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 In organic light-emitting diodes (OLEDs), 
precise and low-cost pixel patterning is 
especially important for high-resolution 
large-area fl exible displays. OLED pixels 
are defi ned by forming matrix patterns of 
anode and cathode, and the anode is usu-
ally patterned using photolithography. 
However, the choice of patterning process 
for organic layers and cathode is limited 
because the process should not damage 
the underlying organic layers. [ 3–5 ]  One 
typical method for pixel separation is to 
use negatively tapered insulating photore-
sist patterns that are formed on a prepat-
terned indium tin oxide (ITO) substrate 
by photolithography. [ 3,4,6 ]  However, the 
separator-formation process, photolithog-
raphy, has disadvantages in fabrication 
of large-area fl exible displays, because it 
is time-consuming, complex, and expen-
sive due to several chemical steps, has 
low throughput, and may deteriorate the 
surface electronic structures of ITO due 
to the chemical process and organic resi-
dues. [ 7,8 ]  Also, forming precise patterns on 
a nonplanar substrate by photolithography 

has been a major challenge. [ 7,9 ]  Furthermore, limited pattern 
resolution is caused by diffraction of light and limited depth of 
fi eld. [ 7,9 ]  Several other pixel-patterning methods include micro-
contact printing, [ 10 ]  imprint lithography, [ 11 ]  soft-contact lamina-
tion, [ 12 ]  micromolding in capillaries, [ 13 ]  cold welding, [ 14 ]  cathode 
transfer, [ 5 ]  laser ablation, [ 15 ]  spin-on patterning, [ 2 ]  and detach-
ment patterning. [ 16 ]  These methods can pattern pixels with their 
own advantages, but cannot simultaneously satisfy effective pixel 
separation, simplicity, low-cost, large-area process, high resolu-
tion, and prevention of damage to underlying organic layers. 
Therefore, to achieve effi cient mass production of large-area fl ex-
ible displays, a new pixel patterning process must be developed. 

 Here, we report a very simple, rapid, scalable, noninvasive, 
low-cost, and large-area lithography to fabricate patterned 
electronic devices even on nonplanar fl exible substrates using 
printed organic fi bers. 

 We used electro-hydrodynamic organic nanowire printing 
(ONP) to fabricate highly aligned organic fi ber arrays to pattern 
OLEDs ( Figure    1  a). ONP is a high-speed printing process 
to print highly aligned organic or organic/inorganic hybrid 
nanowires. [ 17 ]  ONP allows direct printing of organic micro- or 
nanowire arrays in parallel straight lines at desired positions 

 The development of precise, chemical-free, and low-cost pixel patterning with 
high resolution and throughput instead of conventional photolithography 
is very important for large-area fl exible organic light-emitting diode (OLED) 
displays or solid-state lightings with high aperture ratio. Here, a novel scal-
able and noninvasive lithography is reported as a pixel patterning method 
for OLEDs using highly aligned printed organic fi ber arrays in large area. 
Use of electrohydrodynamic organic nanowire printing (ONP) enables high-
speed large-area fabrication and precise positioning of poly(9-vinylcarbazole) 
(PVK) fi ber pixel separator arrays without chemical damage. Due to circular 
cross-section of PVK fi bers, clear and effective separation of organic and 
metal cathode layers by PVK fi bers is achieved. Easy control of interfi ber 
separation in ONP also enables the demonstration of green OLED subpixels 
with different pixel widths (400, 200, 100 µm), which shows almost the same 
current effi ciency and luminance as OLEDs without PVK fi bers; i.e., PVK fi ber 
pixel separators in OLEDs do not degrade OLED characteristics because the 
devices maintain almost the same electroluminescent area. Furthermore, it is 
demonstrated that individually well-aligned organic fi bers are useful for pixel 
patterning of large-area, fl exible OLEDs by fabricating a large-area (3 cm × 3 cm) 
white OLED and a fl exible dot–matrix-display-type OLED. 

