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circuit simplicity when interfacing to 
standard AC power sources. However, 
as with all ultrathin or organic lighting 
approaches, a widely sought property of 
the AC-OEL is fl exibility. 

 The concept of low-cost, fl exible, high-
effi ciency light sources based on organic 
solid-state lighting devices is already well 
established. [ 14–19 ]  Indeed, both standard 
organic light emitting diodes (OLEDs) 
as well as AC-OELs have demonstrated 
brightness and effi ciency numbers of 
commercial interest. However, the slow 
transition from state-of-the-art laboratory 
research to a modern manufacturing envi-
ronment should somehow indicate the 
magnitude of the challenges faced by the 
technologies to meet with robust utiliza-
tion in the consumer world. [ 20 ]  Two key 
problems that developers are facing are 
addressed in this work. 

 The fi rst is how to achieve extremely 
high-power effi ciencies in lighting devices 

when internal quantum effi ciencies are already reaching levels 
approaching 100% (both the spin-symmetric and antisymmetric 
molecular excitations are fully used for photon emission. [ 21–25 ]  
In any organic EL device, there are many energy loss mecha-
nisms from carrier transport to multiple nonradiative processes 
that convert singlet and triplet excitations into the ground 
state. [ 21–24 ]  Among these mechanisms, an important problem 
in OLEDs is direct injection of hot carriers, which form bound 
electron-hole pairs or excitons after tunneling through energy 
barriers at multiple interfaces. [ 26–29 ]  These hot carriers exceed 
the energy gap of the emitting material, so the excess energy 
is wasted thermally, giving rise to a lower power effi ciency. 
The reduction of the carrier injection barrier by decreasing the 
difference between adjacent energy levels (highest occupied 
molecular orbital (HOMO) or lowest unoccupied molecular 
orbital (LUMO)) is now a common method to optimize the effi -
ciency of OLEDs. [ 30–34 ]  However, as in the case with most tech-
nology demonstrators, what works best in the lab is diffi cult to 
implement in commercial settings, so placing Li or Ca at the 
metal interface is undesirable. 

 In the case of capacitively coupled AC-OEL devices, as 
described here, the large induced polarization currents effec-
tively control the rate and energy of carrier “injection.” While 
power effi ciencies as high as 29.3 lm W −1  at 20 500 cd m −2  have 
been reported in green phosphorescent AC-OEL devices, it has 
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  1.     Introduction 

 Alternating current (AC) driven organic electroluminance 
(OEL) devices have received tremendous interest lately by the 
organic lighting community. [ 1–6 ]  The devices which use an AC 
fi eld to create polarization currents in an electroluminescent 
organic layer and thus generate light emission  [ 7–10 ]  have shown 
promise as high-quality panel lighting due to their property of 
simultaneously increasing brightness and power effi ciency. [ 11–13 ]  
Furthermore, they may present potential advantages in driver 
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been anticipated that higher values are possible using asym-
metric contact designs that allow for better charge compensa-
tion in the devices. [ 2,7,13 ]  But it must be recognized that facile 
charge compensation in such asymmetric devices also requires 
engineering of the work function at the metal contact. And, 
again, we wish to avoid the use of typical laboratory solutions to 
this problem such as Li or Ca. 

 The second problem we would like to address is what the 
ideal fl exible, refl ective electrode for organic devices might be. 
A great deal of research has been devoted to the development 
of highly fl exible electrodes with high transparency including 
metal nanowire grids, [ 35–40 ]  graphene sheets, [ 41–45 ]  and carbon 
nanotube (CNT) networks. [ 46–49 ]  However, development of fl ex-
ible cathode materials (the back refl ector) with excellent optical, 
electrical, and mechanical properties is rarely reported. Gener-
ally, fl exible optoelectronics, such as OLEDs and organic solar 
cells, utilize surprisingly thin metal layers as the fl exible back 
cathode. Metals that have been most widely studied for this 
use include Al, [ 14,15 ]  calcium (Ca)/Al, [ 50 ]  nickel–chromium (Ni–
Cr), [ 51 ]  and sliver (Ag). [ 52 ]  Interestingly, the balance between fl ex-
ibility and conductivity is diffi cult to achieve. Metal electrodes 
can have residual stress due to work hardening and become 
rigid or brittle, leading unavoidably to cracking after repeated 
bending or stretching. Voids, gaps, and uneven thin fi lm mor-
phologies that result can then lead to nonuniform current dis-
tributions in the electrodes: essential for performance in both 
AC and DC EL devices. In the laboratory setting, one would 
choose the metal with most desirable mechanical properties 
then modify its work function using the methods described 
above. However, again, in a commercial sense this may not be 
possible. 

