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 This paper reports solution-processed, high-effi ciency polymer light-emitting diodes 
fabricated by a new type of roll-to-roll coating method under ambient air conditions. 
A noble roll-to-roll cohesive coating system utilizes only natural gravity and the 
surface tension of the solution to fl ow out from the capillary to the surface of the 
substrate. Because this mechanism uses a minimally cohesive solution, the roll-to-roll 
cohesive coating can effectively realize an ultra-thin fi lm thickness for the electron 
injection layer. In addition, the roll-to-roll cohesive coating enables the fabrication 
of a thicker polymer anode fi lm more than 250 nm at one time by modifi cation of 
the surface energy and without wasting the solution. It is observed that the standard 
sheet resistance deviation of the polymer anode is only 2.32  Ω /� over 50 000 bending 
cycles. The standard sheet resistance deviation of the polymer anode in the different 
bending angles (0 to 180 ° ) is 0.313  Ω /�, but the case of the ITO-PET is 104.93  Ω /�. 
The average surface roughness of the polymer anode measured by atomic force 
microscopy is only 1.06 nm. Because the surface of the polymer anode has a better 
quality, the leakage current of the polymer light-emitting diodes (PLEDs) using the 
polymer anode is much lower than that using the ITO-PET substrate. The luminous 
power effi ciency of the two devices is 4.13 lm/W for the polymer anode and 3.21 lm/W 
for the ITO-PET. Consequently, the PLEDs made by using the polymer anode 
exhibited 28% enhanced performance because the polymer anode represents not 
only a higher transparency than the ITO-PET in the wavelength of 560 nm but also 
greatly reduced roughness. The optimized the maximum current effi ciency and power 
effi ciency of the device show around 6.1 cd/A and 5.1 lm/W, respectively, which is 
comparable to the case of using the ITO-glass. 
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  1. Introduction 

 In recent years, fl exible transparent conductive electrodes 

(TCEs) have been receiving much attention from many 

research groups due to its potential use in portable elec-

tronics, including electronic newspapers, fl exible radio fre-

quency identifi cation devices, wearable solar cells, and fl exible 

polymer light-emitting diodes (PLEDs). However, existing 

TCEs fabricated from materials such as indium tin oxide 

(ITO), aluminum zinc oxide (AZO), and indium zinc oxide 

(IZO) have critical problems. First, these metal oxides are so 
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brittle that they have poor mechanical properties such as low 

fl exibility. [  1  ]  Even if those materials could be deposited on 

fl exible substrates such as polyethylene terephthalate (PET), 

cracks occur during repeated bending motions. These cracks 

have a signifi cant negative infl uence on the performance of 

fl exible electronic devices. Second, indium, which is a gener-

ally used material in TCEs, is very vulnerable to poly(3,4-eth-

ylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) 

acid. It is also expensive because it is a rare metal found only 

in some countries. [  2  ]  In addition, the fabrication of metal oxide 

TCEs results in high production costs caused by the need for 

relatively complex processes such as a sputter system and a 

high-vacuum evaporator. Third, the indium forming the ITO 

diffuses into the upper layers of the TCEs, which leads to a 

decrease in device effi ciency and life-time. [  3  ]  

 Recently, single wall carbon nanotube (SWCNT) and 

silver nanowires were considered as the outstanding alter-

native for TCE materials. These conductive fi lms showed 

the high transmittance and low sheet resistance at the same 

time. [  4–9  ]  However, even though SWCNT and metal nano-

wires fi lms are satisfi ed transmittance and sheet resistance, 

these fi lms have a rough surface (roughness: 7 ∼ 10 nm), 

which causes uneven fi lm thickness of the upper layer and 

leakage current. Table S1 summarized material character-

istics comparing ITO, conducting polymer, SWCNTs and 

silver nanowires. However, conducting polymers are one 

of the most favorable candidates for next-generation fl ex-

ible TCEs due to their outstanding mechanical fl exibility 

and high throughput using the Roll-to-Roll and other solu-

tion processes. Examples of conducting polymers that can 

be applied to fl exible TCEs include poly(3,4-ethylenedi-

oxythiophene) [  10  ,  11  ]  doped with poly(styrenesulfonate) 

(PEDOT:PSS) and conductive polyaniline [  12  ]  doped with 

camphorsulfonic acid (PANI:CSA). [  13  ,  14  ]  Although several 

fl exible PLEDs have been demonstrated using these polymer 

materials, [  15–17  ]  the performance of these devices, which are 

composed of polymer-based anodes, has been limited. Fur-

thermore, several established PLEDs using polymer anodes 

are fabricated by multiple spin-casting processes to make a 

thicker fi lm in order to attain higher conductivity. [  18  ]  How-

ever, when the thicker fi lm is spin coated, more solution 

wastage occurs. Thus, fabricating a polymer anode consumes 

signifi cant amounts of material and requires a complicated 

process. A new process is defi nitely required that will enable 

us to make a thicker fi lm in a single coating process. 

