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Emerging soft electronics which are mechanically deformable and malleable are pushing the
boundaries of rigid devices. EL devices with good mechanical compliance can benefit and
inspire a plethora of new applications such as deformable and stretchable displays, conformable
visual readout on arbitrary shapes, biomedical imaging and monitoring devices etc. Previous
stretchable EL devices were mainly demonstrated by research groups of Rogers,[1,2] Pei,[3-5] and
Someya[6,7] either employing intrinsically stretchable materials or stretchable device structures.
Challenges in the intrinsically stretchable luminescent devices persist in that their emission
intensity significantly reduced under large strains and the device could not survive large strain
cycles, while the devices employing stretchable structures meet difficulties in the complicated
fabrication procedures and non-stretchable light-emitting elements. Moreover, all these
pioneering works were geared toward developing EL devices with maintained device
functionality while passively deformed by external force. We hereby report the fabrication of
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intrinsically stretchable EL devices with ACEL materials via an all-solution processible method.
The stretchable EL device showed excellent stability under large strains and could maintained
its good performance under large strain cycles. Furthermore, we demonstrate that the
stretchable EL devices could be driven to dynamic shapes upon integration with electrical
actuators. The novel functionality will offer new opportunities and dimensions in the soft
electronics which are unreachable with conventional technologies. For example, volumetric
displays which render 3D contents physically and are capable of providing users tactile
interaction besides digital information presentation will offer an immersive display
experience.[8-11] In retrospect, impressive applications have been demonstrated by the MIT’s
Tangible Media Group with the use of 2D linear actuator arrays.[8-11] However, their large and
heavy mechanical actuation systems impede light weight and high resolution realization.

The development of mechanical “robust” EL devices, which can confront different demanding
mechanical deformations such as flexing, folding, twisting and stretching without incurring
damage, is the primary requirement for fabricating the self-deformable EL devices. Reported
attempts have demonstrated polymer light-emitting materials for intrinsically stretchable EL
devices.[3-7,12] Different strategies were also employed by engineering stretchable structures
with assembled rigid inorganic light-emitting elements.[1,2,13,14] Substrates and electrodes of the
devices can be stretched while the light-emitting elements were kept intact during stretching.
Here, a different method was developed to fabricate intrinsically stretchable inorganic EL
device with both stretchable conductors and light-emitting layers. The elastic EL device could
sustain its performance at stretching strains as large as 100% (close to the mechanical failure
of the host elastomer). Simplicity of the device fabrication together with their excellent
stretchability enabled the integration with actuators which could drive the elastic EL devices
into dynamic shapes. Dielectric elastomer actuators (DEAs) are emerging “smart materials”
which can generate mechanical motions with applied electrical fields. DEAs have demonstrated
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extraordinary mechanical actuation performance with area strain reaching beyond 200% on
prestrained elastomer,[15-17] which exceeds most of the actuators based on other working
mechanisms, such as piezoelectric actuators (~5%),[18] ionic gel actuators (~40%),[19] and
natural muscle (~100%).[20] With their intrinsic stretchability, ease of minimization, high power
density and low-cost fabrication, DEAs have been applied in many applications such as
wearable tactile display devices,[21,22] high-speed electromechanical transducers,[23,24] and smart
artificial muscles[20,25] etc. In this report, the DEAs are demonstrated to be ideal shape display
components to integrate with the stretchable EL devices. An unprecedented self-deformable EL
device is fabricated by the innovative method in this work.
A schematic drawing of the stretchable EL device is represented in Figure 1a. The stretchable
EL device was fabricated with a simple all-solution processible method. In brief, AgNW
networks were firstly spray-coated onto the Polydimethylsiloxane (PDMS) substrate, forming
the bottom electrode. ZnS:Cu micro-particles mixed with liquid PDMS was then spun onto the
bottom electrode. ACEL devices have been developed for display or lighting applications for a
few decades and attracted persistent interest for their simple device architecture and low
production cost.[26-28] ZnS:Cu is a widely available ACEL material with well studied and
understood emission behavior.[29,30] Its emission colors can be easily tuned by using different
active dopants or adjusting the dopant concentrations. After crosslinked, the ZnS:Cu/PDMS
composite layer harvest the excellent stretchability from the PDMS matrix with sustained
functionality of the emissive material. PDMS is quite stable against most of the solvents.[31]
AgNWs dissolved in isopropyl alcohol (IPA) can be directly deposited onto the ZnS:Cu/PDMS
composite without concern of solvent attack to the light-emitting layer. It should be noted that
while solvent compatibility problem is hard to avoid in most organic EL devices, the stable
property of the inorganic light-emitting layer provides great advantage to ease the device
fabrication. Another thin PDMS was spin-coated after the top electrode deposition to embed
the AgNW networks and cap the whole device structures. The capping layer constrained and
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protected the AgNW network in the polymer matrix so that its conductivity can be maintained
under stretching-releasing operations. The cross-linked PDMS significantly reduced the oxygen
concentration surrounding the AgNWs,[32] protecting them from oxidation. In addition, the
PDMS matrix isolated the device structure from moisture which might react with the EL
phosphors and quench the luminescence. Schematic images of the luminous EL device are
depicted in the right of Figure 1a. Benefited from its geometry design, the EL device is expected
to maintain the functionality under large mechanical deformations such as stretching, flexing
or twisting. Figure 1b (left) is a fabricated device with semitransparent appearance (the
background can be seen through the EL device). The device was fabricated with transparent
AgNW networks as the top and bottom electrodes. Consequently, light emission can be
extracted from both sides of the device. The right image in Figure 1b shows the device powered
by an AC bias with bright green emission. Structure simplicity in the ACEL device enables
other modifications on the fabrication procedure to achieve different functionalities. For
instance, as the emission wavelength from ZnS is determined primarily by the doping activators,
ZnS:Mn and ZnS:Al particles can be used to produce emission in the red and blue colors,
providing the other two primary colors for full-color image display applications. The EL device
can also be easily patterned into row and column arrays to achieve independent addressing and
control of individual pixel. Patterning the bottom electrodes of the stretchable EL devices was
achieved in this report (supporting information Figure S1).
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Figure 1. (a) Schematic images showing the device geometry (left) and the luminous EL device
under mechanical manipulations of stretching and twisting (right). (b) Photographs of the
fabricated device in the off state (left) and on state (right).

