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devices under stretching conditions, which is still challenging 
to resolve. [ 13,19,20 ]  On the contrary, we have demonstrated in 
our previous study that alternating-current electroluminescent 
(ACEL) devices operate under high voltage with low depend-
ence on the stretchable and transparent electrodes. [ 21 ]  The 
unique emission mechanism in the ACEL devices with prom-
ising advantages for stretchable EL devices will be further 
exploited in this study. 

 In order to fabricate the stretchable electrodes, two dif-
ferent strategies, with one focusing on stretchable struc-
tures and the other focusing on stretchable materials, have 
been explored. [ 22 ]  Due to the daunting materials challenges 
in stretchable electronic conductors, the structural tailoring 
strategy has been widely practiced to develop stretchable 
electrodes for deformable EL devices. For example, Kim 
et al. patterned thin metal fi lms into stretchable structures 
and used them as electrical interconnects to assemble rigid 
light-emitting elements on elastic substrates. [ 3–5 ]  Conven-
tional technologies could be combined to enable stretch-
able electronics with the approach. However, large-scale and 
cost-effective techniques need to be developed to manipu-
late the stretchable structures and to assemble components 
with signifi cant mechanical mismatches for durable deform-
able devices. Furthermore, since the metal fi lms are opaque, 
these electrodes are not suitable for stretchable EL devices 
which require good transmittance for effi cient light extrac-
tion. Recently, carbon nanotubes (CNTs) and silver nanowires 
(AgNWs) have been demonstrated as highly conductive fi llers 
in polymer matrix to achieve transparent and stretchable elec-
trodes with their percolating network structure. [ 19,23–25 ]  Com-
bining with stretchable emissive layers, the transparent and 
stretchable electrodes could be used to achieve fully stretch-
able EL devices. [ 13,21 ]  Although stretchable devices at high 
strains can be achieved, it is still quite challenging to extend 
the stretching limits of these nanomaterial networks beyond 
100% due to damage on the thin network structures under 
large mechanical deformations. 

 Compared to the stretchable electronic conducting struc-
tures, which need to circumvent diffi culties in their stretch-
ability, mechanical stability, and transmittance, the intrinsically 
stretchable ionic conductors can be easily formed with solid 
polymer host, yielding extraordinary mechanical properties and 
transparency. [ 26–28 ]  They have been demonstrated as promising 
materials for soft actuators, [ 29,30 ]  strain sensors, [ 31,32 ]  transis-
tors, [ 33,34 ]  etc. Here, we report the demonstration of extremely 
stretchable EL devices using ionic conductors as the stretch-
able, deformable, and transparent conducting electrodes. 
Limited by the stretchability in the precedent transparent elec-
tronic conductors, the ACEL devices could only be stretched to 
100%. [ 21 ]  In this study, we demonstrate that ionic conductors 