 To address the two challenges above, we examine the appli-
cation of novel composite electrode structures, composed of 
metal/nanowires (nanotubes)/metal. We demonstrate that 
as a reliable alternative structure for the cathode, this triple-
layer composite electrode gives an excellent balance between 
mechanical stability, electrical conductivity, and optical func-
tionality even after thousands of bending cycles. We further 
demonstrate these Al (50 nm)/multiwall carbon nanotubes 
(MWCNTs)/Al (100 nm) cathodes on a fl exible AC-OEL device 
structure which achieves and maintains a power effi ciency of 
≈22.2 lm W −1  at 4050 cd m −2  after full bending cycles of 120° 
for 10 min. However, we emphasize the generality of this 
approach and their potential use in OLEDs as well.  

  2.     Results and Discussion 

  Figure    1  a shows a diagram of the capacitive fl exible AC-driven 
OEL device with a triple-layer composite cathode. The fab-
rication of the device starts with a clean polyethylene tereph-
thalate (PET) substrate precoated with 100 nm of indium tin 
oxide (ITO). Commercial poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) doped with 36 wt% zinc 
oxide (ZnO) nanoparticles (NPs) (35 nm average diameter) is 
spun cast on ITO as not only a hole generation layer, but also as 
an inorganic semiconductor gate, which is required for a fi eld-
induced EL device. A more complete discussion and analysis 
of the function of insulating or semiconducting gate layers in 

AC-OEL devices can be found in our previous work. [ 2,7,13 ]  In 
this work, poly( N -vinylcarbazole) (PVK):fac-tris(2-phenylpyrid-
inato)iridium(III) (Ir(ppy) 3 ) is used as the electroluminescent 
layer with Ir(ppy) 3  as the triplet scavenging phosphorescent 
dye. 1,3,5-tris(2- N -Phenylbenzimidazolyl)benzene (TPBi) is an 
electron-rich (electronegative) dopant and transport layer used 
to help in charge generation at the interface to the emitter. 
The PEDOT serves an analogous function for hole injection. 
The multilayer composite electrode (metal/MWCNTs/metal) is 
deposited on the functional organic layers in a three step pro-
cess before the devices are tested. This procedure is shown in 
 Figure    2   and is carried out as follows:   

    (a)     A 50 nm layer of Al is predeposited through a shadow mask 
over the TPBi layer with a rate of 2 Å s −1  under high vacuum 
(≈2 × 10 −7  Torr).  

  (b)     A spray gun is used to deposit the MWCNT nanomatrix at 
different volumes of 0.5, 1.0, and 1.5 mL on the substrates. 
The MWCNTs are dispersed in acetone at a concentration of 
0.2 mg mL −1  through ultrasonication.  
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 Figure 1.    AC-driven organic EL device on fl exible 1 in. × 1 in. plastic 
substrate. a) PET/ITO(100 nm)/PEDOT:PSS-doped ZnO NPs (80 nm)/
PVK:Ir(ppy)3 (150 nm)/TPBi (35 nm)/triplet-layer cathode (≈200 nm). 
Electric fi elds due to AC driver in the capacitor-based device are changing 
in high frequency rather than pointing a unique direction. b) The defi ni-
tion of the bending angle used in this report.



FU
LL P

A
P
ER

4399wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  (c)     After postannealing in air for 10 min at 60° to evaporate ex-
cess solvent, the PET substrate is placed back into high vacu-
um for thermal evaporation of the fi nal 100 nm of Al.    