 The alternative process should enable us not only to fab-

ricate a large-sized polymer anode on a fl exible substrate but 

also to make a thicker fi lm all at once without any solution 

wastage. Such a process would need to facilitate the fabri-

cation of low-cost, high-quality devices while maintaining a 

uniform thickness across the whole device surface. Obtaining 

uniform thickness in the electrodes of devices such as PLEDs 

is crucial because thickness variations have a signifi cant infl u-

ence on current variations in the overall surface of PLEDs. 

These types of variations induce joule heating and breakage 

in the device, which causes degradation and shortening of 

the life of PLEDs. In addition, a thicker polymer anode has 

a lower sheet resistance. However, the transmittance of a 

thicker polymer anode is not enough to apply TCE of PLEDs 
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because of low transmittance. In other words, high transmit-

tances are confl ict low sheet resistances, and the ideal value 

will be in only one point. The novel process should satisfy the 

above strict conditions. 

 Most previous studies have been limited in that they 

applied the solution process for fabricating only two layers, 

such as a hole injection layer (HIL) and an active layer. [  19  ,  20  ]  

Also, previously used soluble electron injection materials 

such as Cs 2 CO 3  
[  21  ]  and Ca(acac) 2  

[  22  ]  have serious oxida-

tion problems. In addition, various surfactant-like or water/

alcohol-soluble ionic polymers [  23–26  ]  easily aggregate on 

the hydrophobic surface of a light-emitting polymer layer 

because most of these polymers are dissolved in polar 

solvents. [  26  ]  In particular, when higher-molecular-weight 

polymers are used as light-emitting materials, the coating 

problems become more serious. 

 In this paper, ZnO nanoparticles (NPs) are used as the 

electron transport layer. They also supply a practical hydro-

philic surface for an air-stable ionic solution containing 

ammonium cations as the electron injection layer. [  27  ]  

 In the literature, the best current effi ciency of the ITO-

free device with PANI:PSA (drop-casted) as the transparent 

anode of, SY (spin-coated) as the light-emitting polymer, cal-

cium as the electron injection layer (thermally evaporated) 

and aluminum as the cathode (thermally evaporated) was 

5.6 cd/A, reported by Lee et al. [  28  ]  Although all layers in the 

present device fabricated by the roll-to-roll cohesive coating 

under the ambient air condition, it exceeded 6.1 cd/A even 

without the low work-function electron injection metal such 

as the calcium. 

 In terms of the roll-to-roll process, we should carefully 

select the solution process-able and air-stable the electron 

injection materials which do not contain alkali or alkaline-

earth metals at all. Among the various injection materials, the 

ammonium ion effectively form an interface dipole with an 

aluminium cathode within the ZnO nanoparticle/ammonium 

ion complex layer. Furthermore, the interface dipole can 

effectively lower the electron injection barrier. Therefore, the 

ammonium ion is useful not only to create interface dipole 

but also to be faricated by the roll-to-roll process. 

 We demonstrate a large-sized fl exible PLEDs composed 

of polymer anodes using a solution process. The solution 

process, which is called roll-to-roll cohesive coating, con-

sists of a main roll-to-roll system and an ink supply system. 

This coating system enables the fabrication of large-scale 

devices and the deposition of uniform layers at the same 

time. In addition, the roll-coating process has advantages 

in terms of controlling fi lm thickness by regulating the roll 

speed, the spacer gap, the slit gap, the solution concentra-

tion, and the surface energy of the ink supply system and 

substrate. We investigate the roughness improvement and 

also report the optimal thickness of polymer anodes for 

maximum PLEDs effi ciency in comparison with sheet resist-

ance and transmittance of the polymer anode. Furthermore, 

the device performance utilizing a polymer anode fabricated 

by this roll-to-roll cohesive coating process, except for the 

Al cathode in an air atmosphere, shows outstanding effi -

ciency compared to ITO-based fl exible PLEDs and even 

ITO glass-based PLEDs.   
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     Figure  1 .     (a) Illustration of the device structure and the confi guration 
of the roll-to-roll cohesive coating process. (b) The image of the roll-
to-roll cohesive coating system and composed of roller, doctor blade, 
and slit nozzle system. (c) The roll-to-roll coated polymer anode fi lm. 
(d) The yellow light-emitting fl exible PLEDs on the PET substrate, size 
30 mm  ×  40 mm.  
 2. Results and Discussion  

