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and high sheet resistance, has made it dif-
fi cult to apply these alternative electrodes 
to TFOLEDs. 

 On the other hand, there is a kind of 
electrode that consists of a high refrac-
tive index dielectric layer/metal fi lm/high 
refractive index dielectric layer (multi-
layer). It exhibits high transmittance, high 
fl exibility, and low sheet resistance. In par-
ticular, the high refractive index dielectric 
layers of the multilayer improve transmit-
tance by reducing refl ection of the metal 
fi lm caused by destructive interference. [ 11 ]  
Previous studies on multilayer electrodes 
started from work on heat refl ective optical 
fi lters. [ 12 ]  So far, several research groups 
have reported various structures of multi-
layer electrodes (ZnS/Ag/ZnS, [ 13 ]  WO 3 /
Ag/MoO 3 , [ 14 ]  ZnS/Ag/MoO 3 , [ 15 ]  Cs 2 CO 3 /
Ag/ZnS [ 16 ]  applied to OLEDs. However, 
these studies utilized the Ag fi lms with 
thickness greater than 10 nm. The thick-

ness of this Ag fi lm might hinder fabrication of highly trans-
parent OLEDs, because increase in the thickness of the Ag 
fi lm is used to compensate for reduction of transmittance in 
devices. [ 13,17 ]  Therefore, the determination of an optimally min-
imum thickness for continuous, low sheet resistance Ag fi lms is 
crucial for fabrication of highly transparent devices. [ 18 ]  Also, in 
previous studies, the multilayer electrodes were applied as either 
anodes or cathodes because the devices could not have transpar-
ency and fl exibility at the same time. If applied to both sides, the 
thickened metal fi lms cause reduced transmittance and caused 
angular dependency by the microcavity effect. [ 19,20 ]  Therefore, it 
is fi rst necessary to solve the problems found in previous studies 
in order to fabricate effective TFOLEDs. 

 In this paper, we propose a TFOLED structure using multilayer 
electrodes as both anode and cathode at the same time. In order 
to overcome the limitations of previous multilayer electrodes, the 
highly transparent device was fabricated using thin, continuous, 
Ag fi lm between dielectric layers. Furthermore, by using an 
electron-only device and optical simulation, the structure of the 
TFOLEDs was optimized without degradation of effi ciency. We 
also demonstrated that the fabricated TFOLEDs had little infl u-
ence on angular dependency by investigating the electrolumi-
nescence (EL) intensity spectra and Commission International 
de l’Eclairage (CIE) coordination, at varying emission angles.  
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  1.     Introduction 

 In recent years, the transparent and fl exible display is in the 
best interest of researchers as future display. [ 1 ]  Organic light-
emitting diodes (OLEDs), in particular, are considered prom-
ising candidates for advanced displays due to their capability 
to satisfy both transparent and fl exible properties. [ 2 ]  However, 
OLEDs typically consist of brittle indium tin oxide (ITO) [ 3 ]  and 
metal fi lm of low transparency, so alternative electrodes are 
required to produce transparent, fl exible OLEDs (TFOLEDs). [ 4 ]  
Several kinds of conductive electrodes, including those of trans-
parent conductive oxide, [ 5 ]  metal nanowires, [ 6 ]  metal grids, [ 7 ]  
graphene, [ 8 ]  carbon nanotubes, [ 9 ]  and conducting polymer, [ 10 ]  
have been investigated for their possible use as alternative 
electrodes. However, their lack of fl exibility, low transmittance, 
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  2.     Results and Discussion 

  2.1.     Fabrication of Highly Transparent Multilayer Anode 

 It is well known that dielectric layers or particles under the thin 
Ag fi lm, function as a seed layer to reduce the minimum fi lm 
thickness required to obtain continuous Ag fi lm. [ 21 ]  However, 
the relationships between dielectric layers and Ag fi lm thick-
ness are not clearly known. Thus, in this study, the relationship 
between dielectric layers and Ag fi lm thickness was investigated 
and the structure of the anode determined. 

