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ABSTRACT: Holographic displays are used for applications in data storage, light trapping, security, sensing, and optical devices.
Currently available fabrication techniques for holography remain expertise-dependent, costly, and time-consuming, limiting the
widespread personalized use of holograms. The development of efficient and low-cost techniques for the rapid fabrication of
holograms is required for practical applications. In this report, we use a single 6 ns laser pulse to record holographic surface
gratings by ablation in well-ordered printed ink on a substrate. The entire hologram fabrication process can be completed within
a few minutes. The photonic features of the prepared holograms have been modeled computationally and characterized
experimentally. We demonstrate the versatility of our fabrication method by preparing 2D and 3D holograms on both optically
transmissive and opaque surfaces. We anticipate that our strategy to fabricate holograms through laser ablation may hold great
potential in personalized data storage, optical, and security applications.
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Holograms in the visible and near-infrared region offer
great promise in spectroscopic, light-trapping, optical
filtering, laser tuning, security, display, and data storage
applications." > A hologram is an optical element that can
reconstruct a wavefront by means of diffraction. They are based
on the spatial organization of static or dynamic diffraction
fringes that disrupt the electromagnetic field, leading to changes
in its intensity and/or phase. Traditional holograms are
produced by the interference of coherent light.*"® Other
methods include surface stamping/imprinting (i.e, emboss-
ing),6 photochemical and electric field orientation of fringe
elements,” ™ and other more complex methods such as electron
beam lithography (EBL)'®'" and focused ion beam (FIB)
milling."* Photochemical and electric-field-oriented gratings
often require continuous external stimuli during operation,
while the fabrication of EBL and FIB gratings is labor intensive,
low-throughput, and costly. For practical applications, multi-
beam interference and surface stamping are currently the
mostly widely used methods for the production of holograms
since they are portable and require minimal or no external
power for operation. However, the rapid fabrication of low-cost
holograms on any flexible, rigid, or curved surface or material
type for widespread personalized use remains a challenge.
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Herein, we present a facile, low-cost, one-step process to
fabricate well-ordered surface diffraction gratings and arbitrary
holograms via a single collimated laser-light pulse over a coated
surface. Patterning via laser ablation is a physical method to
selectively remove light-absorbing material from localized
regions.”> The laser ablation method is fundamentally distinct
from traditional patterning techniques, which require photo-
chemical processing. In order to create well-localized ablated
patterns, a short and high-intensity laser pulse is required.'*
The location precision of the ablation is governed by thermal
diffusion in the light-absorbing material, which is directly
related to the laser pulse intensity and duration."> Limiting
thermal diffusion within the material is desirable for high-
resolution patterning. Therefore, when a coherent light source
creates a standing wave interference with sufficient localized
energy, an ablated pattern with feature sizes comparable to the
wavelength of the light can be formed. The energy absorbed by
the light-absorbing material (ie., ink-, pigment-, or dye-
containing polymer resin) depends on the laser wavelength,
energy, pulse duration, and the light absorbance properties of
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Figure 1. Surface hologram recording setups in reflection and transmission modes. Nd:YAG pulsed laser (4 = 532 nm) beam deviates from two
mirrors and travels through a beam expander and (a) reflects off a third mirror before ablating the ink on the surface of a tilted () substrate, backed
by an object, or (b) reflects off a tilted mirror (a) and an object (f) simultaneously, resulting in two incident laser beams that interfere and ablate the
ink on the surface of the substrate. All mirrors used were dielectric mirrors. Both reflection and transmission hologram recording modes had a laser

beam spot size with a diameter (&) of ~1 cm.

the ablated material.'® Laser ablation results in localized heat
throughout the thin layer of the light-absorbing material, which
undergoes photothermal evaporation and ejection from the
surface.” The laser ablation process can also be employed to
produce well-ordered surface diffraction gratings and holo-
grams. These photonic structures can be prepared with
complex geometries on various substrate types and surfaces,
enabling high-throughput capability for an entire new range of
optical applications.