  Stretchable electronics are emerging as a new type of devices 
with their excellent mechanical compliance compared to 
the rigid or fl exible devices. They can confront demanding 
mechanical deformations such as fl exing, twisting, stretching, 
folding, or conformably wrapping, enabling electronic appli-
cations under rigorous mechanical conditions that cannot 
be addressed with conventional devices. As a type of “soft” 
electronics, stretchable electroluminescent (EL) devices drive 
special interest and are believed to be essential technologies 
for the next generation lighting and display applications. [ 1–11 ]  
Their soft physical form will initiate plenty of unprecedented 
applications such as biomedical related applications which 
use implantable devices on curvilinear tissue surfaces, 3D dis-
plays which render contents physically, and interactive visual 
systems which provide users tactile interaction besides visual 
information, etc. The stretching conditions in these applica-
tions may require the EL devices to confront reversible defor-
mations beyond 100% strains, which are beyond the capability 
of most of the demonstrated stretchable EL devices. [ 1,6,9,12,13 ]  
Superelastic EL devices are yet to be explored with signifi cantly 
improved mechanical properties and functionalities. Stretch-
able conductor is an important component in realizing deform-
able EL devices. Stretchable conductors with thick and opaque 
structures, such as buckled metal fi lms, [ 4,5 ]  carbon nanotube 
paste, [ 1 ]  and arranged nickel composites [ 9 ]  have been demon-
strated as electrical interconnects to assemble rigid devices 
for stretchable light-emitting systems. To apply the stretchable 
conductors as electrodes for stretchable light-emitting devices, 
thin and transparent electrode structures are required for effi -
cient light extraction, such as 1D nanomaterials networks, [ 13,14 ]  
transferred graphene fi lms on elastomer, [ 8,15 ]  hybrid of 1D and 
2D nanomaterials, [ 16,17 ]  and buckled poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) thin fi lms. [ 6,18 ]  
The emissive layer is another critical part in the stretchable EL 
devices. Light-emitting diodes (LEDs) and light-emitting elec-
trochemical cells (LEECs) operate under low voltages (<10 V) 
and large injection current (typically >10 mA cm −2 ) for light 
emission. Stable conductivity in the stretchable and trans-
parent electrode is required to maintain the current in these 

   [+] Present address: School of Advanced Materials, Peking University 
Shenzhen Graduate School, Shenzhen, 518055.  

Adv. Mater. 2016, 28, 4490–4496

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201504187


4491wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

lead to breakthrough in the stretchability and transparency of 
the electrodes for ACEL devices. The stretchable ACEL devices 
with ionic conductors can confront extreme mechanical defor-
mations with stretching strains up to 700%. 

  Figure    1  a shows a schematic illustration of the extremely 
stretchable ACEL device. The device is composed of the bottom 
and top ionic conductors with sandwiched ZnS:Cu/Ecofl ex 
emissive layer. The working mechanism of ionic conductors 
has been reported by Suo and co-workers. [ 26 ]  In brief, the alter-
nating current was capacitively coupled to the device through 
three capacitors connected in series, as shown in the equivalent 
circuit in Figure  1 a. Capacitors  C  1  and  C  3  were formed by the 
electrical double layers at the ionic conductor/external electrode 
interfaces on each side of the device. The emissive ZnS:Cu/
Ecofl ex composite constituted the capacitor  C  2 . Electrochemical 
stability is a key consideration when the ionic conductors are 
applied in devices which operate under high voltage. Especially, 
the ACEL devices generally require 100–1000 V for light emis-
sion. Depending on the electrode materials, the electrochemical 
stability window for the lithium based polycarbonate electro-
lyte is around 3 V. [ 35 ]  In the electrical double layer, due to the 
small charge separation (in the range of a few nm), they have 
large capacitance on the order of ≈10 −1  F m −2 . On the contrary, 
the dielectric capacitor in the emissive layers of ACEL devices 
with polymer binders have signifi cantly larger charge separa-
tion (around 200 µm), leading to much smaller capacitance on 
the order of ≈10 −7  F m −2 . [ 26 ]   C  2  is much smaller compared to  C  1  
or  C  3  ( C  2 / C  1  or  C  2 / C  3  = ≈10 −5 –10 −4  in the frequency range of 
100–1000 Hz), as shown in Figure  1 b. With all the capacitors 
connected in series, one can obtain  C  1  V  1  = C  2  V  2  = C  3  V  3  as the 
charges stored in each capacitor are the same. Thus, it can be 

derived that most of the voltage will be coupled onto the emis-
sive layer with small voltage distributed on the double layer 
interfaces (≈10 −2 –10 −1  V for ACEL device operate at 1000 V) due 
to their much larger capacitance. As shown in Figure  1 b,c, light 
emission could be achieved in the ACEL devices using ionic 
conductor as the highly stretchable electrodes. The device can 
be stretched uniaxially, elongated diagonally, and twisted. The 
ionic conductors and emissive layers can be easily deposited 
with solution-processable methods. They can be patterned into 
different device geometrics. As shown in Figure  1 c, the stretch-
able ACEL device was patterned. The patterned device could 
operate under highly stretched states.  