 SEM images in Figure  2 d–f show the three deposition steps 
in the fabrication and surface morphology of the Al/MWCNTs/
Al composite cathode. The Al/MWCNTs/Al sandwich structure 
is asymmetric in that the bottom Al layer is fl at and the top 
Al layer fi rmly coats the protruding MWCNTs network, which 
leaves a rough surface. 

 The property that we seek in this electrode is outstanding 
durability under multiple bending cycles. Generally, we would 
expect that the interlaced bundles of MWCNTs would exhibit 
high structural integrity and mechanical robustness as has 
already been reported in numerous applications. [ 53–55 ]  We would 
also anticipate that mobile dislocations within the thin metal 
fi lms will be pinned by the nanometer inclusions, thereby lim-
iting failure due to work hardening of the fi lm. 

 Electrically, it is well known that MWCNT mats can exhibit 
a rather high electrical conductivity at room temperature, but 
generally not as high as a metal like Al. This limits the appli-
cation of the Al/MWCNTs/Al structure in DC-driven OLEDs 
since carrier injection effi ciency is greatly affected by electrode 
resistance. MWCNTs also have a relatively high work function, 
between 4.40 and 4.95 eV, as compared to LiF/Al (2.6 eV), Mg 
(3.72 eV), Mg/Ag (4.12 eV), and Al (4.28 eV)). [ 56–58 ]  This sug-
gests pure nanotubes would be unsuitable to replace the metal 
as a top cathode in fl exible lighting devices since there would 
exist a large electron injection barrier at the metal–semicon-
ductor interface and the overall conductivity across the elec-
trode would be inadequate. We add here that while the asym-
metric AC-OEL devices with their unique capacitive nature, 

utilize a fi eld-induced polarization current which contributes 
signifi cantly to the light output, they also have some direct 
injection. Thus, even though lower carrier injection effi ciency 
has less infl uence on the AC-OEL device's performance, it 
does have some. Furthermore, MWCNT mats’ porous and low 
dimensional carbon structure produces a very low refl ectivity 
surface for visible light (wavelength ≈400–700 nm). Therefore, 
clearly we want the mechanical properties of MWCNTs but not 
the electronic properties for this application. 

 However, a composite of nanotubes and a metal such as 
Al should result in a blending of the work functions of the 
two materials, while providing a surface with the refl ectivity 
of the metal (for relatively small amounts of nanotubes) and 
fi nally the mechanical properties we seek, as described above. 
Unlike symmetric fi eld-induced EL devices with two insula-
tors or asymmetric El devices with a single insulator, the 
devices used in our studies are an asymmetric structure with 
a ZnO (semiconductor) gate. A unique feature of these asym-
metric AC-OEL devices is that the contribution of injected 
charges has a nontrivial infl uence on the formation of exci-
tons in the light emission layer, and thus the work function is 
of importance. The schematic of Al/MWCNTs/Al electrodes 
shown in Figure S1 in the Supporting Information suggests 
that electrons can easily be injected in the positive bias of AC 
cycles. 

 In order to avoid high temperature processing of a composite 
structure, our composite is formed by layering. This means the 
Al is exposed to air between the application of the MWNTs and 
the second layer, leading to a very thin alumina fi lm. However, 
we expect that the mechanical properties to be dominated by 
the metal and the MWNTs. Figure  2 d–f shows the formation of 
the composite layers using fi eld emission SEM. We note here 
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 Figure 2.    Multistep fabrication of triple-layer composite electrode. a) Thermal deposition of 50 nm Al layer. b) The formation of nanomatrix of MWCNTs 
with spraying. c) Top 100 nm Al layer coating. SEM images of multistep fabrication of triple-layer composite electrode. d) Al, e) Al/MWCNTs, f) Al/
MWCNTs/Al, corresponding to (a–c).
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that the Al covered mat is relatively rough, but covered with Al, 
leaving behind a refl ective fi lm. 

 The AC-OEL device's fl exibility was determined by meas-
uring the performance parameters of brightness and lumens 
per watt as a function of the number of bends at a specifi ed 
bend angle as defi ned in Figure  1 b. Resistivity of the triple layer 
contact as well as microscopic analysis of the devices was car-
ried out and correlated with the performance at specifi c bend 
conditions. 