We used nanosecond pulsed laser (4 = $32 nm) standing
waves to ablate and produce patterned ink holographic
diffraction gratings. Briefly, permanent black ink, consisting of
blue, red, and yellow hues, was deposited on the surface of a
flexible plastic substrate by mechanical writing (printing) or
spin coating. Surface holograms were subsequently formed via a
single 6 ns (~10 mJ) Nd:YAG laser pulse (Q-switch delay: 400
us; spot size: 1 cm in diameter (@) after the beam expander)
directed at the sample. We prepared surface holograms through
two different recording setups: reflection'® and transmission
modes® (Figure 1). In the reflection holography recording
setup, the laser beam was directed at the sample tilted at various
angles (6 = 5—30°) from the normal, backed by a reflecting
object (e.g., mirror or coin) normal to the laser incidence beam
(Figure la). Here, the interference occurred between beams
traveling in opposite directions. In the transmission recording
setup (Figure 1b), the holographic surface grating was formed
by the interference of two coherent incident beams, one
reflected from a mirror and the other reflected off an object,
directed at the sample, but at different angles (@ and ). In both
setups, the interference pattern of the wave fronts within the
thin ink layer produced a well-ordered diffraction grating that
diffracts light incident on the ink surface.

We modeled our system during hologram preparation using
the superposition of different light waves in order to predict the
interference pattern produced from the holographic surface
grating. In the example of the in-line reflection hologram
recording setup, we evaluated the interference pattern formed
by three waves: (1) incident beam (reference beam), (2) beam
reflected from the object (object beam), and (3) beam reflected
internally at the ink/air interface (Figure 2a). In order to
simplify the problem, only the s-polarized light (transverse
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electric (TE) mode waves) was analyzed. In the case of TE
waves, the electric field vector of multiple waves points in the
same direction. Therefore, there is only a single component of
the electric vector E(r,t) for all the waves. These components
for the three planar waves can be defined as

El(l‘, t) — Alei(ZnN(K1~r)—mt+¢‘) (1)
Ez(l‘, t) — Azei(ZnN(Kz-r)—wt+¢2) (2)
Ey(r, t) = A3ei(2”N(K3'r)_wt+¢3) (3)

where A is the wave amplitude, K is the wave vector, @ is the
angular frequency, ¢ is the phase, and N = n + ik represents the
complex refractive index. In a two-dimensional system, where
the angle of the K vector with the normal is equal to 6, the
electric vector E(r,t) for the waves can be expressed as

E](x, y, t) — Ale(—Zﬂk/ﬂ)(xsin(91)+ycos(91))

x ei[27m//1(xsin(9,)+ycos(9,))—mt+¢l1 (4)
Ey(x, 9, t) = Aol 2K/ A) sin(0r)yc05(6,))

s o2/ Aasin(8,)-+ycos(0,)) ~wt+4,] (s)
E3(x, y, t) — A3e(—2ﬂk/l)(xsin(93)+ycos(93))

s oil2m/Aasin(8;) +ycos(65)wt+] (6)

The three waves constructively and destructively interfere in
the recording medium (ink), subsequently producing an
intensity pattern. The mean value of the normalized intensity
distribution, I, can be determined from the following equation:

U )y = [ V3, ) + Ealo 3, ) + By, 3, OPCl

x |E,(x, y) + E,(x, y) + Ey(x, y)
)
We simulated the interference of the three plane waves by
reconstructing the intensity distribution of the field along the
thickness of the light-absorbing material (ink layer). The
resulting interference pattern was determined by iteratively
calculating the respective intensities and phases of the resulting
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Figure 2. (a) Schematic representation of the interference pattern created from three waves, including (1) incident beam (reference beam), (2)
beam reflected from the object (object beam), and (3) beam reflected internally at the ink—air interface. (b) Simulation of the interference of the
three laser beams inside the ink layer resulting in the holographic surface grating, tilted at 20°. White regions within the dashed area represent ablated
ink. (c) ESEM (scale bar S ym), (d) AFM, and (e) diffraction grating height (nm) of the surface holograms. Measured periodicity: ~750 nm.