 2.1. Roll-to-Roll Coating Process for Large-Sized Flexible 
PLEDs 

 In this work, our goal was to fabricate printable PLEDs. 

Among the various printing processes, the roll-to-roll coating 

system is considered to be the most favorable candidate 

for producing fl exible, large-sized PLEDs. Because the use 

of a facile doctor blade added to the roll-to-roll system is a 

non-contact coating method with a simple confi guration as 

compared to the slot-die system, it is a valuable tool for fabri-

cation of large-sized thin fi lms not only in the laboratory but 

also in industry. There is much research about PLEDs fabri-

cation using a roll-coating system and a doctor blade. [  20  ,  21  ,  29  ,  30  ]  

However, a serious problem with conventional blade coating 

has been the ink-supplying system, which could not deliver 

the ink on the substrate consistently. Therefore, the initial 

layer thickness was frequently thicker than the fi nal layer 

thickness. To avoid this problem, Chen et al. employed hot 

blowing in a blade-only coating to make a uniform fi lm. They 

reported that the uniformity of the fi lm was around 10% in 

an area 50  ×  50 mm. [  30  ]  

 In this study, however, to achieve better uniformity of the 

thinner organic layers such as the electron injection layer and 

to solve this fundamental ink-supplying problem, a commer-

cial glass slide (76  ×  25 mm) was attached to the surface of a 

blade (200 mm  ×  28 mm) composed of thermally annealed 

stainless steel, as shown in  Figure    1  (a),(b). The solution con-

tained in the slit capillary began to fl ow and initially created a 

meniscus, followed by a homogeneous laminar fl ow. This fi ne 

laminar fl ow is the key to uniformity and better fi lm quality. 

The control variables of the fi lm thickness are the blade gap, 

the slit gap, the blade speed, the ink concentration, and the 

surface energy of the substrate and the slit.  

 It has already been noted that most previous studies have 

been limited in that they have applied the solution process 

for fabricating only two layers, such as a hole injection layer 

(HIL) and an active layer. [  20  ,  21  ]  Because the PEDOT:PSS and 

light-emitting polymer layers are relatively much thicker than 

the electron injection or the electron transport layers, they are 

much easier to fabricate by using typical solution processes. 

Thus, to fabricate these thinner layers successfully requires a 

much smaller feeding capacity of the solution. In the PLEDs 

described in this paper, the total thickness of the ZnO NP/

ionic complex layers, serving as the electron transport/elec-

tron injection layers, respectively, is approximately 15–30 nm. 

 A conventional slot-die system can be a good candidate 

for fabricating organic electronic devices. [  31  ]  However, it is 

very diffi cult to realize the thinner electron transport/injec-

tion layer utilizing a conventional slot-die pumping system. 

Therefore, to reduce and homogenize the fl ow-rate of the 

coating solution effectively through the ink delivery system, 

some groups employed an additional ink delivery system 

instead of the ink delivery system used in a conventional slot-

die coater using a static pump. [  32  ]  

 In this paper, the facile roll-to-roll coating system does 

not require an external pumping system. The roll-to-roll 
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 23, 4036–4044



Roll-to-Roll Polymer LEDs with ITO-Free Anodes

     Figure  2 .     Illustrations of the cohesive coating mechanism and coating 
fl ows details. (a) Adhesive ( F   a  ) and cohesive ( F   c  ) force diagram between 
hydrophobic and hydrophilic surfaces. Contact angles depend on the 
relative forces between solvent molecules and surfaces. In the case 
of downward concavity, a cohesive force is higher than an adhesive 
force, whereas upward concavity represents that an adhesive force is 
higher than a cohesive force. (b) The case of adhesive force dominant 
condition. Adhesive forces are enhanced by surface energy modifi cation 
such as O 2  plasma treatment. Therefore, the fl ow rate is reduced by 
adhesive forces. (c) The case of cohesive force dominant condition. 
Adhesive forces are relatively reduced by self-assembled monolayers 
(SAMs). Thus, the fl ow rate is increased.  
cohesive coating system described in this work utilizes only 