 Ionic conductors are interesting for their extremely high 
transmittance and stretchability compared to conventional 
electronic conductors. As illustrated in  Figure    2  a, the prepared 
ionic conductors in a 50 mL bottle shows excellent transpar-
ency. A thin layer of ionic conductor (≈200 µm in thickness) 
was coated on a glass slide, Figure  2 a (right). Transparency 
of the ionic conductor was measured with another glass slide 
as reference. As presented in Figure  2 b, transmittance of the 
ionic conductor almost reaches 100% (beyond the photometric 
accuracy, ±0.3%, of the Shimadzu UV-2500pc spectrometer) in 
the wavelength range of 350–850 nm. To study the electrical 
properties and stretchability of the ionic conductor, a 200 µm 
thick ionic conductor was coated on a 3M VHB tape with two 
graphite electrodes used as external connections, as illustrated 
in Figure  2 c. The ionic conductor was tested under stretching 
strains up to 700%, as shown in Figure  2 d. As well known, 
resistance of a conductor can be given by  R  =  ρL / A,  where  R ,  ρ , 
 L , and  A  are the resistance, resistivity, length, and cross-section 
area of the conductor ( ρ  = 1780 Ω cm. The resistivity test on the 
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 Figure 1.    a) Schematic representation of the ACEL device using ionic conductor. The equivalent circuit of the EL device shows three capacitors con-
nected in series. b) Capacitance of the electrical double layer and emissive layer under different frequencies. c) Photographs of the ACEL devices 
stretched diagonally or uniaxially. d) A schematic image of the patterned device and photographs of the patterned device under twist or stretch. Scale 
bars in (c) and (d) are 10 mm.
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ionic conductor was carried out by the electrochemical imped-
ance spectroscopy (EIS), Figure S1, Supporting Information). 
Under the stretch ratio of  λ ,  R  =  λ  2  R  0  ρ / ρ  0  ( L / A  =  λ  2  L  0 / A  0 . The 
ionic conductor is considered as incompressible.  R 0  ,  ρ  0 ,  L  0 , and 
 A  0  are resistance, length, and cross-section area of the con-
ductor in the unstretched state). [ 26 ]  Resistance change of the 
conductor closely matches with the  R / R  0  =  λ  2  curve with the 
stretch ratios below 6, indicating that the resistivity of the ionic 
conductor is independent with the stretch ratio. The resistance 
change is above the  R / R  0  =  λ  2  curve with the stretch ratios 
beyond 6, indicating that the resistivity of the ionic conductor 
may have slightly increased. The stretchability and mechanical 
stability of the ionic conductors signifi cantly exceed that of the 
known transparent electronic conductors. For example, resist-
ance of the stretchable and transparent AgNWs embedded in 
elastomers increased 20–35 times at the strains of 100%. [ 7,19,20 ]  
Resistance in CNT fi lm embedded in elastomer changed more 
than eight times at the strains of 120%. [ 36,37 ]  In addition, the 
signifi cantly deteriorated conductivity under repeated deforma-
tions is another critical problem in these electrodes. [ 7,19,20,36 ]  On 
the contrary, the ionic gel easily accommodates the mechanical 
deformations and maintain constant resistance after recov-
ered from the stretch. Resistance of the ionic conductor rarely 
changes after repetitively stretched to 700% for 1000 cycles, as 
shown in Figure S2 (Supporting Information). Though conduc-
tivity of the ionic conductors is still lower compared to the elec-
tronic conductors, they are suitable for electronic components 

such as the ACEL devices in which the conductivity require-
ment can be easily met.  