wave. Using MATLAB, we visualized the intensity distribution
in a 2D cross-sectional plane by evaluating the electromagnetic
field at every point over a depth of 150 nm inside the ink layer.
The interference pattern of the three distinct plane waves was
determined by considering the laser wavelength, angle of
incidence, refractive index, absorption (or extinction coef-
ficient), and phase changes upon reflection (Figure 2b). The
localization of heat along the standing wave was required to
form a well-ordered surface diffraction grating structure. This
requirement was achieved with short laser pulses (6 ns) of high
intensity (~10 mJ) to minimize the diffusion of heat through
the sample. The model was simplified by assuming that ablation
occurs in specific locations in the material where the laser
energy concentration exceeds a given threshold. A step function
can be used to describe the ablated and nonablated regions
along the surface of the material. By changing the threshold of
the step function, different shapes in the oscillating diffraction
patterns are formed. This is analogous to modifying the
intensity of the laser light or changing the absorptive properties
of the material. For instance, if the threshold is set to a low
intensity, high volumes of the material are ablated; however low
volumes of material are ablated when the threshold is defined at
a high intensity.

The simulation in Figure 2b shows an ablation pattern
produced by the interference of waves in the reflection mode
recording setup in an optically transmissive substrate surface. In
this case, the threshold was defined as half of the maximum
normalized intensity. Holographic gratings were produced by
the interference of waves. In the simulated pattern, black
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regions correspond to the non-ablated ink, while white regions
represent ablated and removed ink from the surface. The
resulting pattern corresponds to a skewed wave with a period of
~777 nm observed along the horizontal direction. The ablated
material that is ejected in the vicinity of the sample may be
removed with a suitable particulate vacuum extraction arm
system.

Figure 2c¢ shows an environmental scanning electron
microscopy (ESEM) image of a surface hologram made from
Staedtler Lumocolor permanent black ink, after laser ablation at
0 = 20°. The periodicity was around 750 nm, which is in good
agreement with the theoretically calculated grating spacing of
777 nm. The difference between the two may be attributed to
the mechanical simplicity of the optical setup and measurement
errors in accurately determining the ink layer thickness, inclined
angle of the substrate, and angle of incident laser beams. This
spacing was further supported by topographic characterization
using atomic force microscopy, giving an average surface
grating depth of ~117 nm (Figure 2d,e).

Experimentally, the surface diffraction grating showed
broadband diffraction. Using COMSOL Multiphysics, we
simulated the optical diffraction using the finite element
method (Figure 3). By directing incident light of three different
wavelengths (445, 532, and 650 nm; blue, green, red) at the
ink-based surface gratings, we evaluated the resulting diffraction
patterns. Figure 3a shows the geometry of the simulated model
where the diffraction grating was illuminated at a normal
incidence. The grating dimensions were set according to the
AFM measurements. A hemispherical model geometry (2 32
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Figure 3. (a) COMSOL Multiphysics simulation model geometry with
the inset showing the dimensions of the grating. The diffraction
patterns were simulated in response to (b) blue (445 nm), (c) green
(532 nm), and (d) red (650 nm) wavelengths. Diffraction patterns
range from low (i.e, dark blue) to higher (ie., light blue) optical
intensities. (e) Optical intensity plots as a function of angle across the
hemispherical boundary. The experimental diffraction of a sample
(ablated at @ = 20°) for the complete optical spectra is shown in the
inset.

um) was chosen to simulate the diffraction pattern generated
by the surface grating, which was defined using a plastic
substrate in air.