natural gravity and the surface tension of the solution to fl ow 

out from the slit capillary to the surface of the substrate. At 

fi rst, the solution creates the coating bead due to the gravity 

of the solution and the surface tension between the blade and 

the substrate. When the nozzle moves in the coating direc-

tion, the solution automatically starts to fl ow out from the slit 

gap space to the substrate by action of the cohesive force of 

the solution itself, as shown in  Figure    2  (b),(c). However, if the 

moving speed is too fast to maintain the coating bead kept by 

the cohesive force of the solution, the wet-coating fi lm will be 

broken. However, the roll-to-roll cohesive coating can effec-

tively reduce the fl ow rate and the wet-fi lm thickness because 

this mechanism uses the minimal cohesive energy of the solu-

tion. The amount of the solution for each layer to be coated is 

only 25  μ L in an area 50 mm  ×  50 mm. The whole volume of 

the slit capillary space is 550  μ L.  

 A brief description of the fabrication processes is as 

follows. Every layer was fabricated by the roll-to-roll cohe-

sive coating process at a room temperature of 20  ° C under 

ambient air conditions. The spacer, which is a polyimide fi lm 

about 70  μ m thick, was attached to both edges of the PET at 

every step. Before the coating processes, in order to modify 

the surface energy and make a uniform surface for homo-

genous fl ow in the slit capillary space, the surfaces of the slide 

glasses were treated by using oxygen plasma exposure or 

self-assembled monolayer (SAM) deposition. A typical SAM 

material is  n -octadecyltrichlorosilane (OTS). The large sur-

face energy of the slit decreases the fl ow rate effectively, and 

the small surface energy utilizing SAMs increases the fl ow 

rate of the solutions. Because the solvent for PEDOT:PSS 

is water, consisting of hydrogen and oxygen, it has high 

polarity. Therefore, the water-based PEDOT:PSS solu-

tion also has high polarity and a very large adhesive force 

between the hydrophilic surface and its molecules. To make 

a thicker polymer anode fi lm for increased conductivity with 

a one-time coating, we simply added an additional SAM. 

On the other hand, in case of the hydrophobic surface using 

the SAM, the cohesive forces ( F  c ) among the molecules are 

relatively higher than the adhesive force ( F  a ) between the 

surface and the molecule [Figure  2 (a)]. Therefore, the fl ow 

rate will be effectively increased. We used this phenomenon 

to control the fl ow rate for various solutions ejected by the 

slit outlet. Moreover, to create ultrathin layers such as the 

ZnO nanoparticle layer and the ionic layer, the glass slide 

and blade surface were exposed to oxygen plasma [see the 

red surface of Figure  2 (b)]. On the other hand, for increasing 

the thickness of the coated fi lm, the SAM was deposited 

on three components of the slit nozzle system [see the blue 

surface of Figure  2 (c)]. Furthermore, surface energy modi-

fi cation is helpful not only for controlling the adhesive and 

cohesive forces but also for controlling the surface energy 

in order to obtain a homogeneous coating and uniform ink 

injection. 

 This method is inexpensive, and it is easy to change and 

clean the nozzle for the different solutions. Because our 

blade-slot coating system employs a transparent glass slide 

for the slot capillary, the slide is quite useful for observing the 

fl uid fl ow into the slot nozzle. 
© 2013 Wiley-VCH Verlag GmbHsmall 2013, 9, No. 23, 4036–4044
 Based on previous studies, we demonstrate a completely 

solution-processed PLEDs, from the polymer anode to the 

electron injection layer, using a roll-coating system com-

posed of a roll coater, doctor blade, and slot. Furthermore, 
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     Figure  3 .     Polymer anode thickness optimization for high-performance 
PLEDs. (a) Variation of the sheet resistances and the transmittances 
following thicknesses of polymer anode thin fi lms, coated by roll-to-
roll cohesive coating method. (b) Transmittance comparison between 
ITO anode fi lm and polymer-anode fi lms in visible wavelength. (c) The 
luminous power effi ciency variation according to the thicknesses of 
polymer-anode thin fi lms.  

