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| ISoft tunable diffractive optics with multifunctional transparent electrodes
Publishing enabling integrated actuation
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We present a stretchable tunable transmission grating in which_ the“optical surface serves
simultaneously as an electrode for electrostatic actuation. Tunablg‘optics based on elastomers allow
for a large tuning range, but integrating an actuator generally significantly“increases device footprint.
By combining optical and electrical functions into one multifunctional transparent material, we use
here the grating as an integral part of a Dielectric ElaStomer“Actdator, and hence avoid placing
actuators around the grating. The grating/electrode cgnsists-of a 750 nm thick soft ionogel, which is
bonded on both sides of a 13 pm thick silicone membranésThe top ionogel electrode is corrugated (2
pum pitch) and serves as the diffraction grating. The bettom electrode is planar. Applying a voltage
between the electrodes generates a Maxwell pressuresdeading to in-plane expansion of the elastomer
and electrodes. Linear actuation strain of 12:8% is Obtained at 1300 V. The ionogel grating maintains
accurately its period after 500 cycles{and aftér one-month storage. The ionogel electrodes present
self-clearing properties, allowing/operation“gf ‘the actuator close to the breakdown voltage. This
device presents an unprecedented level of integration by making accurate grating structures directly

on a transparent soft ionogelconductor, which opens broad possibilities for making tunable optics.

Soft but accuratelysdeformable optical elements such as tunable lenses and gratings enable dynamically
changing opti€al preperties without requiring the translation of rigid elements. Examples of flexible
tunable optics inwbioldgy include the human eye where the crystalline lens is deformed by the annular
ciliarysmusele and the grating structures on butterfly wings.'

Man-made soft tunable optics generally consist of a deformable optical element, often based on an
elastoimer, and an external actuator. We report here on a method to integrate a compliant electrostatic
actuator and a stretchable grating into a single multifunctional elastomer material by accurately

molding transparent soft conductive ionogel into an optical grating (or any diffractive optics)
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Alrlujnab' ¢ gratings find applications today in many fields, including spectroscopy,” projection displays,’

o b“i[]l\llnflccommunication applications.” Integrating the actuator with the optical elements allows for much
greater compactness, higher performance and higher efficiency than using an external actuator. Using a
soft actuator enables for instance integration in soft robotics and in wearable applications.

Of the many miniaturized actuation mechanisms suitable for tunable Optics (e.g. piezoelectric’,
electrostatic®, thermal’, electromagneticg, pneumatic9), dielectri¢ elagtomer actuators (DEAs) are
particularly appealing for tunable optics in view of their compliance, very high strain, and high energy
density.'” We present here a method to use the DEA as theftransparent grating, thus creating a tunable
grating where the actuator adds negligible complexityOr‘mass«to the device. As DEAs are stretchable

and soft, using them to drive elastomer-based optics,can allow integrating or embedding of tunable

gratings into complex shapes or flexible systems:

1l-13 14-16

DEAs have been used to drive tunable lenses as well as to tune the period of optical gratings.
DEAs consist of a dielectric elastomer film (éually silicones'’ or acrylics '°) sandwiched between two
stretchable electrodes. When a voltage difference is applied between the electrodes, the dielectric film
is compressed by the electrostatic pressure (Maxwell pressure) generated by the electrical charges on

18-20 This mechanism of

the electrodes. The membrane“decreases in thickness and expands in plane.
actuation provides ldtge actyation strain (over 200% '), fast response time and potentially high
efficiency, which(distinguishes dielectric elastomers from other electrostrictive polymers. '

DEA-based €unable gratings generally consist of two components: a) a DEA composed of a thin
elastomet membrane stretched on a frame with patterned compliant electrodes. b) a soft grating
replicated in silicone, bonded on the stretched membrane and deformed by the expansion of the DEA
cleetrodes(see Fig. 1a). Adding the grating on the DEA reduces the maximum achievable strain, since

the deyice becomes stiffer. The stiffening effect is even more pronounced if the grating is metallized to

increase reflectivity.


http://dx.doi.org/10.1063/1.4967001

| This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |
AI(E solution to improve the tuning range of a DEA-driven grating is to avoid adding the grating layer.
Publishing
Zhiao ct al. * reported a tunable grating controlled by DEAs with one electrode patterned as a grating.

However the electrodes are opaque so the grating must be used in reflection, which limits applications.