  1.     Introduction 

 Recent advances in organic large-area electronics and opto-
electronics are mainly based on the development of large-area 
patterning methods. [ 1 ]  Simple, accurate, and quick patterning 
of unit devices and the related parts in large-area is very impor-
tant to achieve low-cost mass production of products with 
high reliability and throughput. The conventional method for 
organic materials is vacuum deposition using metal shadow 
masks prepatterned in several hundred micrometer scale, 
but this method is not suitable for fabrication of highly inte-
grated large-area devices due to its limited resolution and low 
throughput. [ 2,3 ]  
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and orientations. [ 17–20 ]  Organic fi ber arrays fabricated using 
ONP can function as very effective pixel separators; that is, 
ONP can be a very effective process for OLED pixel patterning, 
and has many advantages. 1) ONP provides a straightforward 
and inexpensive process to fabricate pixel separators without 
the complex procedure and expensive equipment of invasive 
photolithography. 2) ONP allows a very high fi ber printing 
speed, which much reduces OLED fabrication time. 3) Accurate 
control of pixel size and pixel-to-pixel distance is possible 
because ONP enables accurate control of interfi ber separation 
and fi ber diameter. 4) The large printing area of ONP makes 
it suitable for large-area OLED fabrication. 5) Precise separator 
patterns can be formed by ONP even on nonplanar substrates 
because the fi ber printing process is not affected by diffraction 
of light, limitation in depth of fi eld, or unwanted movement of 

substrates. 6) ONP does not damage underlying organic layers. 
7) Due to high fl exibility of polymer fi bers, ONP can be used 
for pixel patterning of fl exible OLEDs. 8) Organic fi bers smaller 
than 1.8 µm are invisible to human eyes and the pattern area 
is extremely smaller than the area of the display and lighting 
panel devices so that they do not lose actual pixel area signifi -
cantly unlike the previous pixel separators or banks, which 
leads to achievement of the same brightness in patterned OLED 
devices with that in unpatterned ones.  

  2.     Results and Discussion  

 We used ONP to fabricate OLEDs that incorporate poly(9-vinyl-
carbazole) (PVK) fi ber arrays as pixel separators with different 
interfi ber separations, and confi rmed that the PVK fi bers can 
function effectively as pixel separators. OLEDs that incorpo-
rated 5, 10, 20, or 40 fi ber pixel separators showed very similar 
characteristics to each other; this similarity demonstrates that 
the fi ber pixel separators do not impede OLED characteris-
tics. Furthermore, we demonstrated the potential of ONP for 
patterning large-area fl exible OLEDs by fabricating a large-area 
(3 cm × 3 cm, 3 × 1 pixel) white OLED and a fl exible dot-matrix-
display-type OLED (3 cm × 3 cm, 5 × 5 pixels) in both of which 
the pixels were separated by PVK fi ber arrays. 

 First, we developed an ONP process to print aligned PVK 
fi bers with diameters from several hundreds of nanometers to 
≈1 µm (Figure  1 b–e, Figure S1, Supporting Information). PVK 
was chosen because of its nearly insulating property with very 
low hole mobility (4.8 × 10 −9  cm 2  V −1  s −1 ) without backbone 
conjugation, [ 21 ]  high glass transition temperature (≈220 °C) [ 22 ]  
and ease of fi ber printing originating from the high molecular 
weight ( M  w  = 1 100 000). Although PVK nanofi bers with diam-
eters of 400–500 nm were fi ne for pixel separation (Figure  1 e), 
we used relatively thick fi bers to increase the thickness of 
layers that can be separated by the fi bers, and enhance insu-
lation between pixels. Highly aligned PVK fi ber arrays were 
fabricated using a highly concentrated solution of PVK/sty-
rene (70 mg mL −1 ). The interfi ber separation was almost con-
stant at ≈70 µm (Figure  1 b) and the average fi ber diameter was 
1.11 ± 0.12 µm (Figure  1 c). Before the PVK fi ber arrays were 
introduced to OLEDs, we tested whether the fi bers can work 
well as pixel separators by depositing 40 nm Al on the fi ber 
arrays without sample rotation during thermal evaporation. We 
confi rmed that the fi bers can separate the Al layer very effec-
tively (Figure  1 d ,  Figure S1a, Figure S2, Supporting Informa-
tion). The edges of separated Al layers were clearly visible in 
cross-sectional (Figure  1 d) and 45° tilted views (Figure S1a, 
Supporting Information). The effective separation is mainly due 
to the circular cross-sectional shape of PVK fi bers (Figure  1 d). 
After vacuum deposition process, the fi ber pixel separators can 
be detached by the taping method as previously reported when 
it is necessary (Figure  1 f,g). [ 17 ]  