   Table  1 .    The characteristic of polymer anode fi lm with respect to the 
thickness change. The sheet resistances are decreased along with the 
thickness increase of the conducting polymer fi lm. The transmittances 
are also decreased. In other way, the maximum effi ciency has only one 
optimal condition in terms of polymer anode thickness: about 160 nm. 
Transmittance values include the PET substrate and are compared with 
air. 

 120 nm 160 nm 220 nm 250 nm

Sheet resistance 

[ Ω /�]

112.5 90.4 58.1 42.5

Transmittance at 

550 nm [%]

85.4 83.4 76.6 73.6

Max. Effi ciency 

[lm/W]

1.25 2.01 1.30 0.77
the roll-coating system facilitated the achievement of better 

surface roughness and uniformity. Figure  1 (b) shows the 

confi guration of the roll-to-roll cohesive coating system. The 

glass slide was attached to the doctor blade, which was subse-

quently attached to the roll system. The slit capillary contains 

the solutions and then discharges the solutions through the 

nozzle. The system does not employ an external solution feed 

system.   
www.small-journal.com © 2013 Wiley-VCH Ver
 2.2. Characteristics of Roll-to-Roll Coated Polymer Anode 

 The electrical conductivity of TCE depends on its thickness. 

Generally, the conductivity of TCE declines signifi cantly 

when its thickness decreases. In addition, the thickness is 

related to the transmittance of TCE. These two factors, the 

conductivity and the transmittance, have a confl icting rela-

tionship. Therefore, the optimal conditions of the two fac-

tors have to be decided in order to fabricate high-effi ciency 

PLEDs. In addition, TCE, as a bottom anode in the light-

emitting diodes, has to achieve high transmittance and low 

sheet resistance at the same time. In this work, we found the 

optimum thickness of a polymer andoe to be approximately 

160 nm using the roll-coating process.   

 Figure 3  (a) shows that the sheet resistances and transmit-

tances are directly correlated to the thickness of the polymer 

anode. This means that the maximum effi ciency is located 

at the infl ection point, as represented in  Table    1  . The thick-

ness of 160 nm satisfi es the minimized absorption of emission 

light and provides enough conductivity for the anodes at the 

same time. Figure  3 (b) in particular indicates that the optimal 

polymer anode (C) is superior to an ITO anode in transpar-

ency near ultraviolet and visible ranges. The low transpar-

ency of these ranges of ITO has been a crucial problem for 

commercialization.   

 The sheet resistance variance during the bending 

motions of TCEs is the most important factor for fl ex-

ible electronics. The sheet resistance of the ITO fi lm was 

severely affected with respect to various bending angles. 

The sheet resistance of the ITO-PET increased signifi cantly 

at angles of approximately 180 ° . This implies that the ITO 

fi lm was cracked by the bending stress. However, in the case 

of the polymer anode, there were no serious changes. The 

anode exhibited robustness to the bending stress, as shown 

in  Table    2  .  

 In addition, we observed that the sheet resistance was 

maintained during 50 000 continuous bending cycles. The 

bending curvature was 0.2 mm  − 1 , and the experiment setup is 

shown in  Figure    4  . During the bending cycles, the sheet resist-

ances of the polymer anode were approximately from 64 to 

70  Ω /�, which were acquired by a four-point probe measure-

ment system. The result of the sheet resistance variance thus 

demonstrates the bending stability of the polymer anode.  
lag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 23, 4036–4044
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     Figure  4 .     The sheet resistance variation of the polymer anode during 
the bending cycle. And the experiment confi guration and dimensions, 
represented by curvature (inset). The repetitive motion began to bend at 
fl at neutral condition and the maximum curvature was 0.2 mm  − 1 .  

   Table  2 .    The sheet resistance change of conducting polymer anode 
and ITO-PET following the change in bending angle. The sheet resist-
ance of ITO is signifi cantly increased when the bending angle is 
increased. The conducting polymer shows almost the same sheet 
resistance in bending motion. 

