic of 3D rotational
stage setup for the measurements of the optical intensity. (b) Optical intensity distribution by normal incident white lightas a
function of 180° rotation. (c) Diffracted optical intensity distribution by a laser beam (650 nm) illumination in transmission
mode according to rotational angle. (d) Diffracted optical intensity distribution in response to 455, 532, and 650 nm light in
both transmission and reflection mode corresponding to rotational angle.

grating was determined by the incident wavelength (1)
and tilt angle (0) of the sample with respect to normal
incidence. The constructive interference occurred at
intervals of 1/2, showing the effect of a stationary wave.
Thus, the period for the ablated gratings is

A

~ 25sinf (1)

Figure 1b shows a microscope image of the surface
grating sample ablated at 6 = 20°; the periodicity was
measured as 820 nm (Figure 1c), which is in accordance
with the theoretically calculated grating periodicity of
778 nm. The difference may be attributed to the
simplicity of the laser setup. Linear gratings periods
of 3052, 1532, and 1028 nm can be obtained by
patterning the gold layer at tilt angles of 5°, 10°, and
15° from the mirror surface plane, respectively.

Figure 2a illustrates the interrogation setup for the
optical characterization of the grating. The diffraction
pattern for the ablated grating sample is shown in
Figure 2b—d by shining different light beams vertically.
A well-ordered rainbow was observed by using inci-
dent broadband white light with red diffracted at a
higher angle and blue at a lower angle (Figure 2b). For
monochromatic laser incidence, the diffraction pat-
terns were concentrated spots instead of broadband
ribbons (Figure 2c). Diffracted spots in both transmis-
sion and reflection modes were visualized in forward
and backward directions by normal incident red laser
light (Figure 2d).
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The diffraction angles and efficiencies for different
monochromatic laser sources were studied by optical
intensity measurements. The grating sample was
placed perpendicularly to the light beam on a 3D
rotational stage (Figure 3a). An optical power meter
was located in alignment with the collimated light
source to allow the measurement of optical intensity.
Figure 3b—d shows the diffracted optical intensity
distribution as a function of 180° rotation. Two broad-
band peaks (from 35° to ~60°) were observed sym-
metrically from both sides of a central zero-order spot,
where the diffraction pattern was in agreement with
Figure 2b. The diffraction spots were visualized in the
range of —90° to +90° with blue diffracted at lower
angles and red at higher angles. The diffraction angles
for blue, green, and red were measured to be 33°, 42°,
and 53°, respectively, which correspond to the grating
equation (eq 1). The diffraction efficiency for the
incident red laser was experimentally measured to be
0.54% by adding the two transmission spots and
two reflection spots (Figure 3c). Both transmission
and reflection diffractive spots contribute equally to
the total diffraction efficiency. The diffracted optical
intensity distribution for each wavelength is shown in
Figure 3d.

We demonstrate the utilization of nanosecond
laser ablation of surface holograms by producing an
asymmetric FZP on a 4.5 nm gold-coated transparent
substrate. The reflective object was replaced by a

\
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Figure 4. Simulated optical spectra of light interference using a concave mirror. (a) 2D image of interference intensity
distribution reflected by a concave mirror. (b) 3D view of the electric field propagation showing the focusing effect. Intensity
distribution plots along the (c) y-axis and (d) x-axis at the focal plane. (e) Intensity distribution at a titled plane of 30°.

concave mirror, which had a diameter and radius of the focal plane was at y = ~5.5 um, which was identical
curvature of 25 and 62 mm, respectively. A strong to the theoretical focal length for a concave mirror with
interference occurred between the collimated incident 11 um curvature radius. Figure 4d shows the intensity
beam and multiple beams reflected from the concave distribution along the x-axis at the focal plane, and a

mirror. During recording of the reflection hologram, high-intensity focal point was observed. The profile
the sample was set at a tilt angle of 30° from the surface was symmetrical about the focal point. The 2D inter-
plane. Figure S1 shows the schematic setup for pre- ference intensity at 30° tilt angle was also analyzed as a

paring the FZP hologram. To analyze the intensity result of the incident and reflected beams. In con-
distribution produced by the interference of multiple trast to the focusing effect at the focal plane, the

laser beams throughout the concave mirror, a compu- intensity distribution at a tilted plane of 30° showed
tational simulation was performed using the finite an asymmetric power flow distribution from the center
element method. Because of the large computational (Figure 4e). The intensity of interference peaks de-
memory and simulation time required by the actual creased from one side to the other. This asymmetric
model, a 2000x smaller simulation model was mod- interference patterns when used for ablation of a thin
eled. In the simulation, a 2D model was set up and the gold film produces an asymmetrical FZP.

