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Extremely efficient flexible organic light-emitting
diodes with modified graphene anode
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Although graphene films have a strong potential to replace
indium tin oxide anodes in organic light-emitting diodes
(OLEDs), to date, the luminous efficiency of OLEDs with gra-
phene anodes has been limited by a lack of efficient methods
to improve the low work function and reduce the sheet resist-
ance of graphene films to the levels required for electrodes'*.
Here, we fabricate flexible OLEDs by modifying the graphene
anode to have a high work function and low sheet resistance,
and thus achieve extremely high Iluminous -efficiencies
(37.2Im W in fluorescent OLEDs, 102.7 Im W™ in phosphor-
escent OLEDs), which are significantly higher than those of
optimized devices with an indium tin oxide anode (24.1Im W™’
in fluorescent OLEDs, 85.6 Im W™ in phosphorescent OLEDs).
We also fabricate flexible white OLED lighting devices using
the graphene anode. These results demonstrate the great
potential of graphene anodes for use in a wide variety of
high-performance flexible organic optoelectronics.

Graphene is a flexible two-dimensional sheet of sp*-hybridized
carbon atoms®!2 that has potential applications in a variety of elec-
tronic devices!~4!*-1%, Finding a way to replace the conventional
brittle indium tin oxide (ITO) electrode with a flexible graphene
electrode is a major research topic?’. ITO has been used widely in
optoelectronic devices such as organic light-emitting diodes
(OLEDs) and liquid-crystal displays, but its raw materials are
becoming increasingly expensive, and it is brittle, rendering
it unsuitable for flexible devices®. It is therefore desirable
to develop alternative transparent and flexible electrodes such
as graphene.

Despite its strong potential as a transparent conductor, the
practical application of graphene as the anode of organic opto-
electronic devices has been limited because of its relatively low
work function (WF) (~4.4 eV, Supplementary Table S2) and high
sheet resistance (>300 Q0! in refs 3,4) compared with ITO
(~4.7 <WF<49eV and 10 Q0 "). The low WF of graphene
causes the hole injection between the graphene anode and the
overlying organic layers to be unfavourable because of the high
injection barrier at the interface (Fig. la) (for example, the ioniza-
tion potential of N,N'-bis(naphthalen-1-yl)-N,N -bis(phenyl)
benzidine (NPB) is ~5.4 eV). As a result, graphene-based OLEDs
have shown poorer current efficiencies (CEs, units cd A™") than
ITO-based devices** (Supplementary Table S3, Fig. $3). In addition,
the low conductivity of pristine graphene films limits the luminous
(power) efficiencies (LEs, units Im WY of the devices because it
gives rise to high operating voltages. To achieve practical graphene
anodes, a method to eliminate these disadvantages of graphene
(low WF and high sheet resistance) needs to be developed.

Here, we demonstrate a method to increase the surface WF and
reduce the sheet resistance of graphene films to ~5.95eV and
~30 QO07", respectively, by using conducting polymer compo-
sitions to modify the surface, thus creating a WF gradient from
the graphene to the overlying organic layer, and by doping with
p-dopants HNO; or AuCly (Supplementary Tables $4,S5). The
higher WF enables holes to be injected easily into the organic
layer despite the high hole-injection barrier at the interface
between the graphene anode and the organic layer.

We used WF-tunable polymeric conducting polymers to improve
hole injection from the anode to the organic layer. Without a hole-
injection layer (HIL), hole injection from the graphene anode to the
overlying hole-transport layer (HTL; for example, NPB) is unfavour-
able because of the huge hole-injection energy barrier (~1.0 eV) at
the interface (Fig. 1a). To achieve a high CE in OLEDs that have gra-
phene anodes, the efficiency of hole injection from the graphene elec-
trode to the overlying organic layers must be increased. To meet this
requirement, we incorporated a self-organized gradient HIL (which
we term ‘GraHIL) composed of poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulphonate) (PEDOT:PSS) and a tetra-
fluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid
copolymer, one of the perfluorinated ionomers (PFI; Supplementary
Fig. S6), which provides a WF gradient through the layer (surface
WEF = 5.95 eV; Fig. 1b) and thus enables holes to be injected efficiently
to the overlying organic layer (ref. 21; Supplementary Table S4, Fig. S7).