The AgNW percolating network coated on the crosslinked PDMS surface was examined and
shown in Figure 2a. A homogenous and interconnecting network was obtained after the spray
coating process, which was critical to achieve electrodes with good conductivity and
transparency. The AgNWs have diameter of 120-150 nm and length of 20-50 µm. Junction
resistance is the dominant factor which affects the conductivity of the metallic network. The
network structure can easily be displaced and lose its conductivity without constrain on the NW
junctions during repeated stretching-releasing cycles.[33] Generally, elastic polymers were used
to embed the conducting structures so that the nanowires could harvest the restoring force from
the polymer matrix and maintain their locations in the host polymers under deformations.
Instead of using the embedment and transfer method, the AgNW films were directly coated and
simultaneously buried by the polymer matrix in subsequent layer deposition. Apart from
delivering a simple and scalable process for fabrication, the method can avoid damage to the
5
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conducting network during the transfer step which could induce significant conductivity
degradation to the transparent electrodes.[34,35] Figure 2b shows the cross section of the AgNW
film after embedded into the PDMS matrix. The SEM image shows that the top PDMS layer
penetrates through the AgNW network and combines with the bottom PDMS substrate. The
liquid PDMS partially dissolved the PDMS substrate at the interface during the solidification
process, leading to “in situ” assembling of the different layers. The bonding strength at the
interfaces was much stronger compared to other assembling methods such as hot-press
lamination, oxygen plasma bonding, or corona discharge bonding etc.[36] The strong bonding
force is crucial to maintain the device performance under different mechanical deformations as
the interfaces are more vulnerable compared to other parts in the device during compressing,
twisting, or flexing. Morphology of the ZnS:Cu particles are shown in Figure 2c, which have
an average diameter of 29 µm. Thickness of the light-emitting film (~41 µm, Figure 2d) was
mainly affected by the diameter of the particles during the spin-coating process. Roughness of
the AgNW network is about 120 nm, characterized by an atomic force microscopy (AFM),
supporting information Figure S2a. The roughness of the AgNW network is small compared to
the thickness of the light-emitting layer, eliminating our concern that roughness of the AgNW
network may induce device failure under high electrical field (supporting information Figure
S2b).
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Figure 2. SEM characterization of the elastic EL device: (a) AgNWs sprayed-coated onto the
PDMS substrate; (b) cross-section observation of the AgNWs after embedded into PDMS
matrix; (c) morphology of the ZnS:Cu micro-particles; (d) cross-section observation of the
device geometry.