electromagnetic field intensity distribution was calcu- The dimensions and surface morphology of the thin

lated by inducing a plane wave (1 = 532 nm) incident gold layer on the glass substrate were analyzed using
upon the concave mirror. The intensity distribution optical microscopy and atomic force microscopy
produced by the concave mirror was simulated to (AFM). A plate with radial zones alternating from gold
visualize the interference effect. Figure 4a,b shows circles (opaque zones) to transparent zones (substrate)
the intensity distribution, where a circular interference was observed, and the radius of the outmost zone was
pattern is observed. measured to be ~2 cm in Figure 5a. Figure 5b shows a

The simulation results show a focal plane produced magnified region of the FZP, suggesting that the width
by the focusing effect of a concave mirror. According to of the zones decreased farther from the center, which
Snell's law, the focal length of a typical concave mirror was in agreement with simulation results. The zones
can be defined as half of the radius of curvature were spaced so that the diffracted light constructively
regardless of any focusing errors. Figure 4c shows that interferes at a focus region. Figure S2 shows additional
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Figure 5. Optical microscopy and AFM characterization of the holographic FZP fabricated via laser ablation. (a) An image of
the FZP. Scale bar = 200 um. (b) Magnified microscope image for FZP region in panel a. Scale bar = 20 um. (c) AFM surface
profile for a gold-substrate outer zone. Scale bar = 1 um. (d) Cross section height profile for segment AB in panel c.

optical microscopy images of the FZP. The dimensions
of the zones varied from about a 100 um (in the center)
to few hundred nanometers (at the edge of the lens).
Fabricating such as a lens using techniques like E-beam
or FIB will clearly be very expensive, time-consuming,
and labor intensive. Figure 5¢ shows an AFM image of a
typical outer zone; points A and B on the segment
correspond to the gold and substrate regions, respec-
tively. The cross section topography for segment AB is
shown by a plot of height profile (Figure 5d). The
average height was 4.55 nm, and a side wall tilt was
observed at the gold—substrate boundary.

To study the focusing effect and observe diffraction
spectra of the holographic FZP, broadband white light
was shone upon the lens (Figure S3a). The diffraction
pattern for the asymmetrical FZP hologram is shown in
Figure S3b. Distinct from conventional symmetric
FZPs which focus an incident ray straight along the
optical axis, the diffraction pattern for the asymmetric
FZP showed a significant diffracted angle, o, to the
normal propagation direction. This differentiated the
diffracted rainbow from the strong nondiffracted back-
ground (zero order). The diffraction image also exhib-
ited a well-ordered spectral rainbow in high contrast
ranging from blue to red in both transmission and
reflection.
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The diffraction spectra for the holographic FZP were
analyzed by angle-resolved measurements. The sam-
ple was mounted on a straight slot perpendicular to
the light source in order to illuminate the sample
normally. The framework for placing the sample and
light source was supported on a 3D adjustable stage
controlled by a stepper motor. The spectrometer was
placed in alignment with the 3D stage, and it was able
to rotate 360° with 1° increments. By rotating the 3D
stage automatically, the intensity plot was recorded
throughout the diffraction region (Figure 6a). The dis-
tance between the sample and spectrometer ranged
from 8.7 to 21.8 cm in 2.5 cm intervals to detect the
focal length in the visible light regime (blue to red).

Figure 6b illustrates the diffraction spectra at a
distance of 6.2 cm as a function of rotational angle.
The diffracted spectrum was between 400 and 800 nm
with diffraction angles ranging from 34° to 68°. To
obtain continuous diffraction spectra throughout the
diffraction region, an interpolated curve was formed
by connecting the peak intensity of each spectrum.
The optical intensity of the green light region
(492—577 nm) was the strongest among the diffraction
pattern. The focal lengths for three wavelengths (455,
532, and 650 nm) were determined by measuring
different diffracted intensities according to a series of
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Figure 6. Angle-resolved measurements of the Fresnel zone plate. (a) Schematic setup for recording diffraction spectra.
(b) Diffraction intensity under different wavelengths as a function of rotation angle at distance of 6.2 cm. (c) Diffraction
intensity in response to 455, 532, and 650 nm light as the distance to the spectrometer was varied. (d) Diffracted intensity
distribution as a function of 180° rotation corresponding to incident white light.

distances between the sample and spectrometer
(Figure 6¢). For 532 nm, the diffraction intensity was
higher than that of 455 and 650 nm. The optical
intensity was maximized when the distance was
~11.2 cm, which was the experimental focal length
for the green ray. For 455 nm, the diffraction intensity
increased up to the distance of ~13.8 cm and then
decreased to a minimum at a distance of 21.8 cm; thus,
the focal length for blue light was ~13.8 cm. The
diffraction intensity for 650 nm decreased as distance
was increased, showing a focal length of ~6.2 cm.