 We fi rst examine the effects of the triple-layer cathode on 
unbent geometries and these data are tabulated in  Table    1  . 0.5, 
1.0, and 1.5 mL volumes of 0.2 wt% MWCNTs dispersions are 
used to create triple layer cathodes with different nanotube 
contents for comparison. Notice that the optimum operational 
frequency is where the AC driver is in resonance with the 
capacitive device for the maximum reactive power. This occurs 
at similar frequencies in all cases suggesting that the capaci-
tance is roughly the same from device to device as we would 
expect. However, we note that the brightness decreases slightly 
with nanotubes in the metal layer while the turn-on voltage 
increases. This can be understood in terms of the relatively 
poor conductivity of MWCNTs (0.5–1 kΩ � −1 ) [ 59 ]  compared 
to Al (≈0.3 Ω � −1 ). Quite simply, as more of the Al volume is 
replaced by the poorer conducting nanotubes, the overall con-
ductivity of the system begins to drop proportionally and there 
is a potential drop now across the electrode. Consequently, the 
voltage drop seen across the emitting layer has gone down for 
a given voltage applied to the device. Electrical resistivity char-
acteristics of Al electrode and Al/MWCNTs/Al are given in 
Figure S2 in the Supporting Information.  

 We expect three other factors have nonnegligible effects in 
raising the turn-on voltage while the light emission is reduced. 
The fi rst of these is obviously due to the effects the increasing 
content of the nanotubes have on the refl ectivity of the back 
cathode. The MWNTs are within 50 nm (less than the skin 
depth for Al) of the interface. So, while scattering generally 
helps output coupling in such devices, in this case the addition 
of a black absorber will surely reduce the output. 

 The second factor is the effect of increasing the work func-
tion of the cathode. In the AC-OEL, charge neutrality must be 
maintained throughout the power cycle. In the asymmetric 
confi guration used here, this charge balance is established 
using makeup charge from the cathode—thereby requiring a 
low barrier to charge transport. If the injection barrier is raised, 
the compensating charge is hindered. 

 Finally, when the device is bent, there occurs a change in 
device capacitance. Since these devices operate at a resonance 
between the driver and the lamp capacitor, the frequency at 
which they should be driven for optimal light output changes 

as the capacitance changes. Bending can change the capaci-
tance slightly and therefore move the device off of resonance. 
We expect this to yield a decrease in overall brightness since 
the device is being driven off of resonance. However, in this last 
case, we expect the capacitance to recover once the device has 
relaxed back (recovered) from the bending. 

 To minimize the negative effects of resistance in the MWCNT 
component of the composite, while examining their potential 
to enhance the robustness of device fl exibility, AC-OEL devices 
with 0.5 mL of 0.2 wt% MWCNTs are chosen as our basis for 
comparison during bending. Clearly, from Table  1 , AC-OEL 
devices with and without MWCNTs at this loading level in the 
cathode exhibited brightness's of the same order ( L  max _ fl at _ Al  
= 3330 cd m −2  and  L  max_fl at_Al /MWCNTs/Al = 2700 cd m −2 . In 
 Figure    3  , we present the brightness data for Al only cathodes 
(Figure  3 a) and compare to brightness for MWCNT cathodes 
(Figure  3 b) for all voltages tested. When tested initially in an 
unbent state, the fl at nanotube and fl at Al only devices (open 
squares) are very nearly the same as would be expected, except 
for the slight offset associated with resistance in the cathode. 
Also notice that, in Figure  3 c,d, the current–voltage characteris-
tics associated with the fl at devices without and with nanotubes 
respectively are linear and differ only by the resistance of the 
cathode.  

 A slight enhancement of the luminance is observed in both 
cases as the devices are bent from 0° to 120°. This is measuring 
the brightness at the center of curvature of the bend. The capac-
itance change of fl exible AC-OEL devices with shape change of 
substrates (Figure S3 in the Supporting Information) should 
lead to a decrease in luminance as stated in our expectations 
above. Therefore, we attribute this slight increase to increased 
conductivity of the compressed electrodes induced by external 
mechanical deformation of the fi lm and enhanced fi eld den-
sity in this area. It should also be recognized that the output 
coupling of the light from the surface of the curved substrate 
during bending could be quite different from that of the fl at 
state device, thereby leading to an observed increase in light 
output. 

