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Diffraction grating with suppressed zero order fabricated
using dielectric forces
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An electric-field-assisted method to produce diffractive optical devices is demonstrated. A uniform film of liquid
UV curable resin was produced as a drying ring from an organic solvent. Dielectrophoresis forces maintained the
stability of the thin film and also imprinted a periodic corrugation deformation of pitch 20 yum on the film surface.
Continuous ¢n situ voltage-controlled adjustment of the optical diffraction pattern was carried out simultaneously
with UV curing. A fully cured solid phase grating was produced with the particular voltage-selected tailored optical
property that the zero transmitted order was suppressed for laser light at 633nm. © 2011 Optical Society

of America

OCIS codes: 050.1950, 160.4670.

The use of electric-field assistance in the fabrication of
polymer devices and optical components is attractive be-
cause complex patterns, structures, and morphologies
can be self-assembled starting from relatively simple geo-
metries. Submicrometer polymer patterning, accurate
molds, and novel optical devices have previously been
created from a thin film of polymer melt in a capacitor
structure [1-5]. Orthogonal electric-field geometries
and electrowetting on dielectric have also been used with
UV curing of resin droplets to determine the shapes of
millimeter-scale lenses [6-8]. In-plane electric-field geo-
metries have been used to pattern polymer surfaces
and to induce phase separation with applications in op-
tical display fabrication [9-14]. We have previously
shown how dielectrophoresis forces [15,16] can control-
lably wrinkle the surfaces of dielectric liquids [17,18]. In
this work, a periodic wrinkle is created on a film of UV
curable liquid resin and in situ voltage-controlled adjust-
ment of the optical diffraction pattern during UV curing
of the resin creates the final solid phase grating.

The experimental device, Fig. 1, consisted of an array
of parallel interdigital coplanar transparent indium tin
oxide stripe electrodes, shown by the black rectangles,
on a glass substrate. The electro-optical layer was cre-
ated by dispensing a 10 & 1 yL droplet of UV curable resin
(NOAG65, Norland Products, New Jersey, USA) dissolved
in acetone, 10% by weight. The acetone evaporates within
60s of dispensing the droplet, which was confirmed for
larger droplets using a mass balance. This resulted in a
stable “drying ring” spread liquid resin layer, typically
with diameter between 14 and 16 mm, central thickness
in the range of 2 to 3 um, and thickness variation of less
than £0.5 ym over the 5mm x 5mm electrode area.

Applying a 10 kHz square-wave voltage of peak am-
plitude V, to each alternate electrode finger (with inter-
posed electrodes at earth potential) produces a periodic
corrugation, or “wrinkle,” at the resin/air interface. The
wrinkle is created because dielectrophoresis forces col-
lect the polarizable resin liquid in the vicinity of the gaps
between the electrodes where the fringing electric fields
are highly nonuniform, which, in turn, removes liquid
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from the regions immediately above the electrode fingers
[15-17]. Since dielectrophoresis forces are polarity inde-
pendent, the period p of the corrugation is equal to the
electrode period, i.e., p = 20 um for an electrode width
(which equals the electrode gap) of 10 xm.

The device was mounted horizontally and illuminated
in transmission with laser light of wavelength 633 nm
polarized perpendicular to the corrugation direction. The
one-dimensional periodic change in the thickness of the
transparent resin layer creates a one-dimensional spa-
tially periodic modulation of the optical path. This acts
as a phase grating, which diffracts the transmitted laser
light for which the amplitude of the grating, and thus the
intensities of the diffracted orders, can be tuned by ad-
justing the voltage applied to the electrodes. Figure 2
shows the quasi-static experimental intensities of the 0
(circles), +1 (plus symbols), and +2 (cross symbols)
transmitted diffracted orders while the voltage V,
(10 kHz square wave) was increased at a slow rate of
0.2V/s. Data is shown for a surface corrugation of pitch
p =20 um.