The stretchable EL device was powered with a rectangular pulse function (pulse voltage of +/120 V, frequency of 2.5 kHz). The EL device demonstrated excellent mechanical compliant
properties with all structures embedded and protected by the PDMS matrix. It could be bended
180° or folded face-to-face (Figure 3a) and twisted (Figure 3b). The device functionality was
maintained and no degradation was observed during the mechanical deformation. The excellent
mechanical compliant property exceeds conventional flexible EL devices. The device can be
elongated to a stretching strain of 100% with maintained functionality before break down of
the host polymer, as shown in Figure 3c. The EL emission spectrum was centered at 495 nm
with FWHM (full-width-at-half-maximum) of 80 nm, as interpreted in Figure 3d (the
commission international de l’Eclairge (CIE) color coordinate was shown in supporting
information Figure S3). It is understood that under electrical field excitation, the charge carriers
were accelerated into high energy. The hot carriers will cause excitation or ionization of the
luminescent center, generating electron-hole pairs. Luminescence is produced as a result of the
exciton relaxation through radiative recombination. Compared to the host lattices, dopants in
ZnS typically demonstrate a more effective radiative recombination path for the excitons,
evident by the photoluminescent (PL) spectrum (supporting information Figure S4) and EL
emission spectrum. The emission intensity against the applied electrical filed and voltage under
different frequencies is plotted in Figure 3e. The device initiated light emission at the bias
voltage of around 60 V after which the emission intensity increased rapidly. The relation
between the bias voltages and EL intensity can be evaluated by the following equation:[37]
L=L0exp(-β/V1/2)

(1)
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where L is the luminance, V is the voltage, L0 and β are the constants decided by the devices.[38]
After a certain bias voltage, the probability of electrons to be accelerated to a given energy and
excite (or ionize) subsequently the luminescent centers will increase steeply, corresponding to
the rapid increase in the luminescent intensity. The fitting curve in Figure 3e shows that the
experiment data agrees well with Equation 1. Discussion and performance of the device under
higher voltage can also be found in the supporting information Figure S2b. Stretchability of
the EL device was tested by elongating the device to different strains under a stretching speed
of 1 mm/s, corresponding to a strain rate of ~3%/s with the original device length of 35 mm.
The ACEL devices can also be stretched under higher speeds. Performance of the device under
different stretching speeds is included in the supporting information Figure S5. A video was
also included in the supporting information to demonstrate the device manually stretched at
different speeds. Stable light emission was sustained in the device with strain up to 100% as
shown in Figure 3f. The emission intensity increased slightly by ~11% of the initial intensity at
the strain of 30%. Further increase in the stretching strain leaded to a small decrease in the
emission intensity (~13% decrease at the stretching strain of 100%). The intensity change might
be due to a combine effect of increase in the emission areas (corresponding to smaller density
of the light-emitting particles) and decrease in the emission layer thickness (corresponding to
larger electrical field on the light-emitting particles). Under smaller stretching strains, increase
in the electrical field might contribute more to the increase in emission intensity while decrease
in the particle density dominated at larger stretching strains. Previous report on EPLEDs[5]
showed declining luminance under increased stretching strains (~89% decrease in the emission
intensity at 100% strain compared to the initial intensity at 0% strain ), which was attributed to
the reduced injection current density. The stable performance of the elastic EL device here
could be attributed to the good mechanical compliant property of the device architecture and
the unique emission mechanism of ACEL devices. It is still difficult to avoid the large
conductivity change of transparent AgNW networks under stretching strains (∆R/R0>20 at
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stretching strain of 100%, ∆R is the resistance increase and R0 is the origin resistance).[4,5,34]
However, the elastic ACEL device demonstrated in this work is capacitively coupled to the
external electrical bias with small current. The emission intensity is mainly determined by the
bias voltage (L=L0exp(-β/V1/2)) instead of the conductive components of current.[39] The
resistance change in the AgNW network under strains is still very small compared to the device
resistance, leading to a stable performance in the EL device under stretching. The EL device
was also subjected to repeated stretch and relaxation cycles, showing stable performance under
the cycling test. Switching test of the EL device indicated that the device can be turned on and
off promptly. Further evaluation on the device performance can be found in the supporting
information Figure S6.
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Figure 3. Photographs of the EL device (a) bended 180° or folded face-to-face; (b) twisted;
(c) stretched to the strains of 0%, 40%, 60% and 100%. (d) Electroluminescent spectrum of the
elastic EL device. (e) Luminance of the stretchable ACEL device under different frequencies
and the fitting of luminance with the applied voltage. (f) Emission intensity change of the EL
device under different stretching strains.