 When the bent Al-based device is released, its brightness–
voltage and current–voltage curves recover to their original 
shape, but the maximum luminance shifts from 4054 cd m −2  
at 12.7 V at 90° to 3328 cd m −2  at 16.3 V in the recovered state. 
The lower optimal luminance and higher voltage required to 
achieve optimal luminance is consistent with the view that 
the cathode has formed cracks and deformations that have 
reduced its overall conductivity—thereby reducing the total 
voltage dropped across the emitter. This morphology change 
is confi rmed in optical microscopy under 200× magnifi cation 
shown in  Figure    4  . The formation of these cracks and creases 
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  Table 1.    Summary of the performance of fl exible organic AC-EL devices with different cathode structures.  

Cathode structure Turn-on RMS voltage 
[V]

Max. brightness 
[cd m −2 ]

Max. power effi ciency 
[lm W −1 ]

Optimum frequency 
[Hz]

Al (150 nm) 5.76 4070 21.8 50k

Al (50 nm)/0.5 mL MWCNTs/Al (100 nm) 6.63 4050 22.2 60k

Al (50 nm)/1.0 mL MWCNTs/Al (100 nm) 10.71 3376 16.1 55k

Al (50 nm)/1.5 mL MWCNTs/Al (100 nm) 11.00 1982 7.3 50k
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in Figure  4 a is an irreversible process, and thus poor conduc-
tivity results when the device is fl attened after severe bends.  

 In contrast, consistent EL performance of MWCNT-based 
devices is observed with bending and recovery. A small lumi-
nance peak shift from 4002 cd m −2  at 13.1 V at 90° to 4060 cd m −2  
at 13.9 V in the recovered state, as shown in Figure  3 b, is seen, 
but peak shape as well as optimal luminance is, intriguingly, 
maintained. We attribute this to the mechanical properties of 
the networked structure of the Al/MWCNT/Al electrode. The 
composite cathode keeps the surface morphology crack-free 
even under large-angle bends since dislocations within the Al 
are being pinned and additional some stress is taken by the 
nanotubes—not the malleable metal. Again, optical micro-
graphs at 200× magnifi cation confi rms the morphology as 
seen in Figure  4 b. However, the EL performances in MWCNT-
based devices do show a slight shift in the voltage where the 
maximum luminance occurs under different bending angles 
compared with Al-based devices. We attribute the difference to 
the refl ections on back electrodes: normal refl ection to Al and 
random scattering to Al/MWCNTs/Al (insets in Figure  3 a,b). 

 There is one fi nal issue. AC-OEL devices can be thought of as 
a light emitting capacitor. High-frequency electric fi elds induce 
a polarization current within the device to generate light. 
Therefore, the electrodes must be just as highly conductive 
and homogeneous as in the case of OLEDs. Creases and voids 
in the Al fi lm due poor mechanical properties can cause local 
potential variations in the device which show up as brightness 

inhomogeneity. The network of MWCNTs clearly imparts some 
mechanical stability on the Al fi lm during bending leading to 
uniformity in the composite cathodes spreading resistance. 
To see this point more clearly, RMS current density versus 
the RMS voltage ( J – V ) of Al-based devices and composite 
electrode-based devices are compared in Figure  3 c,d. The dif-
ference between  J – V  curves of Al-based case before and after 
a full cycle of 120° bend is an unmistakable increase in the 
resistivity (slope of the line). However, the  J – V  characteristics 
of Al/MWCNTs/Al device before and after bending are nearly 
identical suggesting not very much permanent morphological 
change has taken place. 