To use graphene films as electrodes in flexible electronics,
large-area synthesis and an efficient transfer method are essen-
tial!-+818 Large-scale synthesis of graphene films can be achieved
using chemical vapour deposition (CVD)3-!2 To form a graphene
anode on a flexible poly(ethyleneterephthalate) (PET) substrate
(Fig. 1le), multilayered graphene films were transferred to a PET
substrate using a poly(methyl methacrylate) (PMMA) polymer
support or a thermal release tape. The transferred multilayered
graphene films were then etched using a pre-patterned shadow
mask and reactive ion etching with O, plasma. We used our poly-
meric HILs (GraHIL) to modify the patterned graphene anode.

We fabricated a series of small-molecule fluorescent OLEDs,
including a control device with an ITO anode and several exper-
imental devices with multilayered graphene anodes (two, three or
four graphene layers). The graphene films were p-doped with
HNOj; or AuCl, to decrease their sheet resistance.

We measured the CEs and LEs of the devices fabricated using
different kinds of HILs. For the ITO-based devices with our self-
organized polymeric HILs, GraHIL, the CEwas ~184cdA™"
(LE ~ 24.1 Im W), which was much higher than that of the device
with a conventional small-molecule hole-injection material,
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Figure 1| Schematic illustrations of hole injection from graphene, device structure and fabrication steps for flexible OLEDs. a, Schematic illustration of a
hole-injection process from a graphene anode to a conventional HTL (NPB) used in OLEDs. b, Schematic illustration of a hole-injection process from a

graphene anode via a self-organized HIL with work-function gradient (GraHIL) to the NPB layer. ¢,d, Device structures of flexible small-molecule fluorescent
OLEDs (¢) and phosphorescent OLEDs (d) using a graphene anode modified with a GraHIL. e, Schematic illustration of fabrication steps for flexible OLEDs

with a graphene anode.

4,4’ 4" -tris(n-(2-naphthyl)-n-phenyl-amino)-triphenylamine (2TNATA)
(CE~137cdA™", LE~16.1Im W) (Fig. 2ac). This increase in
CE and LE can be attributed to the combination of efficient hole
injection and electron blocking by the self-organized PFI surface
layer, which increases the rate of electron-hole recombination.
When we fabricated green fluorescent OLED devices with anodes
consisting of two, three or four layers of graphene doped with

106

HNO;, the luminance, CE and LE tended to increase due to the
increased WF values and reduced sheet resistance as the number
of graphene layers increases (Fig. 2a-c) (Supplementary
Table S2,S5), even if the reduced optical transparency of multilayer
graphenes can have a negative effect on the device efficiencies (CE
and LE). This implies that the sheet resistance and the WF were
dominant effects on the CE and LE. When the four-layer graphene
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Figure 2 | Performance of green OLEDs with graphene, carbon nanotube and ITO anodes. a-c, Current efficiencies (a), luminance (b) and luminous
(power) efficiencies (c) of OLED devices using various graphene layers (doped with HNO5 or AuCly) or ITO as anode. d, Optical image of light emission
from a flexible fluorescent green OLED with a four-layered graphene anode (4L-G) doped with HNO; (4L-G-HNO,). e, Current efficiencies of
phosphorescent OLED devices using 4L.-G-HNO; and ITO anodes, as a function of current density. Inset: luminance as a function of voltage in the OLEDs.
f, Luminous efficiencies of phosphorescent OLED devices. All devices include GraHIL except for ITO (2TNATA).

anode was doped using AuCl, instead of HNO, to decrease the
graphene sheet resistance (~30 QO™Y), the luminance versus
voltage characteristics of the device were nearly identical to those
of the device with the ITO anode (Fig. 2b). This similarity implies
that the operating voltage is governed by the sheet resistance of
the graphene anode.

Devices with four-layer graphene anodes doped with HNO; or
AuCl, showed extremely high maximum CEs of 30.2cd A™'
(LE~3721m W™ ") and 27.4 cd A~' (LE ~ 28.1 Im W), respect-
ively (Fig. 2a,c), values that are significantly higher than for devices
with an ITO anode including our GraHIL. The efficiency roll-off as
a function of voltage was reduced by optimizing the 10-(2-benzo-
thiazolyl) - 1,1,7,7 - tetramethyl - 2, 3,6,7 - tetrahydro - 1H, 5H, 11H-
[1]benzopyrano[6,7,8-ij]quinolizin-11-one (C545T) doping con-
centration from ~1.5% to ~0.5%, as shown in Fig. 2a,c. Although
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the graphene doped with AuCl; provides lower sheet resistance
and WF values (Supplementary Tables S2,S5), the CE was slightly
lower than for devices doped with HNO,. This is attributed to the for-
mation of gold clusters on top of the surface of the graphene anode
during reduction to the gold atoms, giving rise to a local thinning
effect causing an increase in leakage current in the devices
(Supplementary Fig. S8). The achieved device efficiencies (CE and
LE) are more than twice that of the conventional standard device
that has a conventional small-molecule hole-injecting material,
2TNATA, on top of the ITO anode (13.7 cd A7 161 Im W .
The device with a carbon nanotube (CNT) anode (surface resistivity,
~373.7 Q07"  thickness, ~60nm; for transmittance see
Supplementary Fig. S1) exhibited a poorer maximum CE of
15.8 cd A~" and LE of 14.5 Im W™ (Fig. 2a,c) than those of graphene
anode-based devices, which is attributed to limited conductivity and
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Figure 3 | Device structure and performance of white OLEDs with a graphene anode, and the flexible OLED lighting device. a-c, Device structure (a),
luminance (b) and current efficiency (¢) as a function of voltage for flexible white OLED devices with graphene (doped with HNO5) and ITO anodes.