To achieve the self-deformable EL devices, the stretchable EL devices were fabricated on DEAs
with the aforementioned processes. As shown in Figure 4a, the device fabrication started with
a 3M VHB poly(acrylic) substrate prestrained biaxially to 300%. AgNWs were spray-coated
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on both sides of the prestrained film, working as the top and bottom electrodes for the actuator.
Compared to conventional electrodes such as powder carbon graphite and carbon black in
grease, conductivity in the AgNW film is established by the network structure which helps to
accommodate large stretching strains. Moreover, the highly conductive metallic NW network
possess unique properties such as good transparency with high conductivity, thin structure with
smaller impeding stiffness on the actuation and capability of self-clearing to prevent premature
dielectric failure.[15] ZnS:Cu particles mixed with silicone was spun onto the top electrode as
the light-emitting layers. Top electrode (spray-coated AgNWs) and silicone capping layer were
deposited subsequently to complete the device fabrication. Figure 4b provides a cross-section
view of the device structure.

Figure 4. (a) A schematic interpreting the fabrication procedure of the actively self-deformable
EL device. (b) Cross-section view of the device structure.

The electrical actuation performances were firstly examined after completing the DEA
fabrication. Different amount of AgNWs were used for the electrode deposition. AgNWs with
the concentration of 0.3 mg/ml was used while the solution volumes were varied from 1.5, 2 to
2.5 ml. DEA electrodes with the same dimension were coated on both side of the dielectric
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elastomer. As shown in Figure 5a, increasing the AgNW solution resulted in an augmented area
strain, where the area strain (%) is defined as [(actuated area)-(unactuated area)] / (unactuated
area). Under the electrical bias, opposite charges on the top and bottom electrodes of the
actuator will generate attraction force while the similar charges on the same electrodes give
repulsion force, causing the Maxwell stress (p=εε0E2, ε is the relative permittivity of the
elastomer, ε0 is the permittivity of free space, and E is the applied electrical filed) on the
elastomer. The Maxwell stress compresses the elastomer along its thickness and causes it to
expand laterally. The device with more AgNWs could maintain the conductivity at higher area
expansion when the elastomer was actuated, leading to a better actuation performance. As can
be seen in the photograph of Figure 5b, the actuator fabricated with 2.5 ml AgNWs solution
showed area expansion of 67% at the voltage of 5 kV and increased above 106% at the voltage
of 5.5 kV (buckling existed in the elastomer due to the silver paste on the edge of the NW
electrodes, shown in the supporting information Figure S7a, indicating that area expansion was
undervalued). Under the same voltage of 5 kV, the area strain increased from ~54%, 72% to
106% with the increased solution volume from 1.5, 2 to 2.5 ml.
The stretchable EL devices were assembled with the DEAs using 2.5 ml AgNW solution for
the electrode fabrication. Performance of the self-deformable EL device was examined and
presented in Figure 5c. The EL device was powered with a rectangular pulse function (constant
pulse voltage of +/- 120 V, frequency of 2.5 kHz) for light emission and the DEA was actuated
under different bias voltages for shape changes. The area expansion increased with the ramping
voltage. The EL device works stably under different strain states, as shown in Figure 5d. The
increase trend of the device area is similar to the actuator before the EL device integration with
reduced expansion magnitude (55% area strain at 5 kV compared to 67% area strain at 5 kV
before integration). It can be attributed to the additional layers of the EL devices which hinder
the actuation behavior. With the constant Maxwell stress under the same voltage, the area
expansion is reciprocal to the device elastic modulus. The introduced elastic EL layer slightly
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increased the elastic modulus of the whole devices, leading to the reduced area expansion under
the same stress. Similarly to the actuator without EL layer, the integrated device showed
buckling structure under higher actuating voltage, as shown in the supporting information
Figure S7b.