 Stretchable ACEL devices have been demonstrated with 
AgNWs fi lm embedded in PDMS as the stretchable trans-
parent conductors with limited stretchability at 100%. [ 21 ]  Uti-
lizing the extremely stretchable and transparent ionic con-
ductor, we demonstrate that stretchability of the ACEL devices 
can be signifi cantly improved. As shown in  Figure    3  a, the 
ACEL devices could be elongated up to 700% with maintained 
device operation. The excellent stretchability in the ACEL 
device exceeds all the demonstrated EL devices with stretchable 
emission components. [ 6,7,13,21,24,38 ]  Figure  3 b shows the emis-
sion performance of the extremely stretchable ACEL devices 
before stretch. The maximum luminance of the stretchable 
ACEL device could reach ≈95 cd m −2 , which might be suit-
able for indoor applications with the luminance requirement 
of 100–200 cd m −2 . [ 6,39,40 ]  Further improvement in the device 
brightness could be achieved with improvement in the con-
ductivity of the ionic conductors and dielectric constant of 
the emissive layer. Luminance of the ACEL device was plotted 
against the electrical fi eld under the frequency of 2 kHz. Emis-
sion brightness and the applied voltage on the ACEL devices 
follow the relation of  L  =  L  0 exp(− β / V  1/2 ), where  L  is the lumi-
nance,  V  is the applied voltage, and  L  0  and  β  are the constants 
decided by the devices. [ 41 ]  The experimental data fi t well with 
the relation (Figure  3 b, the root-mean-square deviation of the 
fi tting is ≈0.94), which was preserved under different strains 
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 Figure 2.    a) Photographs of the as-prepared ionic conductor in a glass bottle (left) and ionic conductor coated on a glass slide with a thickness of 
≈200 µm (right). b) Transmittance spectrum of the ionic conductor on glass slide. Another glass slide was used as reference. c) A schematic image of 
the ionic conductor under stretching test. d) Resistance change of the ionic conductor measured as a function of the stretching strains.
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(Figure  3 c) with varied  L  0  and  β . The relation between the emis-
sion brightness and applied voltage leads to unique behavior of 
the device under strains. The emission performance was exam-
ined when the device was stretched to different states under 
constant bias. As shown in Figure  3 d, emission intensity of the 
stretchable EL device fi rst increased with the stretching strains 

and reached the maximum value at 280% ( I  280 / I  0  = 282%, 
 I  280  and  I  0  are the emission intensity at 280% and 0% strains, 
respectively). The emission intensity began to decrease after 
the strains exceeded 280%. Emission intensity at 700% strains 
still maintained at about 70% of the emission intensity at 0% 
strain (original unstrained state). Emission spectra of the device 
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 Figure 3.    a) Photographs of the EL device stretched to different strains. b) Luminance–electrical fi eld characteristic of the stretchable ACEL device under 
0% strain. c) Luminance–electrical fi eld characteristics of the ACEL device under different strains. d) Emission intensity of the EL device under different 
stretching strains. e) Electroluminescent spectrum of the elastic EL device at the stretching strains of 0%, 200%, 500%, and 700%.
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the emission spectra center at 506 nm with the full width at 
half-maximum (FWHM) of 67 nm. Variation of the emission 
intensity of the stretchable EL device under different strains 
can be understood by the brightness–voltage relation with com-
bined effects of reduced emissive layer thickness and increased 
device area under increased strains. Reducing the fi lm thick-
ness leads to increase in the electrical fi eld in the emissive layer 
(contribute to increase device brightness) while increasing the 
device area leads to declined phosphor density in the polymer 
matrix (contribute to reduce device brightness). Though the 
capacitance of the emissive layer will also change under stretch, 
it is still relatively small compared to the capacitance of the 
electrical double layer. Voltage on the emissive layer will not 
be signifi cantly affected under stretch (detail discussion is pro-
vided in the Supporting Information). Relation of the emission 
fi lm thickness and phosphor density to the device luminance 
was reported in stretchable ACEL devices using AgNWs as the 
transparent electrode. [ 21 ]  Different from the previous work on 
AgNWs, which showed slight increase in the emission inten-
sity before the strains of 30% with subsequent decrease in the 
intensity under larger strains, the intensity was observed to 
increase until the strains reached 280% in the ACEL devices 
with ionic conductors. First of all, it is believed that the largely 
varied network structure in the AgNW fi lms, which was used 
as the stretchable and transparent conductor in the previous 
report play an important role in the emission intensity reduc-
tion under strains. With the network structure, light trans-
mittance takes place through the open regions. The electrical 
fi eld will be focused around the nanowires with decreased fi eld 
intensity in the open regions away from the nanowires. Under 
increasing strains, the area of the open regions will increase 
with further decreased electrical fi eld in these regions, resulting 
in the emission intensity loss in the devices. Though the trans-
parent AgNWs electrode has large resistance variation under 
stretch, [ 19 ]  it is relatively small compared to the resistance in the 
emissive layer and thus not playing a major role in reducing 
the device luminance. Detail discussion on the effect of resist-
ance change in the AgNWs and ionic conductor under stretch 
is provided in the Supporting Information. Unlike the AgNW 
network, ionic conductors can fully cover the surface of the 