 We then fabricated OLEDs that incorporated PVK fi ber arrays 
as pixel separators ( Figure    2  ); the detailed process is explained 
in the experimental section. We fabricated the PVK fi ber arrays 
on spin-coated hole injection layers (HIL). Because we can use 
ONP to control the positions of the fi ber arrays accurately, they 
can be located exactly in the pixels. Also, the widths and the 
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 Figure 1.    a) Schematic illustration showing the use of fi ber pixel separa-
tors in OLEDs. b) Optical micrograph of a PVK fi ber array with 70 µm 
interfi ber separation. c) A SEM image of a PVK fi ber with diameter of 
1.01 µm. d) SEM image of PVK fi bers on which 40 nm thick Al was depos-
ited at cross-sectional view. Inset is a schematic illustration of the SEM 
image. e) SEM image of a PVK nanofi ber on which 170 nm thick LiF was 
deposited. f) Schematic illustration showing the principle of organic fi ber 
lithography. g) SEM image of separated LiF layer after removing the PVK 
nanofi ber.
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numbers of subpixels can be freely controlled by adjusting 
interfi ber separation. We fabricated green OLED pixels that 
have fi ber pixel separators with varying interfi ber separation 
(400, 200, and 100 µm), and captured stereoscopic micrographs 
during light emission ( Figure    3  ). To connect all subpixels and 
to turn them on at the same time for visualization, the edges 
of fi ber pixel separators were cut before deposition of organic 
layers and cathode. To confi rm the formation of subpixels by 
fi ber pixel separators, two horizontal and one vertical PVK fi ber 
were printed on a pixel ( Figure    4  ); the edges of horizontal fi bers 
were cut before deposition. The absence of light emission by 
the portion of the pixel to the right of the vertical fi ber demon-
strates effective pixel separation.    

 To determine whether incorporation of PVK fi bers affected 
OLED characteristics, we compared the characteristics of 
OLEDs incorporating 0, 5, 10, 20, and 40 PVK fi ber pixel 
separators ( Figure    5  ). The maximum current effi ciencies 
(96.5 cd A −1 ) of the OLEDs with PVK fi ber pixel separators 
were similar to those of the OLED without them (93.4, 95.8, 
91.5 and 94.4 cd A −1  for OLEDs with 5, 10, 20, and 40 fi bers, 

respectively) (Figure  5 a); the deviations were within a range of 
≈5%: The devices using 40 fi bers (94.4 cd A −1 ) showed almost 
the same effi ciency with that without any pixel separating fi bers 
(96.5 cd A −1 ), which demonstrates that our patterning fi bers do 
not contribute to loss of the pixel area. Furthermore, the OLEDs 
showed almost the same luminance (Figure  5 b) and current 
density (Figure  5 c); these results demonstrate that incorpora-
tion of PVK fi bers does not degrade OLED characteristics.  

 The use of fi ber pixel separators can be easily applied to various 
types of OLEDs. We also fabricated white OLEDs that have fi ber 
pixel separators with 200 µm interfi ber separation ( Figure    6  ). To 
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 Figure 2.    Schematic diagrams describing OLED fabrication procedure 
incorporating fi ber pixel separator arrays. The photographs show the fi ber 
pixel separator array in a pixel.