 In measuring the power effi ciency of the devices, we use the 
standard convention of measuring the current voltage and the 
phase angle between them. [ 1 ]  For both cathode types (with and 
without MWCNTs), the overall power effi ciency of fl at devices 
is quite similar except for small fl uctuations from device to 
device. However, in  Figure    5  , we show what happens to the 
power effi ciency of composite cathode devices as compared 
to pure Al cathodes under bending. For example, a pure Al 
cathode device fl at that has not been bent achieves ≈22 lm W −1  
at 3250 cd m −2  but yields only 18 lm W −1  at 3250 cd m −2  after 
bending once to 120° and fully relaxing back. Notice that this is 
not the case for the composite cathode devices that track almost 
exactly in its recovery from 120° bending.  

 Importantly, the EL spectra of devices with MWCNT cathodes 
taken at different bending angles and displayed in Figure 4 in 
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 Figure 3.    Performance of the green phosphorescent fl exible organic AC-EL devices with and without MWCNTs driven at a frequency of 50 kHz during 
bending (fl at, 60°, 90°, and 120°, recover). Luminance with a) Al or b) Al/MWCNT/Al as a function of voltage for fl exible organic AC-EL devices. Red 
arrows represent the luminance peak shifts between the maximum luminance of the Al-based device and that of the Al/MWCNT/Al-based device. 
c,d) RMS current density versus RMS voltage characteristics of fl exible organic AC-OEL devices before and after bending.
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the Supporting Information do show subtle differences. Most 
notably, the recovered spectra from a previously bent device 
seem to suggest some damage is done to the device, perhaps 
delamination at the interfaces. However, it is important to 
realize that this is for one set of loadings only and optimization 
of MWCNT content has yet to be completely optimized. 

 Iterative bending tests on the AC-OEL devices were per-
formed holding the bending angle at a constant 90° (radius 
of curvature ≈9 mm), for each bend. As shown in  Figure    6  a, 
the luminance remains very stable in devices with MWCNT 
composite electrodes, requiring over 500 bending cycles to 
drop to half of the initial luminance (1250 cd m −2 ). In com-
parison, devices with pure Al electrodes exhibit a luminance 
drop of the same magnitude (half of the initial brightness 
(1270 cd m −2 )) with only 50 bending cycles. The inset in 
Figure  6 a shows an illuminated AC-OEL device after 
1000 bending cycles.  

 A voltage sweep at 50 kHz driving frequency was made 
before and after 1300 bending cycles and  L – J – V  characteristics 
are shown in Figure  6 b,c, respectively. Compared with iden-
tical performances before bends (Figure  6 b), after continuous 

1300 bending cycles the device with an MWCNT composite 
cathode shows a luminance and current density of over 1290 
cd m −2  at 133 mA cm −2  while the Al-based cathode device only 
produced 600 cd m −2  at 93 mA cm −2  (Figure  6 c). The supe-
rior mechanical reliability of the AC-OEL device with an Al/
MWCNT/Al composite cathode, again, can be attributed to the 
strong mechanical strength of the MWCNT network together 
with the nanoinclusions ability to pin mobile defects in the 
metal fi lms.  

  3.     Conclusion 

 We have presented the use of a composite cathode made up 
of an Al/MWCNTs/Al trilayer, on fl exible organic light emit-
ting devices. Our results demonstrate that making use of such 
a cathode structure can impart mechanical stability to the 
fl exible device allowing for repeated bending without signifi -
cant loss of brightness or power effi ciency. We interpret these 
results as a transfer of stress to the nanotube components 
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 Figure 4.    Metallurgical microscopy images of top electrodes in fl ex-
ible organic AC-EL devices before (insets) and after a full cycle of 120° 
bending. a) Al (150 nm) electrode shows 20 µm width creases due to 
bending. b) Al (50 nm)/MWCNT/Al (100 nm) composite electrode shows 
outstanding mechanical property in bending.

 Figure 5.    Power effi ciencies with a) Al or b) Al/MWCNT/Al as a function 
of luminance for fl exible AC-OEL devices.
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of the fi lm along with the pinning of mobile defects in the 
fi lm both of which prevents the formation of voids, cracks, 
and morphological defects that typically increase the fi lms 

resistance with bending. Moreover, we show that the optical 
and electrical properties of such composite fi lms are compat-
ible with these applications for both AC-OEL as well as OLEDs. 
We believe that this suggests that the triple-layer composite 
electrode (metal/nanotubes or nanowires/metal) is a reliable 
alternative electrode approach for commercial fl exible organic 
lighting devices of the future.  