Figure 3b—d show the simulated diffraction produced in
response to blue (445 nm), green (532 nm), and red (650 nm)
wavelengths. The diffraction angle increased with the increase
in wavelength. Far-field optical intensity across the hemi-

spherical boundary was also plotted as shown in Figure 3e. The
intensity plots for each wavelength showed the interference
pattern produced from —90 to +90 degrees. At larger angles,
symmetrical higher orders were observed. The diffraction
angles increased with the increase in wavelength. The
simulations also predicted that the diffraction efficiency
decreased with the increase in wavelength.

Theoretically, grating periods of 3052, 1532, 1028, and 777
nm can be obtained by ablating samples at tilt angle of 5°, 10°,
15°, and 20°, respectively. The grating periods can be calculated
by projecting the standing wave over the tilt angle of the
sample. In order to determine the period of the grating formed
by the main standing waves, we considered the reference and
object electric fields. Propagation of both waves inside the
medium have opposite direction (K=K; = —K, and 9 =0, = 0,
+ 180) and a phase difference between them (¢) is given by

(I(x, y)) « IE,(x, y) + E,(x, y)l2
_ |/2AN(KD) |y (i(=2aN(Ker) +4)2

1+ cos(Zﬂ%(x sin(0) + y cos()) + ¢)

(8)

Considering the real part of N, the period of the grating (4,) at
a constant position y can be expressed as

(I(x)) x 1+ cos(Ziri + qb], Ay = #
)'g 2 Sln(g) (9)
where 0 is the tilt angle of the sample.

Experimental data of the diffraction spectra for samples
ablated at these angles showed that the diffraction efficiency
increased for large tilt 6 angles (Figure 4). The diffraction
efficiency was maximized when the length of the period of the
surface grating was close to the wavelength of the incident light.
For periods on the order of 777 nm, the grating produced only
first-order diffraction, and hence an increased efficiency was
observed. The diffraction pattern consists of spots for each
color of light, with red diffracted at higher angles and blue at
lower angles, in agreement with theory (Figure 3b—d). If the
diffraction grating is illuminated with a laser, two spots are
diffracted in the backward direction and two spots in the
forward direction (see Supporting Information). For example,
the hologram prepared at a tilt angle of 20° was illuminated
with a 650 nm laser, and its diffraction efficiency was
determined by adding these four diffracted spots with an
optical power meter. The maximum diffraction efficiency was
measured to be 12% by adding the two transmissive and the
two reflective spots. From this scattered light, ~40%
contributes to the reflective diffraction (~20% and ~20% for

%

Figure 4. Diffraction patterns produced by the ink gratings in response to incident light. Camera images for the diffraction responses for gratings
produced by laser ablation at tilt 6 angles of (a) 5°, (b) 10°, (c) 15° and (d) 20°.
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hologram

Figure S. Fabrication of surface holograms via printing and laser ablation. Images show different replay diffractions of the surface holograms as a
function of incident light angle. Holographic (a) logo, (b) QR code, (c) signature, (d) 3D coin (full parallax) on a transparent surface, and (e) image

on an opaque black surface.

each spot) and ~60% to the transmissive diffraction (~30%
and ~30% for each spot).

We used five examples to demonstrate the utility of surface
holograms produced with this new method. In the first
example, an image was printed on a transparency (Figure Sa).
This transparency was used as a mask to selectively ablate areas
over an ink spin-coated poly(methyl methacrylate) (PMMA)
substrate. The logo can be printed directly, for example, by
inkjet printing or stamping, and ablated to achieve a surface
hologram. The resulting pattern acts as a surface grating, and
the diffraction was visible to the naked eye. We next
demonstrated a hologram on a printed QR code that could
be used for security identification applications (Figure Sb). The
end user can decode it using a smartphone, and the verification
can be based on pass/fail and will thus enhance the
authentication of the product. In the next example, we
demonstrated a handwritten holographic signature (Figure
Sc). The signature was written on a pressure-sensitive tape and
ablated to produce the hologram. Such holographic signatures
may be used in personalizing and authenticating autographs.
Figure 5d illustrates a three-dimensional (3D) hologram using a
coin as the object in Figure 1a. The observed image exhibits 3D
full parallax when viewed from different angles, as well as a
change in the diffraction wavelength.
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The methodology of recording holograms in reflection mode
allows the fabrication of a wide range of holograms on
substrates that are transparent. This provides the advantage that
the holograms are visible from both sides of the substrate.
When the holograms are viewed from the backside of the
substrate, they appear as the pseudoscopic images of the
holograms when viewed from the frontside of the substrate. We
can prepare the same surface diffraction patterns through a
transmission recording mode (Figure 1b). This alternative
recording mode allows the recording of holograms on opaque
surfaces where the reflection mode recording is not possible.
The final example (Figure Se) shows a surface hologram
prepared on an opaque surface (ie., bottle cap of a chemical
reagent) by transmission mode holographic recording using a
mask. These examples demonstrate the potential of the laser
ablation technique for preparing holograms on both transparent
and opaque materials.