The diffraction efficiency was also measured by an
optical power meter, which was placed at a distance of
18.3 cm from the holographic FZP. Figure 6d shows the
intensity plot in response to rotation angle. The peak
optical intensity was observed at 32° after the presence
of the broadband light source, indicating a diffraction
spot in transmission mode. This coincides with the
diffraction angle measured in the spectroscopy experi-
ment (Figure S3b). Additionally, there was a reflective
spot in the reverse direction. The maximum diffraction
efficiency for white light illumination was calculated
to be 0.8% by adding two symmetric diffraction spots
together (~0.4% for each spot).

DISCUSSION

We demonstrated a simple and rapid surface holo-
graphic patterning strategy to fabricate parallel surface
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gratings and FZPs consisting of a gold film (4.5 nm). In
addition to the present work, recently several advances
have been demonstrated in fabricating FZPs. FZPs
can be created by forming voids or refractive index
changes in bulk silica using femtosecond lasers. %2
However, this nonparallel laser patterning approach
does not involve laser interference. Hence, it is slower
and limited to micrometer scale resolutions. Recently, a
FZP was fabricated via a focused Ga™ ion beam.?*
While this approach enabled the fabrication of the
FZP with a diffraction efficiency of ~9.7%, it required a
high-cost setup and long fabrication times (>10 min) as
compared to our strategy. Although accurate gratings
can be fabrication via EBL and FIB approaches, they are
time-consuming and costly and are not applicable to
mass manufacturing. In the present work, Nd:YAG laser
intensity was used to pattern gold in an area of 3 cm?
within seconds, offering reduction both in cost and
fabrication duration. While ~10 mJ energy is used to
pattern gold, frequency doubling can achieve 350 mJ,
which can be industrially scaled to ablate large areas.
Hence, the present work demonstrates a practical and
flexible approach for patterning parallel and radial
gratings. The reproducibility of the grating periodicity
is determined by the accuracy of controlling the tilt
angle in the Denisyuk reflection setup, and the smallest
resolution possible is around 1/2 (a few hundred
nanometres) at tilt angles closer to 90°. A limitation
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of the present work includes the requirement for
transparent materials to pattern the grating because
Denisyuk reflection mode requires the object beam to
propagate through the substrate. This process also
produces internal reflections from the gold—glass
interface; however, the object beam is the main con-
tributor to the grating formation as it passes the
ablation threshold.?> Another limiting factor for this
approach could be the laser spot size uniformity. For
larger patterned areas, multiple exposures can be
adapted.

CONCLUSION

Our laser interference methodology has many at-
tractive aspects due to its flexible and simple setup.
While the present work employed gold as the record-
ing medium, it does not have strong affinity to glass.
This can be improved by functionalizing the surface

METHODS

Fabrication of the Gratings. Gold was evaporated over a micro-
scope glass to obtain a ~4.5 nm film with a transparency of
~50%, and its absorption peak overlapped with the laser light
used to produce the grating. Nd—Yttrium—Aluminum—Garnet
pulsed laser (high-power compact Q-switched Nd:YAG oscillator
with super Gaussian resonator, 700 mJ @ 1064 nm, 10 Hz) with a
second harmonic generator, 350 mJ @ 532 nm 10 Hz, thermally
stabilized with wavelength separation) was used to pattern gold.
The parallel and radial surface gratings were patterned in in-line
Denisyuk reflection mode. A plane dielectric mirror was placed
on a leveled surface, and an incident beam was aligned to be
normal to the surface plane. The gold-coated substrate was
placed over the mirror with a tilt angle of 5° from the surface
plane. The gold was patterned using 5 ns pulses (350 mJ, 532 nm,
10 Hz, a spot size of ~1 cmin diameter) of the Nd:YAG laser beam.
The laser energy patterning the gold film was measured as
~10 mJ using a power meter. The radial gratings were created
by replacing the plane mirror with a concave mirror, which had a
diameter and radius of 2.5 and 6.2 cm, respectively.

Optical Characterization. The spectrometer (Ocean Optics) with
an optical resolution of ~0.1—100 nm full width at half-
maximum was used to measure optical intensity with an
integration time of 1 s to obtain the maximum peak intensity.
COMSOL Multiphysics (v5.1) and MATLAB (MathWorks, v8.1)
were used for data processing and finite element simulations.
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