» While transparent compliant electrodes for DEAs based on hydrogels,” ionogels,”> CNT'"*! and

silver nanowires® have been reported, these electrodes have not been paé&\into gratings.

3
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FIG. 1. (a) Conventional configutation of a Dielectric Elastomer Actuator (DEA) -based tunable grating consisting of a
central grating bonded on a membrang compressed by the expansion of the DEA placed on the periphery; (b) Photograph of
our tunable grating in whic ce?ral electrode also serves as the stretchable grating; (c) Operating principle of our
tunable grating: The tra?ar entralgrating is molded directly in the top ionogel electrode of a DEA. The transparent

bottom ionogel electrodeds on the'gthef side of a 13 um thick PDMS membrane. When a voltage is applied between the two
electrodes, the membr: Wn lane, increasing the grating period.

we repe;t a tunable transmission grating that is an integral part of a DEA using

transpar t—i?)noge lectrodes. The upper DEA electrode has a corrugated surface and acts both as a

soft funable ing and as the electrode of the actuator (Fig. 1b, 1¢). No additional layer is therefore

qu,'rse or next to the DEA, i.e. there is no additional layer that increases stiffness. The entire
~

device is transparent, so that it can be used in transmission. The fabrication process of the tunable

grating is simplified thanks to a reduced number of fabrication steps. The transparent deformable
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ode is used as a diffractive element with pm-scale periodic features. We thus combine intrinsic
Publishing

cicctic and optical functions in one transparent material, opening exciting possibilities for tunable
optics.

Our complete device (shown in Fig. 1b) has a circular shape, with a diameter of 10 mm. The outline

dimensions of the ionogel electrodes are 2 mm x 10 mm. The two electro(es e placed orthogonally on

each side of the membrane (Fig. 1c). The active grating zone of di erg-%mm x 2 mm is therefore at

T—

the center of the PDMS membrane, where the top and botto e’fsctro overlap. The overall DEA
arge enough to not negatively impact

active zone dimensions were chosen such that the passive zéne'is 1

the strain of the DEAs.”” The unactuated pitch of the gréting-s 3 electrode is 2 pm, designed for use

with visible light. \ L.?

A Poly(methyl methacrylate) (PMMA) based im%%a chosen for the electrode as it combines high

optical transparency, very low haze, suff 1cie\n\@ml conductivity, low stiffness, the ability to be
g\

molded into a grating structure with nfn- cy, and provides good adhesion to silicone membranes.

An imidazolium-based ionic liqui waq s the plasticizer™ thus allowing the formation of a soft

700 nm thick ionogel Afilm 20 pm thick PDMS membrane, compared with over 94.1%
Y.
transmittance for th?/ D me/mbrane alone. The scattered light intensity is 1.2% and 1.0% in the

same wavelengt ra@e for the two samples. The ionogel electrodes thus introduce negligible haze and

ionogel. We measured over<:\otrans ittance for wavelengths between 500 nm and 1600 nm for a

The ion e‘i\sol%tl is formed by adding 0.4 g of PMMA, 1.2 g ionic liquid EMITCM ((1-Ethyi-

3me ynl"fmi(ga um tricyanomethanide), io-li-tec, IL-0316-HP-0050) and 10 g of acetone into a 25 ml

ottle“with cover, and stirred for 5 h at 45 “C. The solution is cooled to room temperature, and is
-

then ready for casting transparent ionogel electrodes.

For the electrode used as the grating, the solution is applied by blade casting on a commercial plastic
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Alg ating master purchased from Edmund Optics (6 x 12 inches, 500 grooves/mm), using an applicator
Publishing
gap of 25 pum. For the smooth bottom electrode, the solution is blade casted on flat Polyethylene

terephthalate (PET) substrate (Melinex ST-506, DuPont Teijin Films), using a gap of 25 um to obtain a

final thickness of 750 nm after solvent evaporation. After casting, the ionogel sheets are placed in an

oven at 80 “C for 2 hours. Once dry, they are cut into 2 mm x 40 mm stri \
y<%

5N

The PDMS membrane is fabricated following the process describedib t et al.”” A PDMS solution

consisting of Sylgard 186 (Dow Corning) part A (45.5% pra B (4.5% wt) diluted in the
ed a PET substrate coated with a

~~
siloxane solvent OS-2 (Dow Corning) (50% wt) is blad cast

)

poly(acrylic acid) (PAA) sacrificial layer, and then CL@) “C for 1h (Fig. 2a). By dissolving the