  4.     Experimental Section 
  Materials and Device Fabrication : All devices were fabricated on a PET 

substrate with a precoated 100 nm ITO fi lm with a sheet resistance of 
≈10 Ω � −1 . The plastic substrates were cleaned in an ultrasonic bath 
with acetone followed by methanol and isopropanol for 1 h each. The 
fl exible ITO substrates subsequently were dried in a vacuum oven for 
2 h and treated with UV-ozone for 15 min. ZnO NPs aqueous solution 
(50 wt%, average diameter ≈35 nm, Aldrich) was purchased. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 1.5 wt%, 
Heraeus) was mixed with ZnO NPs at a concentration of 36 wt% (ZnO 
to PEDOT:PSS). Ammonium hydroxide was added into PEDOT:PSS to 
keep the ZnO NP dispersed. The emission layer consisted of a blend 
of poly( N -vinylcarbazole) (PVK) as a cohost and 10 wt% fac-tris(2-
phenylpyridinato)iridium(III) (Ir(ppy) 3 ) as the dopant. The emitting 
layers were obtained by spin coating the 18 mg mL −1  PVK:Ir(ppy) 3  blend 
in chlorobenzene at 2000 rpm. As an electron injection layer, TPBi is 
dissolved in a mixture of formic acid and water (5:1) and spin cast 
at 4000 rpm before moving to a heated vacuum oven for 30 min. For 
fabrication of the Al/MWCNTs/Al electrodes, 50 nm of Al was deposited 
initially via thermal evaporation at a pressure of about 2 × 10 −7  Torr 
with a rate of 2 Å s −1 . A 0.2 mg mL −1  dispersion of MWCNTs was made 
in acetone after 15 min of ultrasonication and then sprayed by an 
airbrush powered by nitrogen gas at 5 psi. The distance between spray 
gun nozzle and the surface of substrate was set to 10 cm to avoid the 
formation of large aggregated droplets on the substrate. Then, another 
100 nm layer of Al was deposited after the fl exible substrate was sent 
back to high vacuum. The active area of the fl exible organic AC-EL pixels 
was 0.15 cm 2 . 

  Device Electroluminescence Measurement : The AC-driven fi eld-induced 
polymer EL devices in this report are measured in ambient air at 
atmospheric pressure and room temperature (25 °C) without sealing. 
A 200 MHz function/arbitrary waveform generator (Agilent 33220A) 
connected to a Trek PZD700A M/S amplifi er provides a sinusoidal signal 
with suitable voltage and frequency. Voltage, current, and phase angle 
are recorded from a Tektronix TPS 2024B oscilloscope. An ILT 1400-A 
photometer (International Light Technologies) is used to measure the 
out-coupling luminance. EL spectra were collected using an ILT 950 
spectroradiometer (International Light Technologies). The time resolved 
AC electroluminescence response is recorded with a fast photo diode. 
The entire system is connected and controlled by a computer. In order 
to maintain accurate and reliable measurements of luminance and 
effi ciency, each turn-on measurement of the pixels was integrated 
over 2000 ms and averaged fi ve times instead of fast sweeping for 
good-looking curves. We note here that during the time frame of our 
measurements the lamps in this study were stable and showed no signs 
of deterioration. 

  SEM and Optical Images : A scanning electron microscope (SEM, 
JEOL 6330) was utilized to measure the morphology of the composite 
electrode for each step of the fabrication process. The surface 
morphology of organic AC-EL devices with Al cathode or Al/MWCNTs/Al 
was measured by a metallurgical microscope (Olympus BX60M) before 
and after a full cycle of 120° bending.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

 Figure 6.    Bending test of fl exible organic AC-EL devices with and without 
MWCNT nanonetwork modifi cation. a) Luminance as a function of the 
number of cycles (0, 20, 25, 50, 100, 200, 500, and 1000). The inset shows 
the photograph of the fl exible device with MWCNTs after 1000 bends. 
Luminance–current density–voltage characteristic of fl exible organic 
AC-OEL devices b) before and c) after 1300 cycles of bend.
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