emission layer under different strains. Besides, the resistance 
in the ionic conductors may become comparable to the resist-
ance of the emissive layer, contributing to the change in current 
and affect the luminance of the stretchable ACEL devices. With 
differences in the structure and resistance in the ionic con-
ductor, luminance change in the ACEL devices with ionic con-
ductors also behaved differently from the device with AgNW 
electrodes.  

 Cycling stability of the stretchable EL device was also inves-
tigated. The highly stretchable ACEL device was stretched 
between 40% and 400% (a video was provided in the Sup-
porting Information to demonstrate the extremely stretchable 
ACEL and its cycling stability test). As it requires a relatively 
long time (a couple of hours) for the highly strained device to 
fully recover to the initial state, the device was only allowed to 
relax at 40% to reduce the testing time. The stretching speed 
for the cycle test is 10 mm s −1 , corresponding to a strain rate of 
≈71% s −1  with the original device length of 14 mm.  Figure    4  a 
shows the stretching test of the device in 25 cycles.  I  400 / I  40  
varied between 1.66 and 2.01, where  I  400  and  I  40  are the bright-
ness of the device under stretching strains of 400% and 40%, 
respectively. The variation might be contributed to the change 
in the strained states due to the mechanical hysteresis in the 
highly strained polymer. Figure  4 b shows that performance of 
the device is quite stable under the cycling test compared to 
previous fully stretchable EL devices. [ 13,21 ]  Emission intensity of 
the device maintained at ≈85% after stretched to 400% for 1000 
cycles. The emission fl uctuation in the initial stretch–relaxation 
cycles was attributed to the contact problem between the elec-
trode and electrolyte during the measurement.  

 In conclusion, ionic conductors are studied as innovative 
electrodes for ACEL devices. The ionic conductors deliver out-
standing features of extremely high stretchability and transmit-
tance compared to the conventional electronic electrodes. The 
ionic conductors were prepared with simple blending processes 
and could be easily deposited onto arbitrary substrates with dif-
ferent methods such as spin-coating, [ 42,43 ]  screen printing, [ 44,45 ]  
inkjet printing, [ 46,47 ]  etc. The demonstrated idea expands the 
research scope of the electrode materials for ACEL devices, 
benefi ting either the conventional rigid and planar devices or 
the new emerging “soft” devices. With the high stretchability 