 Figure 3.    Stereoscopic micrographs of the green OLED pixels incorpo-
rating fi ber pixel separator arrays of a) 400 µm, b) 200 µm, and c) 100 µm 
interfi ber separation during light emission.
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show that fi ber pixel separators can be patterned in large scale, 
we fabricated a 3 cm × 3 cm large-area white OLED ( Figure    7  a). 
The 3 cm × 3 cm original pixel was clearly divided into three 
3 cm × 1 cm subpixels by two parallel PVK fi ber pixel separa-
tors. The patterning area can be further increased by increasing 
the size of the printer collector. In addition, to demonstrate 
that the fi ber pixel separators can be used practically for 
simple passive-matrix OLED displays, we fabricated a large-
area (3 cm × 3 cm) fl exible dot-matrix-display-type OLED with 
5 × 5 pixels (Figure  7 b). To show pixel separation at one time, 
only 1, 3, 5 rows and columns of subpixels were electrically con-
tacted. This result also demonstrates that PVK fi ber pixel sepa-
rators can be patterned, and work well on fl exible substrates. 
Due to fl exibility of PVK fi bers, the pixel separation remained 
stable during bending. These demonstrations show the poten-
tial of fi ber pixel separators for use in OLED lighting and dis-
play products. We envision that the fi ber pixel patterning can 
be eventually employed in commercial RGB-patterned OLEDs 
as shown in the schematic diagram (Figure S3, Supporting 
Information).    

  3.     Conclusion 

 In conclusion, we have reported a rapid, scalable, and nonin-
vasive lithography that uses highly aligned organic fi ber arrays 
for pixel patterning in OLEDs. We optimized ONP process to 

fabricate PVK micro- or nanofi ber arrays with various diam-
eters and confi rmed that they can be used as pixel separators 
in OLEDs. Due to circular cross-section of PVK fi bers, clear 
and effective separation of organic and metal cathode layers by 
PVK fi bers was achieved. Easy control of interfi ber separation 
in ONP enabled the demonstration of green OLED subpixels 
with different pixel widths (400, 200, 100 µm). OLEDs with 
5, 10, 20, or 40 PVK fi ber pixel separators showed almost the 
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 Figure 4.    Photograph of green OLED pixel incorporating two horizontal 
and one vertical PVK fi ber pixel separators.

 Figure 5.    a) Current effi ciency, b) luminance, and c) current density of 
green OLEDs incorporating 5, 10, 20 and 40 PVK fi ber pixel separator 
arrays (400, 200, 100, and 50 µm interfi ber separation, respectively).
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same current effi ciency and luminance with those of OLEDs 
without them; i.e., PVK fi ber pixel separators in OLEDs do not 
degrade OLED characteristics because the devices maintain 
almost the same electroluminescent area. Furthermore, we 

demonstrated that individually well-aligned organic fi bers are 
useful for pixel patterning of large-area, fl exible OLEDs by fab-
ricating large-area (3 cm × 3 cm) white OLED and fl exible dot-
matrix-display-type OLED. 

 ONP-based patterning has many advantages as a new 
patterning process for OLEDs, including simplicity, low-cost, 
high process speed, high throughput, noninvasiveness, easy 
and accurate control of separator position and pitch, and the 
possibility of patterning large-area, fl exible OLEDs. Therefore, 
this process can provide a simple and effective method to pat-
tern the pixels in fl at or fl exible OLEDs. Furthermore, we expect 
that our method can be also applied to patterning of column 
spacers or banks in active matrix OLEDs and of grid patterns in 
large-area white OLEDs. We believe that our work presents an 
innovative way to increase brightness in the same area (or aper-
ture ratio) and resolution of panel devices in the display and 
lighting industries.  

  4.     Experimental Section 
  Fabrication of PVK Fiber Arrays Using ONP : PVK ( M  w  = 1 100 000) and 

styrene were purchased from Sigma-Aldrich. To obtain ≈1 µm scale PVK 
fi bers, PVK in styrene solution (68.5 mg mL −1 ) was injected through the 
metal nozzle at a feed rate of 120 nL min −1 . Tip-to-collector distance 
was 4.0 mm and 2.2–2.4 kV of D.C. voltage was applied to the nozzle. 
While the collector was moving, highly aligned PVK fi bers were printed 
on the substrates or devices. For the PVK nanofi bers with smaller scale 
in Figure  1 e and Figure S1b-e (Supporting Information), PVK/styrene 
solution of 56.2 mg mL −1  was used at a feed rate of 200 nL min −1 . For 
the thicker PVK nanofi bers (Figure S1f,g, Supporting Information), PVK/
styrene solution of 59.1 mg mL −1  was used at a feed rate of 150 nL min −1  
and tip-to-collector distance of 5.5 mm. 