  Figure    1   shows scanning electron microscopy (SEM) images 
of the surface morphology of Ag fi lm on different types of 
dielectric (ZnS, MoO 3 , WO 3 ) layers, and on bare glass. [ 22 ]  The 
sheet resistance and surface coverage of the Ag fi lms on the 
dielectric layers were improved compared to Ag fi lms on bare 
glass. This results from the difference in the surface energy 
of the dielectric layers. The relatively high surface energy of a 
dielectric layer can effectively prohibit diffusion from adjacent 
Ag fi lm and produce a favorable wetting effect for the smoother 
Ag fi lms. [ 23 ]  Table S1 of the Supporting Information shows 
the calculated surface energies of dielectric layers. The surface 
energy of the ZnS layer (75.94 dyn cm −1 ) was higher than the 
others, and the tendency of surface energies of dielectrics corre-
spond well to the tendency of surface morphologies of Ag fi lm 
(Figure  1 ). The Ag fi lm on the ZnS layer shows the lowest sheet 
resistance and highest surface coverage percentage, assuming 

the same Ag fi lm thickness. From this result, we selected ZnS 
layer as the best dielectric layer for thin-Ag-fi lm fabrication, and 
chose a thickness of 7 nm for the Ag fi lm. The ZnS/Ag (7 nm) 
structure showed sheet resistance of 9.74 Ω sq −1 , which is sim-
ilar to that of the ITO electrodes (near 10 Ω sq −1 ) generally used 
for OLED electrodes. In addition, this structure made possible 
fabrication of a multilayer anode with the highest transmittance 
found in this work.  

 In the structure of the multilayer anode, the other dielectric 
layer on the Ag fi lm is MoO 3  (5 nm thick) embedded on the 
Ag fi lm. The thin MoO 3  layer can improve low hole injection 
effi ciency caused by the difference from the work function of 
the Ag fi lm (4.6 eV) and the highest occupied molecular orbital 
(HOMO) level of  N , N′ -bis (naphthalen-1-yl)- N , N′ -bis (phenyl)-
benzidine (NPB, 5.4 eV), [ 24 ]  which was used as a hole trans-
porting layer (HTL) in this work. Therefore, the combination 
of ZnS ( x  nm), Ag (7 nm), and MoO 3  (5 nm) was selected to 
fabricate highly transparent OLEDs using the new multilayer 
anode structure.  

  2.2.     Fabrication of Highly Transparent Multilayer Cathode 

 In order to apply the multilayer structure to the cathode, an 
additional electron injection layer (EIL) is needed to lower 
the injection barrier because the electron injection barrier at 
the Ag/emitting layer (EML) interface is large. Moreover, the 
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 Figure 1.    SEM images of the Ag surface: A variety of thicknesses (6, 7, 8, 9 nm) of Ag fi lm deposited on different types of dielectric layers (glass, ZnS, 
MoO 3 , WO 3 ) with a deposition rate of 2 Å s −1 .
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additional layer is also required to function as an aid for thin 
Ag fi lm used in a highly transparent electrode. 

 In this study, the Cs 2 CO 3  and ZnS were deployed between a 
tris(8-hydroxy-quinolinato) aluminum (Alq 3 ) layer used as EML, 
and Ag fi lm used to improve the electron injection effi ciency 
and thin Ag fi lm fabrication. The thin Cs 2 CO 3  layer (the EIL) is 
used to create n-type doping effect on the Alq 3  fi lm and to form 
the surface dipole at the electrode. [ 25 ]  As mentioned before, ZnS 
contributes to better thin Ag fi lm fabrication as well as multi-
layer anode. However, the conduction band of ZnS and of the 
lowest unoccupied molecular orbital (LUMO) level of Alq 3  (ZnS: 
3.0 eV, Alq 3 : 3.0 eV) [ 26 ]  are similar; therefore, the ZnS thickness 
must be adjusted to prevent a decrease in the electron injection 
effi ciency. For these reasons, the electron-only devices were fab-
ricated to optimize the electron injection capabilities and trans-
mittance, by varying the thickness of the dielectric layers. 