 0 ° 30 ° 60 ° 90 ° 120 ° 150 ° 180 ° 

ITO PET [ Ω /�] 13.9 17.6 26.1 40.3 52.6 68.2 309.3

Polymer 

anode [ Ω /�]

68.8 69.0 69.0 69.1 69.2 69.5 69.7
 Another advantage of the roll-coated polymer anode was 

the improvement on the surface. As a thin-fi lm PLEDs, the 

roughness of the substrate and the anode had a signifi cant 

infl uence on device effi ciency and life-time because a non-

uniform surface could generate the leakage charge between 

the anode and cathode. [  33  ,  34  ]  The average surface roughness 

of the ITO fi lm on the PET substrate was 3.75 nm, whereas 

the average surface roughness of the polymer anode fi lm 

was only 1.06 nm. The maximum roughness of the fi lms was 

63.0 nm (TIO-PET) and 9.97 nm (polymer anode), respec-

tively. The roughness of each surface was determined by 

AFM. The surface wrinkle seen in the ITO fi lm was created 

during the ITO sputtering process, as shown in  Figure    5  (a). In 

particular, it has been reported that the plasma wrinkles the 

surface of polymer substrates such as PET. [  35  ]  In the case of 

ITO, its surface roughness is determined when it is produced 

and its value remains constant during the process. However, 

our device structure and processing system can improve sur-

face roughness because PH1000 and AI4083 (hole injection 

material) are composed of the same solvent and compound. 

Figure  5 (b) shows the typical roughness of the polymer 

anode without AI4083. Furthermore, HOMO (highest occu-

pied molecular orbital) levels of PH1000 and AI4083 closely 

matches than the case of ITO and AI4083.  

 In terms of the life-time stability, the polymer anode is 

vulnerable to moisture and oxygen in an air atmosphere, as 

shown in  Figure    6  . The sheet resistance was degraded with 

respect to the exposure time. The sheet resistance of the 
© 2013 Wiley-VCH Verlag Gmb

     Figure  5 .     Comparison of atomic force microscopic images of conducting 
morphology of commercialized ITO-PET(15  Ω /square) fi lm. (b) Conducting
were measured under the same condition and the measured area was (10

small 2013, 9, No. 23, 4036–4044
polymer anode increased 50% after 500 h of air exposure 

time. On the other hand, the sheet resistance of the polymer 

anode kept in the nitrogen-fi lled glove box maintained its 

resistance for more than 515 h. Therefore, to increase the 

stability against the moisture and oxygen, the polymer anode 

should have additional encapsulation layers. In addition, the 

life-time of PLEDs encapsulated by glass was around 400 h 

as shown in Figure S3.    

 2.3. Results of Device Performance 

 Recently, there are many kinds of high effi cient PLEDs, [  36  ]  

which are commonly fabricated by the vacuum evapora-

tion process. Also, small molecular OLEDs and phospho-

rescent OLEDs could have already achieved extremely 

high effi ciency. [  37  ]  On the other hand, this paper focuses on 
4041www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  7 .     Comparison between the performances of ITO-anode PLEDs 
and conducting polymer-anode PLEDs. (a) Current density, voltage, and 
luminance (J-V-L) characteristics. The conducting polymer shows a lower 
current leakage before the turn-on voltage than does the ITO anode 
and matched maximum luminance. (b) Luminous power effi ciency. The 
effi ciency of the conducting polymer is better than that of ITO.  

     Figure  6 .     Durability of the conducting polymer anode maintained 
under the ambient air and inert gas (N 2  glove box: below 1 ppm O 2  
concentration) conditions. Each point represents 4 samples using mean 
and standard deviation with error bar. The black squares show the sheet 
resistance variation of the device under the ambient air, and the white 
triangles represent the sheet resistance variation of the device in the 
glove box.  
the performance of transparent electrode and its effect on 

PLEDs performances. 

 Furthermore, this research is more focusing on the prac-

tical fabrication methods than higher effi ciency device. For fair 

evaluation of the device performance in this paper, we selected 

SY as a light emitting polymer because it was not only com-

mercialized but also commonly used as the evaluating mate-

rial for comparing the device performances. However, because 

all layers including the electron injection layer of the present 

device were roll-to-roll coated under ambient air conditions, 

the device performance of the roll-to-roll coated device is 

hard to compare directly with other existing results. 

 In the conventional PLEDs, the ITO is commonly used as 

a transparent anode because it has high transparency and low 

sheet resistance at the same time. Furthermore, the ITO is used 

for high-effi ciency PLEDs. However, the ITO has several prob-

lems, as mentioned above. In this study, we demonstrated that the 

performance of the polymer anode was superior to that of the 

ITO anode, through a comparison of the two. For a more accu-

rate performance assessment of the ITO and polymer anodes, 

the two devices were subjected to the same process equally. 