  OLED Fabrication : Prepatterned ITO anodes (pixel area: 2 mm × 3 mm) 
on glass substrates were sonicated with acetone and isopropyl alcohol 
in the ultrasonic bath and boiled on a hot plate to evaporate solvent 
immediately. After UV/O 3 -treatment for 15 min, a mixture of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios 

 Figure 6.    a) Photograph of the white OLED incorporating a PVK fi ber 
pixel separator array of 200 µm interfi ber separation. Inset: Optical micro-
graph of the white-emitting pixel. b) Electroluminescence spectrum of 
the white OLED.

 Figure 7.    a) The photographs of 3 cm × 3 cm large-area white OLED patterned into three 3 cm × 1 cm subpixels by PVK fi ber pixel separators. 
b) The photograph (left) and schematic diagram (right) of a fl exible dot-matrix-type OLED display with 25 pixels patterned by PVK fi ber pixel separators.
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P VP AI4083) and a perfl uorinated polymeric acid, tetrafl uoroethylene-
perfl uoro-3,6-dioxa-4-methyl-7-octene-sulfonic acid copolymer (PFI) 
(Sigma-Aldrich) was spin-coated to fabricate a HIL of 50 nm thickness 
(PEDOT:PSS:PFI = 1:6:12.7 (w:w:w)), then baked at 150 °C for 30 min 
in air. The ONP was used to print highly-aligned PVK fi bers on the 
HIL. After ONP, the specimens were transferred to a high-vacuum 
thermal evaporator (<10 −7  Torr), and a 15 nm thick hole transporting 
layer of di-[4-( N,N -ditolyl-amino)-phenyl]cyclohexane (TAPC) was 
deposited on the HIL. 

 To fabricate phosphorescent green OLEDs, a green-emitting 
dopant material, bis(2-phenylpyridine) (acetylacetonate) iridium(III) 
(Ir(ppy) 2 (acac)) was doped into two different host layers (5 nm for 
both layers) of 4,4′,4″-tris(carbazol-9-yl)triphenylamine (TCTA) and 
4,4′-bis(carbazol-9-yl)biphenyl (CBP). The host:dopant ratios of 
TCTA:Ir(ppy) 2 (acac) and CBP:Ir(ppy) 2 (acac) were 100:3 and 100:4, 
respectively. 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 
(TPBI) (55 nm) was used as an electron transporting layer (ETL). 
Then, LiF (1 nm) and Al (40 nm) were deposited in sequence. The 
device structure was ITO (185 nm)/HIL (50 nm)/TAPC (15 nm)/
TCTA:Ir(ppy) 2 (acac) (5 nm)/CBP:Ir(ppy) 2 (acac) (5 nm)/TPBI (55 nm)/
LiF (1 nm)/Al (40 nm). 

 For phosphorescent white OLEDs, a blue-emitting dopant material, 
bis(3,5-difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium(III) 
(FIrpic) was doped into two different host layers (6.7 nm for both 
layers) of TCTA and 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine 
(DCzppy). The host:dopant ratios of TCTA:FIrpic and DCzppy:FIrpic 
were 100:7 and 100:20. The orange-emitting dopant material, bis(2-
phenylbenzothiazolato)(acetylacetonate)iridium(III) (Bt 2 Ir(acac)) was 
doped into a host layer of DCzppy (0.6 nm). The host:dopant ratio of 
DCzppy:Bt 2 Ir(acac) was 100:3. Tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)
borane (3TPYMB) (40 nm) was used as an ETL. Then, LiF (1 nm) 
and Al (40 nm) were deposited in sequence. The device structure was 
ITO (185 nm)/HIL (50 nm)/TAPC (15 nm)/TCTA:FIrpic (6.7 nm)/
DCzppy:Bt 2 Ir(acac) (0.6 nm)/DCzppy:FIrpic (6.7 nm)/3TPYMB (40 nm)/
LiF (1 nm)/Al (40 nm). All OLEDs were encapsulated using UV curable 
epoxy resin in inert atmosphere.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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