 Al was used as anode in all the electron-only devices to 
prohibit hole injection from anode. The LiF/Al cathode and 
Ag were used to compare with the multilayer cathode. To 
measure how the Cs 2 CO 3  functions as EIL, a layer of Cs 2 CO 3  
with three different thicknesses (0.5, 1, and 1.5 nm) was tested. 
In  Figure    2  a ,  the Cs 2 CO 3  thickness at 1 nm showed the most 
improved electron injection capability and was higher than that 
of the LiF/Al and Ag cathode. However, in previous reports, 
effi cient OLEDs were fabricated using LiF/Al as cathodes when 
the OLEDs structure consisted of NPB and Alq 3  as HTL and 
EML, respectively. [ 27,28 ]  For this reason, by adopting the die-
lectric layer ZnS, we could control electron injection similar 
to that from LiF/Al, and reduce the minimum fi lm thickness 
required to obtain continuous Ag fi lm.  

 In Figure  2 b, the electron-only devices were fabricated by 
splitting the thickness of the ZnS layer (1, 2, 3, 4, and 10 nm). 
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 Figure 2.    a,b) The current density–voltage ( J – V ) characteristics of electron-only devices, a) Al/Alq 3 /Cs 2 CO 3 /Ag with different Cs 2 CO 3  thicknesses 
(0.5, 1, or 1.5 nm) were compared to Al/Alq 3 /LiF/Al and Al/Alq 3 /Ag, b) Al/Alq 3 /ZnS/Cs 2 CO 3 /Ag with split ZnS thicknesses (1, 2, 3, 4, 10 nm) com-
pared to Al/Alq 3 /LiF/Al, c) SEM images of the Ag surface: Ag fi lms with various thicknesses (6, 7, 8, 9 nm) were deposited on dielectric layers (with 
or without ZnS and Cs 2 CO 3 ).
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This showed that increasing the thickness of the ZnS layer 
reduced the effi ciency of electron injection. When ZnS were 
thicker than 3 nm, the current effi ciency of the new devices 
were lower than that of LiF/Al and the effi ciency of OLEDs 
fabricated from them would also be expected to be low. The 
electron-only device with a 1 nm Cs 2 CO 3  on 3 nm ZnS layer 
showed similar current effi ciency to a LiF/Al device, so we 
concluded that the multilayer cathode structure: ZnS (3 nm)/
Cs 2 CO 3  (1 nm)/Ag (x nm)/capping layer, is suitable for OLEDs 
of high transparency and effi ciency. 

 In order to fi gure out the effect of dielectric layers on its 
morphology, Ag fi lms of variable thickness (6, 7, 8, and 9 nm) 
were deposited on three different types of structure (Figure  2 c). 
Figure  2 c shows the surface of Ag fi lms in SEM images. The 
Ag fi lm with only Cs 2 CO 3 , showed improved surface mor-
phology compared to those without dielectric layers. This may 
be because Cs 2 CO 3  functions as a nucleation-promoting layer 
that allows reduction of the minimum fi lm thickness needed to 
obtain a continuous Ag fi lm, as reported in previous studies. [ 16 ]  
However, the Ag fi lm deposited on the Alq 3  (30 nm)/ZnS 
(3 nm)/Cs 2 CO 3  (1 nm) multilayer showed improved surface 
morphology along with the lowest sheet resistance and the 
highest surface coverage percentage, at the same thickness. 
When the thickness of Ag was 8 nm (sheet resistance 8.38 ohm/
sq, surface coverage 92.5%), the multilayer electrode was com-
parable to the ITO version used in conventional OLEDs. From 
this, we determined that the structure of the multilayer cathode 
should be ZnS (3 nm)/Cs 2 CO 3  (1 nm)/Ag (8 nm)/capping layer, 
to achieve high transparency and effi cient electron injection. 

The capping layer deposited on the multilayer cathode layer to 
improve transmittance will be discussed later.  