 As a result, the turn-on voltages and the maximum lumi-

nance of the two devices were almost the same. In addition, 

the maximum luminous power effi ciency of the polymer-

anode PLEDs was much higher than that of the ITO-anode 

PLEDs.  Figure    7  (a) shows the luminance and current den-

sities of PLEDs following the input voltages. In case of the 

maximum luminance, the polymer-anode PLEDs reached 

13 090 cd/m 2  at 6.7 V and the ITO-anode PLEDs were 

16 370 cd/m 2  at 6.3 V with a same area of 4.4 mm 2 . The volt-

ages of maximum luminance between the two devices were 

almost the same, implying that the thickness of each layer in 

the two devices was the same. The maximum luminance of 

the ITO-anode PLEDs was greater than that of the polymer-

anode PLEDs. However, the polymer-anode PLEDs showed 

excellent performance in a range of commercial operations, 
www.small-journal.com © 2013 Wiley-VCH V
about 2 to 6 V. Actually, the maximum luminance is of sec-

ondary importance because commercialized devices are 

not used under extreme conditions such as the maximum 

luminance. In addition, the leakage current of the polymer-

anode PLEDs was lower than that of the ITO-anode PLEDs 

due to improved surface roughness.   

Figure  7 (b) represents the maximum effi ciency difference 

of the PLEDs fabricated with the polymer and ITO anodes. 

The luminous power effi ciency was 4.13 lm/W and 3.21 lm/W 

for the polymer and ITO anodes, respectively, as shown in 

Figure  7 (b). These results were conducted under the condi-

tions listed in  Table    3  . Consequently, the PLEDs composed 

of a polymer anode exhibited 28% enhanced performance 

because the polymer anode presents a higher transparency 

than the ITO anode at a wavelength of 560 nm, which are 

the peak position of electro luminance spectra of the SY. 

Furthermore, the extremely high roughness helped enhance 

the device effi ciency, because it reduced the leakage current 

between the anode and the cathode.  

 The performance of the device fabricated by the roll-to-

roll cohesive coating method exhibited signifi cant improve-

ments as compared to the spin-coated device on a PET 

substrate, as shown in  Figure    8  . The current effi ciency of the 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 23, 4036–4044
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   Table  3.     The roll-to-roll cohesive coating parameters and optimal con-
ditions for proper thickness and high-effi ciency PLEDs. 

 PH1000 AI4083 SY ZnO NPs Ionic 
Solution

Roll speed 

[mm/s]

15 15 15 15 15

Spacer gap 

[ μ m]

70 70 70 70 70

Slit gap [ μ m] 280 100 210 210 350
optimized device exceeded 6.1 cd/A. This result is compa-

rable to that of the ITO-glass (10  Ω /�) device. The typical 

current effi ciency of the ITO-glass is 6.3 cd/A, as shown in 

Figure S1, and the power effi ciency of the optimized device 

was 5.1 lm/W at a voltage of 4.3 V. The current density of 

the roll-to-roll coated device below 2 V is lower than that 

of the ITO-glass. The surface of the polymer anode is 

smoother than that of the ITO-glass. The typical average 

surface roughness of the ITO-glass was 2.3 nm, as shown in 

Figure S2.     
© 2013 Wiley-VCH Verlag GmbH

     Figure  8 .     Comparison between the performances of the spin-coated 
polymer anode PLEDs and the roll-to-roll-coated polymer anode PLEDs 
on PET substrate. (a) Current density, voltage, and luminance (J-V-L) 
characteristics. The conventional spin-coating method shows poor 
performance as compared with the roll-to-roll cohesive coating method 
in all factors. (b) Luminous power effi ciency.  