The intensities of the diffracted orders vary between
maxima and minima as a function of voltage. Intuitively,
this arises because the phase difference between a ray
traveling through a peak in the wrinkle and a ray travel-
ing through an adjacent trough (mapped to the angular
direction of a particular diffracted order) passes through
destructive and constructive interference conditions in
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Fig. 1. Experimental geometry. A film of liquid UV curable re-

sin coats a structured transparent electrode on glass. Applying a
voltage creates a periodic deformation in the surface of the film,
which diffracts laser light.
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Fig. 2. Intensity of the zero (circles), +1 (plus symbols), and

+2 diffracted (crosses) orders as a fraction of total incident in-
tensity of laser light at 633 nm transmitted through the liquid
resin film with a surface corrugation of pitch 20 um versus
the applied voltage V, (10 kHz square wave). The solid curves
show the theoretical predictions using the FDTD method.

turn as the peak-to-peak amplitude A of the wrinkle in-
creases monotonically as a function of the increasing
voltage V,. In reality, the observed amplitudes of dif-
fracted intensities at a given voltage are determined
not simply by the grating depth but by the precise shape
of the periodic surface profile at that voltage [19].

Having shown that the diffraction pattern from the
liquid resin can be voltage tuned, the next stage is UV
curing in situ with the voltage applied to create a solid
permanent grating structure. Figure 3 shows the first dif-
fracted order intensity for a wrinkle on a resin layer that
was continuously illuminated at 45° to the layer normal
by an 8 W UV lamp (T5 UV fluorescent tube, Philips Light-
ing, Netherlands) placed 60 mm from the device while
an amplitude modulated 10 kHz driving voltage was ap-
plied. The voltage amplitude alternated discontinuously
between 90V (starting at ¢t =0s) and 10V every 30s,
as shown at the top of the figure.

The first diffracted order intensity rises sharply after
t = 0s, which is associated with the wrinkle amplitude
A increasing from zero toward a value determined by
the applied voltage. At ¢ = 30s, the voltage is abruptly
reduced and the intensity decreases, associated with
the wrinkle amplitude decaying back toward zero. In
subsequent cycles, the amplitude of the peak-to-peak
intensity response and also the gradient of the response
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Fig. 3. Fractional intensity of laser light diffracted into the +1
order (lower plot, left-hand axis) is shown while the device was
addressed by a 10 kHz voltage square-wave waveform V,(¢) that
was amplitude modulated by a slow 1/60Hz square wave
(upper plot, right hand axis). The resin was simultaneously
cured by exposure to continuous UV illumination from an
8W UV lamp.

November 15, 2011 / Vol. 36, No. 22 / OPTICS LETTERS

4405

after each sudden change in voltage both decrease signif-
icantly. The increase of the viscosity of UV curable resin
during UV illumination [20,21] means that the wrinkle
amplitude becomes progressively less responsive to
changes in the voltage as curing progresses. After 720 s,
there is very little change in the diffracted intensity with-
in each cycle, which can be associated with the wrinkle
amplitude A settling toward a fixed value.

Figure 4 shows diffraction pattern intensity versus an-
gle scans from a solid grating with pitch 20 ym that was
fabricated with the particular voltage preselected optical
property that the zero-order transmitted intensity of laser
light at 633nm wavelength was minimized and sup-
pressed. A voltage of V, = 105 + 1V was applied initially
to the liquid resin layer to minimize the zero order. When
the UV illumination was applied, the voltage was conti-
nually adjusted to maintain the zero order at its lowest
intensity. In practice, this necessitated an increase in
the voltage by 15V during the first 10 min of curing. After
30 min, the grating was fully cured and solidified. The
surface profile measured using a stylus contact profiler
(Dektak 6M, Veeco, New York, USA) is shown inset in
Fig. 4. The average layer thickness and peak-to-peak sur-
face grating amplitude values were h = 2.23um and
A = 0.81 um, respectively.