  2.3.     Electronic Property of ZnS Layers in Multilayer Electrodes 

 In order to investigate how a ZnS layer affects the electronic 
property when the ZnS layer is assembled into the cathode, 
Alq 3  (50 nm), Alq 3  (50 nm)/ZnS (3 nm), Alq 3  (50 nm)/ZnS 
(3 nm)/Cs 2 CO 3  (1 nm), and Alq 3  (50 nm)/Cs 2 CO 3  (1 nm) fi lms 
were fabricated and X-ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy (UPS) were utilized 
for measurements. In  Figure    3  a, Zn 2p and S 2p peaks were 
observed from Alq 3 /ZnS and Alq 3 /ZnS/Cs 2 CO 3  fi lms in the 
XPS spectra, indicating that ZnS was deposited onto Alq 3 . In 
addition, a Cs 3d peak was observed from Alq 3 /ZnS/Cs 2 CO 3  
and Alq 3 /Cs 2 CO 3 , indicating that ZnS and Cs 2 CO 3  were prop-
erly deposited on the fabricated fi lms. (The XPS spectra of 
each of the fi lms are also included in Figure S1, Supporting 
Information.)  

 From the UPS spectrum, an increase in the binding energy 
of HOMO and a decrease in the vacuum level were observed 
in the Alq 3 /ZnS/Cs 2 CO 3  and Alq 3 /Cs 2 CO 3  fi lms, differing from 
Alq 3  or Alq 3 /ZnS fi lms  ( Figure  3 b,c). This result is similar to 
earlier results which demonstrated that the electron injection 
barrier decreases due to the charge transfer and n-type doping 
of the Alq 3  layer when Cs 2 CO 3  is deposited on Alq 3  fi lm. [ 25 ]  
However, the binding energy of HOMO and the vacuum 
level of Alq 3 / ZnS fi lm without Cs 2 CO 3  showed no signifi cant 
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 Figure 3.    a) XPS spectra of Alq 3 , Alq 3 /ZnS, Alq 3 /ZnS/Cs 2 CO 3 , and Alq 3 /Cs 2 CO 3  fi lms. UPS spectra near b) the secondary electron cut-off and c) valance 
band of the Alq 3 , Alq 3 /ZnS, Alq 3 /ZnS/Cs 2 CO 3 , and Alq 3 /Cs 2 CO 3  fi lms.
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changes compared to the fi lm that contains only Alq 3 . Fur-
thermore, Alq 3 /Cs 2 CO 3 , which is Alq 3 /ZnS/ Cs 2 CO 3  without 
ZnS, shows electronic properties similar to those of Alq 3 /ZnS/
Cs 2 CO 3 . This shows that ZnS does not affect the electron injec-
tion property at the interface between Alq 3  and Cs 2 CO 3 . How-
ever, as the thickness of ZnS is increased, the electron injection 
ability is decreased, as shown in Figure  2 b. Thus, it can be sug-
gested that a carrier can tunnel through the barrier.  

  2.4.     Flexibility of Multilayer Electrodes 

 The fl exibility of the multilayer electrodes was investigated 
using a bending test under compressive strain. The stacked 
ZnS/Ag multilayer anode and Alq 3 /ZnS/Cs 2 CO 3 /Ag multilayer 
cathode were fabricated on 125 µm poly(ethylene terephtha-
late) (PET) substrate. Figure S2 of the Supporting Information 
shows the sheet resistance of the multilayer electrode and ITO 
electrode after 10 000 cycles bending at each bending radius. 
The bending radius was converted to strain considering the dif-
ference in electrode and substrate thickness. [ 29 ]  The ITO elec-
trode showed dramatically increased sheet resistance near the 
strain of 1% (around 120 Ω sq −1 ). However, the sheet resistance 
of the multilayer electrodes after bending with strain over 1% 

was similar to that before bending (around 9 Ω sq −1 ). This 
showed that the new multilayer electrodes are much more fl ex-
ible than the ITO electrodes, and we could confi rm that these 
multilayer electrodes could be used to achieve fl exible OLEDs.  