small 2013, 9, No. 23, 4036–4044
 3. Conclusion 

 We successfully demonstrated that high-effi ciency polymer 

light-emitting diodes fabricated by a facile roll-to-roll 

coating method under ambient conditions. The PEDOT:PSS 

(PH1000, 5 wt% DMSO) polymer anode, hole injection layer 

(AI4083), polymer light-emitting layer (Super Yellow), elec-

tron transport layer (ZnO nanoparticle layer), and electron 

injection layer (ammonium ionic layer) were all fabricated 

by this roll-to-roll coating method. In particular, because 

all these materials have no alkali or alkaline earth metals, 

they can be fabricated in an air environment. This roll-to-

roll cohesive coating system employed a simple structured 

ink delivery system. The homogeneous ink supply from the 

blade and slit gap space signifi cantly improved the coating 

quality. The novel roll-to-roll cohesive coating system in 

this work, utilizes only natural gravity and surface tension 

of the solution to fl ow out from the capillary to the surface 

of the substrate. Because this mechanism uses a minimally 

cohesive solution, the roll-to-roll cohesive coating can effec-

tively reduce the fl ow rate and the wet-fi lm thickness for the 

ultra-thin electron injection layer. In addition, the roll-to-roll 

cohesive coating enables us to make a thicker polymer anode 

fi lm (more than 250 nm thick) at one time by modifi cation 

of the surface energy and without wasting the solution. We 

observed that the sheet resistance of the roll-to-roll coated 

polymer anode had fewer variations during 50 000 continuous 

bending cycles. During the bending cycles, the sheet resist-

ance standard deviation of the polymer anode fi lm was only 

2.32  Ω /� (mean value of the sheet resistance: 66.06  Ω /�). 

 The performance of roll-to-roll cohesive-coated PLEDs 

showed better performance as compared to the performance 

of spin-coated PLEDs. The luminous power effi ciencies for 

the two devices were 4.13 lm/W for the polymer anode-PET 

device and 3.21 lm/W for the ITO-PET device. Consequen-

tially, the PLEDs made by using the polymer anode exhibited 

28% enhanced performance because the polymer anode rep-

resents not only a higher transparency than the ITO-PET at 

a wavelength of 560 nm but also signifi cantly reduced rough-

ness. The roll-to-roll cohesive coating method exhibited sig-

nifi cant improvements over both the blade-only coating and 

spin-coating methods. Moreover, the optimized maximum 

current effi ciency of the device was more than 6 cd/A. We 

expect that the roll-to-roll cohesive-coating method can be 

used as a practical approach in fabricating large-scale devices.   

 4. Experimental Section 

 Solution-processed PLEDs were fabricated on fl exible PET sub-
strates and the devices had the following structure: PEDOT:PSS 
(Clevios PH1000)-coated PET/PEDOT:PSS (Clevios PV P AI4083)/
Super Yellow (Merck PDY-132)/ZnO NPs and ionic solution/Al. 
The materials information of the PLEDs is as below. PH1000 is a 
polymer anode composed of PEDOT and PSS. The two materials 
are in a ratio of 1:2.5 (by weight) and the combined material 
has a specifi c conductivity of about 850 S/cm. AI4083 is type of 
PEDOT:PSS and serves as the hole injection material. The active 
polymer is phenyl-substituted poly( p -phenylene vinylene), known 
4043www.small-journal.com & Co. KGaA, Weinheim
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as “Super Yellow (SY),” dissolved in toluene at 0.5 wt%. An elec-
tron transport layer is composed of zinc oxide (ZnO) nanoparticles 
(NPs) dissolved in 1-butanol at a concentration of 30 mg/mL. 
The ZnO NPs were synthesized by chemical reaction described 
by Beek et al. [  38  ]  and the typical particle size was approximately 
5 nm. The electron injection solution (ionic solution) consists of 
poly(ethylene oxide) and tetra- n -butyl ammonium tetrafl uorobo-
rate in acetonitrile. The concentrations of poly(ethylene oxide) and 
tetra- n -butyl ammonium tetrafl uoroborate in the ionic solution 
were 0.5 wt% and 0.2 wt%, respectively. 

 The fabrication processes are as follows. Every layer was fab-
ricated by the roll-coating process at a room temperature of 20  ° C 
under ambient air conditions. The spacer, which was a polyimide 
fi lm about 70  μ m thick, was attached to both edges of the PET at 
every step. First, a polymer anode approximately 160 nm thick was 
deposited on the PET substrates and dried for 5 min at 120  ° C in 
ambient air. The hole injection material, AI4083, was coated onto 
the PH1000-coated PET substrates and also dried at the same 
conditions. The fi nal thickness of the AI4083 was approximately 
40 nm. Next, an emitting polymer (SY) with a thickness of approxi-
mately 75 nm was also roll-coated onto the AI4083 layer. The SY 
coated layer was annealed for 2 h at 75  ° C in a glove box. Finally, 
as the electron transport and injection materials, the ZnO NPs and 
the ionic solution were deposited on the SY layer. The entire thick-
ness of the ZnO NP and ionic complex layer was about 30 nm. The 
aluminum cathode (120 nm) was deposited by thermal evaporator 
under 2  ×  10  − 6  Torr. The detailed conditions of the roll-coating pro-
cesses are represented in Table  3 .   
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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