Adv. Mater. 2016, 28, 4490–4496

www.advmat.de
www.MaterialsViews.com

 Figure 4.    a) Cycling stability of the device in 25 cycles. b) Mechanical stability test of the device with 1000 cycles.
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in the ionic conductor, an extremely stretchable ACEL device 
was reported with a stretchability of 700%. Unique emission 
behavior of the stretchable ACEL devices was observed with 
increased emission intensity at stretching strains below 280% 
and decreased emission intensity at larger tensile strains. At 
700% strain, brightness of the device still maintained at 70% 
of the initial emission intensity at 0% strain. The extremely 
stretchable ACEL device also exceeded all the preceding works. 
Its excellent mechanical stability allows it to be repetitively 
stretched to 400% with fairly stable device performance. The 
presented extremely stretchable EL devices provide new oppor-
tunities in stretchable lightings, volumetric 3D displays, inter-
active readout systems, and other unprecedented applications.  

  Experimental Section 
  Preparation of Ionic Conductor : Poly(methyl methacrylate) (PMMA, 

average  M  w  = ≈350 000), lithium percolate (LiClO 4 ), propylene 
carbonate (PC), and acetonitrile were purchased from Sigma-Aldrich and 
used as received. 0.75 g of LiClO 4  was fi rst dissolved in 2 g of PC. After 
the LiClO 4  was fully dissolved, 7.86 g of acetonitrile was mixed with the 
solution. 1.5 g of PMMA was slowly added into the blended solution and 
stirred at 1000 rpm overnight. Viscous and clear gel-like solution was 
obtained after the PMMA was fully dissolved. 

  Fabrication of the Highly Stretchable ACEL Devices with Ionic 
Conductors : The ionic gel prepared as described above was deposited 
onto a 3M VHB tape (thickness of 1 mm) with the thickness of ≈100 µm 
by doctor-blade coating. The ionic conductor was then dried in an oven 
for 6 h at 60 °C to allow the acetonitrile to be fully evaporated, leading 
to a solid polymer fi lm for subsequent layer deposition. A commercial 
available silicone elastomer, Ecofl ex 00-50 was used as the polymer 
matrix to enable high stretchability in the emissive layer. The silicone 
elastomer was prepared with one part Ecofl ex 00-50 A and one part 
Ecofl ex 00-50 B (Smooth-On). ZnS:Cu microparticles (Shanghai KPT 
company, SEM image of the ZnS:Cu particles was shown in Figure S4, 
Supporting Information) were mixed with the Ecofl ex solution in the 
weight ratio of 1:1. The prepared ZnS:Cu/Ecofl ex composite was then 
coated on the ionic conductor by doctor-blade coating with the thickness 
controlled at ≈200 µm. The composite was allowed to cure under room 
temperature for 2 h. Another ionic gel layer in the thickness of ≈100 µm 
was subsequently coated as the top electrode. Copper tape or graphite 
paper was used to electrically connect the ionic conductors with the 
external power source. VHB tape with the thickness of 0.5 mm was 
laminated on top to seal the whole device structure and complete the 
device fabrications. Patterning on the device was achieved by using 
shadow mask with the designed pattern during the coating of bottom 
and top electrode. The device fabrication procedures were the same as 
described above. 

  Device Characterization : The transmittance spectra were measured 
by a Shimadzu spectrometer (UV-2501pc). Resistance of the ionic 
conductors under stretching test was measured by an Agilent E4980A 
precision LCR meter with an amplitude of 50 mV and a frequency of 
1 kHz in room temperature (≈25 °C). Capacitance of the electrical 
double layer and emissive layer was measured with an HP 4194 
impedance analyzer which provided the frequency measurement range 
of 100 Hz to 40 MHz. Stretching test of the sample was performed on a 
home-made motorized linear translation stage in room temperature. A 
function generator (Yokogawa FG 300) connected with a power amplifi er 
(Trek PZD 2000) was used to apply alternating voltage for the highly 
stretchable ACEL devices. Emission from the device was collected by an 
optical fi ber connected to an Acton SP-2300 monochromator. Emission 
spectra from the devices were measured by a Princeton Pixis 100B 
spectroscopy CCD detector on the monochromator. Luminance of the 
devices 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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