The diffraction efficiency 5(n) of the nth diffracted
order can be defined as 100 x I(n)/I,, where I(n) is
the integrated intensity in the nth order and I,, is the total
intensity of incident laser light. In the center of the
5mm x 5 mm electrode area, which was illuminated dur-
ing the feedback-optimization procedure, 7(0) = 0.6%
and 7n(+1) =20.5%. At eight positions symmetrically
around the center, all 2mm from the edges of the elec-
trode area, diffraction efficiencies were measured in the
range 7(0) = 0.8% and n(+1) = 20.9%, to »(0) =2.2%
and n(+1) = 21.2%. These variations were due to thick-
ness variations across the liquid resin film. The polariza-
tion sensitivity was negligible, for example, in the center
of the grating n(+1) = 20.5 + 0.1% for laser illumination
polarized perpendicular to the corrugation direction
compared to n(+1) = 20.6 £ 0.1% for polarization paral-
lel to the corrugation direction.

The open circles in Fig. 4 show the theoretical predic-
tions of finite-difference time-domain (FDTD)-based op-
tical simulations [22,23] calculated directly from the four
periods of the measured surface profile shown in Fig. 4
and assuming a refractive index of 1.524 for the fully
cured resin [24]. The FDTD method accounts for the
detailed shape of the resin surface and rigorously consid-
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Fig. 4. Diffracted intensity as a fraction of total incident inten-
sity (solid curve) versus angle for transmission of laser light at
633 nm through a fully cured solid transparent grating of pitch
20 ym for which the actual surface profile, measured using a
stylus contact profiler, is shown in the inset. The circles show
the theoretical predictions of FDTD optical simulations.
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ers light diffraction without introducing any approxima-
tions apart from numerical discretization. The measured
surface profile in Fig. 4 was also used in the FDTD simu-
lations to produce theoretical values for the intensity
transmitted into the zero, +1, and +2 diffracted orders,
shown as the solid curves in Fig. 2. The peak-to-peak am-
plitude of the resin/grating surface was scaled in relation
to the voltage with the function A = a[V,]?, while the
shape of the profile was kept constant [18]. The theore-
tical curve in Fig. 2 was obtained with the value a =
(7.41 £0.05) x 10! m V-2, The agreement between the
theoretical simulations and the experimental results in
Figs. 2 and 4 is very good considering that the only other
fitting parameter is the optical loss, which was set at 30%
for the solid gratings and 20% for the liquid gratings.
Slight asymmetries in the calculated diffraction efficien-
cies between positive and negative orders and the low
amplitude components of the shape at the longer pitch
of 40 ym (between the orders at 20 yum) predicted by
the FDTD calculations are due to the small asymmetries
and differences observed between neighboring periods
in the surface profile inset in Fig. 4. The measurements
show less asymmetry and show negligible intensities of
the intermediate orders since the laser beam samples an
extended device area, resulting in an averaging effect.
In conclusion, we have shown a new electric-field-
assisted approach to producing solid optical devices with
micrometer-scale features for which the optical proper-
ties are voltage preselected when the optical medium is
in its liquid phase. As an example, we have shown how
continuous adjustment of the voltage during UV curing
can produce a solid grating with suppressed intensity
of the transmitted zero order. The grating contained 250
periods covering 5 mm. Dielectric-force-assisted spread-
ing of the liquid resin can potentially produce much
wider gratings (giving higher resolution), provided that
thickness uniformity is maintained, for example, by initi-
ally dispensing a more dilute solution of resin in acetone.
Our approach suggests a potential manufacturing tech-
nique in which an automated optical-intensity—voltage-
feedback control loop is used to create a device with
particular optical properties. Any changes in refractive
index, volume (and thus grating shape), surface tension,
and dielectric constant of the UV curable resin during the
curing process would be compensated for [21]. A simple
phase diffraction grating has been demonstrated, but the
techniques could be extended to one- or two-dimensional
arrays of independently addressable elements. This
would allow solid zone plate or holographic wavefront
modulation devices with optimized efficiencies to be
produced using an automated process. The same
principles could also apply with more complex electrode
geometries to the creation of light collection or concen-
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tration optical components in devices (e.g., for solar cells
or three-dimensional stereoscopic displays), where it
may be possible to make use of a preexisting electrode
microstructure.
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