B CONCLUSION

We developed a simple and low-cost holographic recording
method to fabricate surface diffraction gratings via printing and
single-step pulsed laser ablation. Our strategy has many
attractive attributes due to its exceptionally simple setup and
flexibility. It allows the use of a diverse array of materials as
substrates, including transparent and opaque polymers and

dx.doi.org/10.1021/ph400149m | ACS Photonics 2014, 1, 489—495
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silicon-based and ceramic materials, with simple or complex
geometries. Other laser light absorbing inks, dyes, nano-
particles, metals, and biomolecules can also be used to achieve
well-ordered surface holograms with this method. We
demonstrated the utility of our technique using various printed
patterns and their applications. Our fabrication technique is
scalable for printing low-cost holograms. The light-absorbing
material can be printed on a substrate using various methods,
including inkjet printing, spin coating, stamping, or screen-
printing, followed by laser ablation within minutes. Addition-
ally, computational simulations can predict the photonic
characteristics of the holograms and therefore their applica-
tions. Our surface holograms may find numerous novel
applications in secure data storage, personalized artwork,
identification (business cards), sensing, and security. We
envision that our technology can be integrated in desktop
printers for easy-to-fabricate holograms from data storage to
optical displays and devices.

B MATERIALS AND METHODS

Lumocolor permanent black ink was supplied from Staedtler
(Nuremberg, Germany). Poly(methyl methacrylate) (0.5 mm
thick) was purchased from Goodfellow Cambridge Ltd.
(Huntingdon, U.K.). Nd-yttrium-aluminum-garnet pulsed
laser (high-power compact Q-switched Nd:YAG oscillator
with super Gaussian resonator, 700 m] @ 1064 nm, 10 Hz)
with a second-harmonic generator (6 ns, 350 mJ @ 532 nm, 10
Hz, thermally stabilized with wavelength separation) was
purchased from Lambda Photometrics (Harpenden, U.K.).
The ink was characterized using UV-vis spectroscopy (DU 800,
Beckman Coulter) (see Supporting Information).
Preparation of Surface Gratings. Holographic surface
diffraction gratings were prepared by creating well-ordered ink
structures on various substrates via laser ablation. First,
substrates were coated with ink. The ink thickness (~150
nm, measured with profilometry) was controlled using spin
coating. Well-ordered ink structures were formed with two
different hologram recording setups. In the first setup (in-line
reflection), holograms were prepared via a single 6 ns pulse of
laser beam directed at the sample elevated at various angles (0—
30°) from the normal, backed by an object. In the second
recording setup (transmission mode), the interference of two
coherent laser beams, directed at the sample from the same
direction, was used to prepare the surface holograms.

B ASSOCIATED CONTENT

© Supporting Information

Includes details on UV characterization of the ink, spin coating
of ink over substrates, mask preparation, and instruments and
methods used in the characterization of printable surface
holograms via laser ablation. This material is available free of
charge via the Internet at http://pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

Figure 2e was revised after this paper was published ASAP on
April 8, 2014. The corrected version was reposted on April 10,
2014.
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