Figure 5. (a) Electrical actuation performance test of the DEAs with different amount of
AgNWs. (b) Photographs of the DEA under different actuating voltages. (c) Electrical actuation
performance of the DEA integrated with stretchable EL device. (d) Photographs of the device
under different actuating voltages. Scale bars in b and d are 0.5 cm.

We have demonstrated a stretchable ACEL device which shows excellent mechanical
compliant properties with sustained performance under mechanical strain up to 100%. AgNW
networks with good transparency and conductivity are used as the stretchable electrodes. Both
the top and bottom electrodes are directly embedded into the polymer matrix by subsequent
fabrication processes, which virtually ease the device fabrication. Simplicity of the ACEL
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device fabrication provides great possibilities for further modifications such as improving the
device performance and incorporating other functionalities. Since the active layer is fabricated
with ZnS:Cu particles embedded in the PDMS matrix, improvement in the stretchability of the
emission layer can be easily achieved by using other host polymers with higher stretchability.
Further improvement in the device stretchability will mainly be challenged by developing
transparent electrodes which can maintain their conductivity with stretching strains beyond
100%. Taking full advantages of the simple device fabrication procedure, an innovative selfdeformable EL device is demonstrated by integrating the stretchable EL devices with DEAs.
Compared to conventional EL devices, the self-deformable EL device offers the special feature
of dynamic shape display. The soft EL device can achieve ~55% area strain at the actuating
voltage of 5 kV. The fabrication procedure and devices developed here will meet wide
applications in deformable and stretchable light-emitting devices, bringing new opportunities
for soft EL device applications in displays rendering volumetric contents and systems providing
interactive user interfaces etc. The applications of stretchable ACEL devices in wearable and
portable electronics will also not be limited if ACEL materials working under lower voltage
(<30 V)[40-42] are employed.

Experimental Section
Fabrication of the stretchable EL devices: AgNWs were purchased from Seashell Technology
with diameters of 120-150 nm and lengths of 20-50 µm. The AgNW solution was diluted into
a concentration of 0.3 mg ml-1 in IPA before use. The AgNW solution was deposited onto a
cured PDMS substrate by a spray gun in the fume hood. Due to the fast evaporation rate of IPA,
the solution was immediately dried after being deposited onto the substrates without any heating
requirement. Pure PDMS was prepared by mixing the base and curing agent (Sylgard 184, Dow
Corning) with a weight ratio of 10:1. The liquid mixture was degassed and thermally cured at
60 °C for two hours. ZnS:Cu micro-particles were purchased from Shanghai KPT company.
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The ZnS:Cu/PDMS composite was made by mixing the ZnS:Cu powder with the PDMS liquid
in a weight ratio of 2:1. Effect of the different ZnS:Cu/PDMS ratio and thickness of the EL
layer is studied and discussed in the supporting information Figure S8. The ZnS:Cu/PDMS
composite was spun onto the bottom electrode at a spin rate of 2000 rpm for 120 s. The
ZnS:Cu/PDMS was thermally cured at 60 °C for two hours.
Fabrication of the self-deformable EL devices: The AgNW solution was sprayed onto the
prestrained acrylic elastomer films (3M VHB Tape 4910) through a shadow mask. Silver paste
was coated at the edges of the AgNW networks as leads to the external electrical circuit. The
stretchable EL device was integrated onto the DEAs with the fabrication procedures described
above. The ZnS:Cu/PDMS ratio was 1:2 to reduce effective elastic modulus of the emission
layer, as large elastic modulus will further hinder actuation performance of the device. The
brightness of the EL device will therefore lower compare to the sample prepared with 2:1
ZnS:Cu/PDMS ratio.
Characterization: SEM images of the samples were taken using a field-emission SEM (FESEM, JSM 7600F). Photoluminescent spectra of the ZnS:Cu/PDMS were measured by a
Shimadzu RF-5301PC spectrofluorophotometer. The strain test of the sample was carried out
on a home-made stretching stage in room temperature. A Keithley 2400 source meter was used
to power the EL devices. Emission from the device was collected by an optical fiber connected
to an Acton SP-2300 monochromator. The spectrum was recorded by a Princeton Pixis 100B
spectroscopy CCD detector. Luminance was measured by a Konica CS-200 spectroradiometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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A highly stretchable light-emitting device based on alternating-current EL (ACEL) material is
fabricated by a simple and all-solution processible method. The ACEL device shows stable
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