d, Electroluminescence spectrum of flexible white OLEDs with the four-layered graphene anode and an optical image of white light emission from the device
(inset). e, Flexible OLED lighting device with a graphene anode on a 5 cm x 5 cm PET substrate.

transmittance. Also, the surface roughness of the anodes can lead to
electrical shorts and leakage current in the resulting devices, and it
was found that CNT films on PET substrates have a much rougher
surface than four-layered graphene film (root-mean-square roughness
of CNT, ~15.9 nm) (Supplementary Figs S4,S5). In summary, these
results, which show the superiority of graphene anodes over
common transparent electrodes such as those based on ITO and
CNTs (Supplementary Table S3, Fig. S3), demonstrate the great
potential of graphene anodes for applications in organic optoelectro-
nics as well as the importance of overcoming the high hole-injection
barrier by molecularly modifying the graphene. It also suggests that
previous carbon-based anodes had lower CE values than ITO
anodes mainly because of a failure to overcome the huge hole-
injection barriers®*?22,

Because our devices are highly flexible (Fig. 2d), we performed a
bending test on the fluorescent green OLED device with a
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four-layered graphene anode and ITO. The bending radius was
found to be 0.75 cm and the strain estimated as 1.25%. We found
that the graphene device maintained almost the same current
density even after 1,000 bending events, whereas the ITO device
failed completely after 800 events (Supplementary Fig. S9). In other
words, the graphene anode demonstrated excellent bending stability.
We also fabricated highly efficient flexible phosphorescent green
OLEDs using an HNO;-doped four-layered graphene anode, in
which the emitting dopant was tris(2-phenylpyridine)iridium (i)
(Ir(ppy),;) (Fig. 1d). The device showed much higher device
efficiencies (CE~98.1 cd A~', LE~ 102.7 Im W) than those of
the device with an ITO anode (81.8 cd A~! and 85.60 Im W™ 1)
(Fig. 2ef). The remarkable maximum CE we achieved
(98.1cd A™") in the flexible OLED devices slightly outperformed
the CE value of state-of-the-art non-flexible phosphorescent
OLEDs without an outcoupling structure (~93.8 cd A~ "),
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Figure 4 | DI SCLC transient current and hole-injection efficiency of graphene anodes and ITO anode. a, DI SCLC transient currents measured at 30 V in
the hole-only devices with anode (graphene or ITO)/GraHIL/NPB (2.6 pm). b, Hole-injection efficiencies 1 obtained by DI SCLC measurements. Inset: depth
profile of indium atoms from the surface to the bottom of the GraHIL film for the four-layered graphene (blue line) and ITO substrate (black line).

We also fabricated efficient fluorescent white OLEDs using a
four-layered graphene anode doped with HNO, (Fig. 3a), in
which emitting dopants using two complementary colours (sky-
blue-emitting ~ 4,4’-bis[2-{4-(N,N-diphenylamino)phenyl}vinyl]
(DPAVBI) and orange-red-emitting 5,6,11,12-tetraphenylnaphtha-
cene (rubrene)) were doped into separate layers using 2-(tert-
butyl)-9,10-bis(2"-naphthyl)anthracene (TBADN) as their host
material. The white OLEDs using graphene anodes had operating
voltages similar to that using an ITO anode (Fig. 3b).
Furthermore, the white device with the graphene anode exhibited
a much higher CE (16.3 cd A™Y) than that with the ITO anode
(109cd A™") (Fig. 3c) and good white electroluminescence
spectra with a Commission Internationale de I’Eclairage (CIE) coor-
dinate (0.32, 0.42) (Fig. 3d). We finally fabricated a flexible white
OLED lighting device on a 5x 5cm” PET substrate (Fig. 3e).
These results demonstrate the promising application of graphene
anodes in future flexible solid-state lighting devices.