  2.5.     Improvement of Multilayer Electrode Using Optical 
Calculation 

 The multilayer electrodes improved the transmittance of 
OLEDs by using the antirefl ection. The dielectric layers, with 
high refractive indices and optimized thickness, cause antire-
fl ection by reducing the refl ection on the surface of metal fi lms. 
Therefore, in order to achieve this antirefl ection condition, 
the refractive indices and thickness of the ZnS layer (anode 
side, capping layer) are critical. The optical calculation was 
performed in relation to the thickness of the anode-side ZnS 
layer and the capping layer. The calculated optimal TFOLEDs 
structure is ZnS ( y  nm)/Ag (7 nm)/MoO 3  (5 nm)/NPB 
(50 nm)/Alq 3  (50 nm)/ZnS (3 nm)/Cs 2 CO 3  (1 nm)/Ag (8 nm)/
ZnS ( x  nm) on PET (125 µm) fi lm. The calculation was con-
ducted by transfer matrix using an E-fi eld of multiple light 
refl ections on each layer of the TFOLEDs.  Figure    4  a shows the 
calculated maximum transmittance of OLEDs was 75.2%, when 
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 Figure 4.    a) The calculated transmittance of TFOLEDs in relation to thicknesses of the ZnS layers (anode side and capping layer), b) Measured 
transmittance of the PET substrate and TFOLEDs, and calculated transmittance of the TFOLEDs (with anode ZnS 24 nm, capping layer ZnS 22 nm), 
c,d) Photographs of the fabricated TFOLEDs. c) TFOLED stack with 2.5 × 2.5 cm area and magnifi ed images, d) photographs of TFOLEDs with on and 
off images with letters in the background (left and middle), and photograph of the TFOLEDs with bending (right).
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the thickness of the anode side of the ZnS layer and the capping 
layer of ZnS, were 24 and 22 nm, respectively. In Figure  4 b, the 
calculated transmittance of OLEDs with 24 nm ZnS anode side 
and a 22 nm capping layer shows quantitative agreement with 
the measured transmittance of TFOLEDs in the range of visible 
light. The peak transmittance was 74.22% around 550 nm and 
transmittance of over 70% was measured in the visible range. 
These results demonstrate the validity of the optical calculation, 
and that the fabricated TFOLEDs are highly transparent. This is 
remarkable considering that the device was fabricated on PET 
fi lm (88% transparency to visible light) that is measurably less 
transparent than glass (92% in visible range).  

 In Figure  4 c are images of the TFOLED stack (2.5 × 2.5 cm). 
The background letters can be seen clearly through TFOLEDs 
stack. Figure  4 d shows the highly transparent, fl exible newly 
fabricated OLEDs in the on and off states, and with bending.  

  2.6.     Performance and Optical Properties of the TFOLEDs 

 From the experiments conducted to optimize the multilayer 
electrodes structure, we determined the optimal structure 
of the TFOLED to be ( Figure    5  a) ZnS (24 nm)/Ag (7 nm)/
MoO 3  (5 nm)/NPB (50 nm)/Alq 3  (50 nm)/ZnS (3 nm)/Cs 2 CO 3  
(1 nm)/Ag (8 nm)/ZnS (22 nm), on PET (125 µm) fi lm. 
Figure  5 b shows the current density ( J )–voltage ( V ) charac-
teristics of the fabricated TFOLEDs. The turn-on voltage was 
2.5 V and was not increased from that reported in previous 
work. [ 27 ]  Moreover, conventional OLEDs have a light loss mech-
anism due to the difference in the refractive index values of 
the layers that comprise the OLEDs (the substrate mode and 
waveguide mode) and the surface plasmon mode. Particularly, 

a surface plasmon can arise at the interface between the metal 
and organic layers, and the surface plasmon loss is increased 
when Ag metal fi lm is used for both the anode and the cathode. 
Therefore, considering the both-sides emission and surface 
plasmon loss, the effi ciency of these TFOLEDs is higher than 
that of conventional OLEDs. [ 30 ]  This means that fabrication of 
electron-only devices for modulating the thickness of Cs 2 CO 3  
and ZnS layers, and inserting the MoO 3  layer, was effective 
for maintaining the charge balance of the new TFOLEDs. The 
luminance and current effi ciency of these TFOLEDs were meas-
ured including both bottom (substrate) and top (capping layer) 
emissions, as shown in Figure  5 c,d. The total emission was the 
sum of bottom and top emission at the same current density. 
The values of luminance and current effi ciency of bottom emis-
sion were slightly lower than that of the top emission, because 
of the emission loss from the PET on the bottom.  