PAA sacrificial layer, a suspended PDMS me%‘ebtained. The PDMS membrane is equi-

biaxially pre-stretched with a lateral ratio of A §1\z fixed to a circular PMMA membrane holder

\
with an adhesive layer. The pre-stretched % mbrane has a thickness of 13 um (Fig. 2b).
do

~
The corrugated grating electrode is bo&\the PDMS membrane (Fig. 2c), and the grating master is
then carefully peeled off (Fig. 2d%4ge flat bottom electrode is applied on the other side of the

PDMS membrane, oriente p’e?oq§dicular to the corrugated grating electrode (Fig. 2e). The PET
e

substrate of the bottom¢ion ctrodes is peeled off (Fig. 2f). Finally, the device is fixed on a

PMMA circular hol{w p/er contacts.
( ‘) (b) (c)
‘> a4
QKQD (e) (f)
L - =~
S o T—

Commercial grating == PET substrate lonogel layer
PDMS == PAA sacrificial layer
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RIG” 2. Transparent DEAs fabrication process flow. (a) Casting PAA sacrificial layer and PDMS layer on a PET substrate.

Publi élHIFI case of the PDMS layer by dissolving the PAA sacrificial layer in hot water. Followed by prestretching of the
susneftled PDMS membrane with a stretch ratio of 1.3. (c) Application of the top ionogel electrode, which has been casted
on a commercial plastic grating master. (d) Peeling off of the master grating from the top electrode. (¢) Application of the
flat bottom electrode. (f) Peeling off the PET substrate from the flat electrode, then attach the device to a PMMA holder.

The first-order diffraction angle 0, of the tunable grating is given by the v?l—known equation’:

A \
sin (0;)= p 3 (D)
with 4 the wavelength of the incident light and d the period of the grating. en a voltage difference is
applied between the two electrodes, the PDMS is squeezed QQ%T&S in area. Since the electrodes

are bonded to the elastomer membrane, they expand with it Conséquently, the period of the grating d

can be tuned by the applied voltage V. For DEAs ith(small'?)eformation, the lateral strain Sy is given

by": \ -
N

7
Sc=5 37 V=bV @)

' S

with ¢ is the permittivity, Y the Youn ’% lus, and t is the thickness of the diclectric membrane; V

is the applied voltage. The grating us depends on the applied voltage as:

d=dy(1+b V) w (3)
with dy the initial periodt tye gratifig (nominally 2 um in our case). The first diffraction angle can be
calculated by combiding Eq. énd Eq. (3):

0,= arcsin (d (]+b3 ) 4)
For simplicity, &e assumed that the electrodes are perfectly compliant and have no impact on the

actuator«strain. }his is an acceptable hypothesis in this case’”, given that the electrodes are much
inne an)he dielectric layer.
The'¢lectrode material properties and the performance of the devices were measured. The ionogel

electrodes have a Young’s modulus of 192 + 4 kPa (using an Instron Pull-tester). The thickness of the

smooth bottom electrode is 750 nm, measured by white light interferometry (Veeco Wyko NT1100).
6
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cet resistance of this electrode is approximately 700 kQ/o. The grating-shaped electrode has a

Publishing
inaxiimum thickness of 750 nm and an approximately 400 nm deep grooves. Because the
grating/electrode is made of a soft ionogel material, we considered the possibility that the ionogel
might flow with time, reducing the amplitude and accuracy of the grating. To investigate this, the
profile of the grating electrode was measured as a function of time and o/ac tion cycles (Fig. 3). The

period of the grating electrode remains extremely stable over the t@ and 500 actuation cycles,

about 1.92 um. The grating height does not significantly ¢ ng%wi in 500 actuation cycles. The
—
height decreases however by about 90 nm after one week, dnd by angther 40 nm in the second week of

storage. To directly see the effect of change in gratir@ro 1 optical performance, images of the

diffraction patterns were recorded immediately afte abrigét)'on, after one week of storage and after

two weeks of storage (Fig.4). A decrease ik{' o sefficiency over time is observed, and the
degradation is accelerated by exposure to ase%?s@\

<

/ 0 10 20 30 40 50 60
— / X profile [um]
FIG 3. Height profile ofithe ionogel grating. (a) after fabrication. (b) after one week of storage. (c) after one week of storage
00 acgation cycles. (d) After one additional week of storage. The grating period is unchanged, though the
ses slightly.
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(b)

(d)