  Figure    6  a,b shows the external quantum effi ciency (EQE) 
and power effi ciency of the TFOLEDs. The values of EQE and 
power effi ciency were similar to that of conventional OLEDs 
using NPB/Alq 3 /LiF/Al. This might be from the effect of micro-
cavities and not from the optimized structure of the TFOLEDs. 
OLEDs with strong microcavity effect show a signifi cant blue 
shift of EL peaks with varying emission angle, due to the inter-
ference effect. [ 20,31 ]  However, as shown in Figure  6 c,d, the EL 
intensity spectra of bottom and top emissions at varying emis-
sion-angles show slight or no blue shift due to the high transpar-
ency of TFOLEDs. This indicates very little microcavity effect. 
In addition, the calculation of EL intensity for various thick-
nesses of Ag fi lm was conducted to determine more precisely 
the microcavity effect (Figure S3, Supporting Information). 
The intensity value of the new TFOLEDs (7 nm anode, 8 nm 
cathode) lies between the calculated data for Ag-fi lm thickness 
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 Figure 5.    a) Schematic of the TFOLEDs, b) Current density–voltage ( J – V ) characteristics of the TFOLEDs, c) luminance–current density ( L – J ) char-
acteristics and d) current effi ciency–current density characteristics of the TFOLEDs. (Bottom emission is anode side; top emission is cathode side.)
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of 5 and 10 nm, which shows that the measured intensity cor-
responds well with the calculations. Also, the TFOLEDs with 
relatively thick Ag fi lm showed enhanced EL intensity due to 
the microcavity effect. These results show that the fabricated 
TFOLEDs exhibit only a weak microcavity effect, and that the 
optimized charge balance seems attributable to their high effi -
ciency. In  Figure    7  a, the TFOLEDs show a nearly Lambertian 
emission pattern, and Figure  7 b shows negligible change in the 
CIE coordinates at various angles. This means that the angular 
dependency problem from the microcavity effect can be solved 
in these TFOLEDs.     

  3.     Conclusion  

 In summary, herein we propose highly transparent, fl exible 
OLEDs incorporating multilayer electrodes. The fabricated 
TFOLEDs show improved transmittance and overcome the 
angular dependency caused by the microcavity effect. In order 
to improve the transmittance of TFOLEDs without effi ciency 
degradation, the minimum fi lm thickness for continuous 
Ag fi lm was investigated by varying the number and kind of 
dielectric layers, and electron-only devices were fabricated to 
adjust the thickness of ZnS and Cs 2 CO 3  layers for use in the 

 Figure 6.    a,b) The EQE and power effi ciency characteristics of the TFOLEDs: Bottom emission is anode side and top emission is cathode side. c,d) The 
EL spectra of the bottom emission and top emission of TFOLEDs with emission angles varying from 0° to 60° in increments of 10°.

 Figure 7.    a) Radiant intensity profi les of TFOLEDs from bottom emission and top emission, b) change of CIE coordinates of bottom emission and top 
emission of TFOLEDs at different emission angles (0° to 60° with increments of 10°).
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multilayer cathode. Moreover, optical calculations were per-
formed to determine the optimal thicknesses of ZnS layers 
(anode side and capping layer) to promote antirefl ection. The 
optimized structures for TFOLEDs were fabricated on PET. The 
resulting device showed peak transmittance of 74.22% around 
550 nm, and the measured transmittance was consistent with 
the calculated transmittance. The  J – V – L  characteristics of the 
proposed TFOLED design were similar to those reported in 
studies for which there was no degradation of effi ciency. In 
addition, the TFOLEDs with fl exible multilayer electrodes were 
fl exible under compressive stress. The EL intensity spectra and 
CIE coordination at varying emission angles showed negligible 
shift, and calculations of the infl uence of the microcavity effect 
was also negligible because of the high transmittance of these 
devices. Therefore, we consider the proposed TFOLED design a 
promising candidate (overcoming limitations found in previous 
work) for use in transparent, fl exible displays.  

  4.     Experimental Section 
  Fabrication of TFOLEDs with Multilayer Anode and Cathode : Multilayer 

anodes with ZnS (20 nm), Ag (× nm) layers were deposited using a 
thermal evaporation system with a 2 Å s −1  deposition rate. The sheet 
resistance was measured by 4-probe and the surface morphology of the 
multilayer anode was examined using SEM (PEI Company, Magellan400). 
The surface energy of the dielectric layers was determined using the 
Owen–Wendt method by measuring the contact angles of liquid drops 
(H 2 O, CH 2 I 2 ) resting on the surfaces of the dielectric layers. The contact 
angles were measured using a contact angle analyzer from SEO Co., 
Ltd. (Phoenix300 plus). The XPS and UPS spectra were measured using 
multipurpose X-ray photoelectron spectroscopy with UPS (Thermo VG 
Scientifi c). The UPS spectra were obtained using He I (21.2 eV) as an 
excitation source, and the samples were biased at −10 V to observe the 
vacuum level. The XPS spectra were measured using Al  Kα  (1486.6 eV) 
as the radiation source. The structure of the multilayer cathode was 
determined by the  J – V  characteristics of electron-only devices. The 
structure of electron-only devices was Al (100 nm), Alq 3  (50 nm), 
ZnS ( x  nm), Cs 2 CO 3  ( x  nm), and Ag (100 nm), with split Cs 2 CO 3  and 
ZnS layers. The  J – V  characteristics were measured using a Keithley 
2400 source meter. The sheet resistance and surface morphology of the 
multilayer cathode were measured in the same way for the multilayer 
anode. 

  Flexibility and Transmittance of the Multilayer Electrode : The ZnS 
(20 nm) and Ag (7 nm) layers of the multilayer anode, and Alq 3  (30 nm), 
ZnS (3 nm), Cs 2 CO 3  (1 nm), and Ag (8 nm) layers of the multilayer 
cathode were deposited on PET (125 µm) for measurement of fl exibility. 
The fl exibility of the multilayer electrode and ITO fi lm was compared 
using a bending test (bending machine by Labtech Science Co., Ltd.) 
under compressive stress with bending radius of 5, 10, 15, or 20 mm. 
After 10 000 repetitions, the enhancement of the sheet resistance of the 
multilayer and ITO fi lms was measured using a 4-probe. 

 Before fabricating the highly transparent, fl exible OLEDs, optical 
calculations were done to improve the transmittance using the MATLAB 
simulation tool (MathWorks, Inc.). From the simulation tools, the 
electric fi eld was calculated by transfer matrix. The thickness of the 
dielectric layers (ZnS layer, Ag anode side; ZnS capping layer) were 
calculated with which each device showed the highest transmittance. 
The transmittance spectra of the TFOLEDs (range of visible light) were 
obtained using an UV–vis spectrophotometer (UV-2550, Shimadzu). The 
baseline was estimated in comparison to transmittance through air. 

  Fabrication and Characterization of TFOLEDs : The highly transparent 
and fl exible OLEDs were fabricated on PET (125 µm) substrate. The 
layer-structure of the TFOLED devices was ZnS (24 nm), Ag (7 nm), 
MoO 3  (5 nm), NPB (50 nm), Alq 3  (50 nm), ZnS (3 nm), Cs 2 CO 3  (1 nm), 

Ag (8 nm), and ZnS (22 nm). All the layers were deposited by thermal 
evaporation. Characteristics of the TFOLEDs (i.e.,  J – V – L  curve, emission 
spectra, EQE, and power effi ciency) were measured using a Keithley 
2400 source meter and a spectroradiometer (CS-2000, Konica Minolta) 
together. In addition, in order to obtain EQE and power effi ciency, 
angular emission spectra were measured from −60° to 60° with 
increments of 10°.  
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