FIG 4. Diffraction patterns of an ionogel grating:
weeks later. (d) Diffraction pattern after 2 w
that did not experience daily exposure to the la
rapidly when exposed to the laser.

iately after grating fabrication, (b) one week later, and (c) two
e of an ionogel grating made at the same time as the one in 4a but
e'diffraction efficiency decreased with time, and does so much more

The DEAs with ionogel electredes are en by a 100 Hz bipolar square signal. lon diffusion from the

actuation was chose

electrodes into the PDMSfmembran¢ under DC voltages led to a slow drift in actuated position, so AC
hi llfved for stable multi-hour continuous operation. The grating strain vs.

voltage curves a%ed 1Fig. 5a. The loading data shows the typical V* strain dependence expected

for DEA in the small“displacement case. At 1.3 kV actuation voltage, 12.8% linear strain is obtained.

£

Fig. 5b plots the steain vs. time after a 1 kV voltage step. 7% strain is reached within 1 s, and then

remdins cons hereafter for over 1000 s (when we stopped the experiment).

V\
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FIG. 5. (a)Actuation strain generated as a fupetion of the AC voltage (at 100 Hz) applied to the DEAs device. Strain is

measured during loading and unloading, with intetyal between points. (b) Strain as a function of time for a fixed AC
voltage amplitude of 1 kV. Inset: zoom b‘w showing stabilization within 100 ms.
When the electric field ap ed%sss the membrane becomes too large, dielectric breakdown occurs.

This is a major failure“mode t}r EAs.!” With our ionogel electrodes, when dielectric breakdown

occurs, the heat ge ewy he leakage current locally vaporizes the electrode around the failure

point, thus stopp1 e current flow and allowing the DEA to continue operating. DEAs with this
<ﬂ\mﬁé

£
ionogel el g_\tro ent the property of self-clearing,”' allowing extended operation very close to the
breakdov@

ge.
ﬁ
The g%")f the first diffraction angle was recorded as a function of the drive voltage. The tunable
.

gw\? 1splaced 79.5 mm from a screen. Laser light with a wavelength of 532 nm is shone through the

center of the tunable grating actuators. Several diffraction orders are recorded with a camera as the

voltage is swept. The distance between the first diffraction laser spot and the principle one, noted as D

9
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AI(B), is measured by using the software Imagel] [ImageJ-win64, http://imagej.net/Fiji]. The first

Publishing
diffracuon angle, 0, (degree), can then easily be calculated by Eq. (5):

D
0,= arctan (m ) (%)

0, vs. applied voltages is plotted on Fig. 6, together with the simple theor?dcal model, Eq. (4). The first
diffraction angle changing from 15.67° at 0 V to 14.25° at 1.3 kV, le in@o a timing range of 1.42°. A
fit of Eq. (4) on the experimental data leads to a dy of 1.965 pm, whieh isvery close to the value from

measurement (1.92 um). An excellent agreement is found betw )h‘e'-theoretical model and the figure

—
based on the experimental data points. KS
L ‘) * Data
- —Model
15 ‘ix
14.5 w

-
D

15.5

.

14

0 200\\“% 600 800 1000 1200 1400
Nol age Bipolar 100Hz [V]

FIG. 6. First diffraction angle as a function o

First diffraction angle [degree]

drive voltage. The model of Eq. (4) shows very good agreement with the

data using an initial grating pitch ng.
In summary, we havegs wi t}?t oft ionogels can be integrated into DEA-based optical devices to

play the dual ro@ent electrode and tunable diffractive optical element. DEAs usually have

black light-abSorb electrodes,” which greatly limits their use for optical devices. Our soft
transpare t.ﬁ;@é{@({ enable configurations in which light passes through the deformable actuators,
whic gqlgqélrately patterned as diffractive optical elements. Up to 12.8% change in grating period
is obtaiged \bith our prototype, and a larger tuning range could be achieved by optimizing the device. In
ad}n\o the transparency, the self-clearing properties of the ionogel electrodes can increase the
lifetime of the actuator, as it makes dielectric breakdown events non-destructive for the device. In

addition to gratings, these ionogel electrodes can be applied to other optical applications actuated by

10
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IDEAs, such as tunable lenses in configurations where the electrodes are in the light path, molding the

Publishing

cicciiodes to provide combined optical and electrical function.
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(f)

“" Commercial grating W= PET substrate lonogel layer
PDMS % PAA sacrificial layer
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