The optical outcoupling efficiencies of OLED devices with both
graphene and ITO anodes were nearly the same according to optical
simulation®. To understand the cause of the remarkable improve-
ment in CEs obtained using a graphene/GraHIL hole-injection
contact, we performed dark-injection space-charge-limited-
current (DI SCLC) transient measurements. The DI SCLC transient
of hole-only devices with (graphene or ITO)/GraHIL/NPB
(~2.6 pwm)/aluminium at 30 V (Fig. 4a), had a shape typical of
the DI SCLC transient, implying that ohmic contacts had formed
between the anodes/GraHIL and the NPB layer in all of
the devices®28,

We calculated the hole injection efficiency 7 of each device (see
Supplementary Information)*>?. Values of 1 tended to increase
with the number of graphene layers. The anode with four graphene
layers had a higher hole-injection efficiency than the ITO anode
(Fig. 4a,b). Similarly, the calculated hole-injection efficiency as a
function of electric field was greatest in graphene anodes with
four layers and showed nearly ohmic contact (1= 1). These results
indicate that graphene anodes can be used to make OLED devices
and that have a more favourable hole-injecting interface between
the anode and organic layer (NPB) than with an ITO anode.

The improvement in hole-injection efficiency (value of 1) in
using graphene, and thus the feasibility of using graphene anodes,
now enables us to avoid a serious drawback of using ITO in
anodes. ITO releases indium and tin atoms during spin-coating of
acidic conjugated polymer dispersions, and these atoms can
diffuse into the overlying organic layers*?*. The depth profile of
indium atoms from the surface to the bottom of the GraHIL films
on the ITO and four-layered graphene substrate, obtained using
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dynamic secondary ion mass spectroscopy (SIMS), clearly demon-
strates that a substantial proportion of the diffused indium atoms
lies between the ITO anode and the surface of the HIL film, but
no diffused indium atoms are found in the HIL film on the graphene
anode (Fig. 4b, inset) These atoms can form interfacial trap states
that trap holes at the interface between the anode and the organic
layers. These traps reduce the hole-injection efficiency of the ITO.
We did not observe a rapidly decaying current transient starting
from the peak in the DI SCLC transient curves, so the interfacial
traps are fast traps rather than slow traps?®. From our results, we
conclude that graphene anodes are nearly trap-free, and form
excellent hole-injection interfaces with organic layers.

In conclusion, we have achieved extremely high maximum CEs
(302cd A" and 981cdA™") and LEs (372ImW ' and
102.7 Im W™") in flexible fluorescent and phosphorescent OLEDs
with four-layered graphenes by modifying the surface with our con-
ducting polymer, which has a gradient work function. These
remarkable device efficiencies increase the feasibility of using gra-
phene anodes to make extremely high-performance flexible
organic optoelectronic devices by overcoming the major drawbacks
(low work function and trap formation due to diffusion of indium
and tin) of conventional ITO anodes. This approach demonstrates
a way to increase device performance greatly by replacing ITO
anodes with flexible graphene anodes in organic optoelectronic
devices such as flexible, stretchable full-colour displays®® and
solid-state lighting.

Methods

Graphene growth and fabrication of patterned graphene anodes. Copper foils in
the inner quartz tubes were inserted into a tubular quartz tube of a CVD system
before the growth process. The foils were then heated to 1,000 °C with 10 s.c.c.m.
flow of H, gas under 80 mtorr of pressure for 30 min. In the same flow of H, gas and
pressure, the copper foils were annealed at 1,000 “C for 30 min. In the growth step,
the precursor gas CH, (15 s.c.c.m.) was injected at a pressure of ~1.6 torr for

30 min. After this step, the copper foils were rapidly cooled to room temperature.
This thermal CVD process based on copper catalytic material resulted in a graphene
film with a uniform monolayer coverage of >95% with high quality.

To form the multilayered graphene film using graphene films on copper foils, a
coating of PMMA or thermal release tape (TRT) was applied onto the graphene/
copper foil as the first step of the transfer process. After etching of the copper foil, we
delivered the polymer/graphene film onto the other graphene/copper foil instead of
a target substrate, because the repetition of this process resulted in the formation of
multilayered graphene without an additional polymer-coating process. One of the
advantages of this procedure is avoiding any residual polymer residues between each
layer in the final multilayered graphene. When the desired number of stacks was
achieved, it was transferred onto the target substrate (in this work, PET). The
PMMA support was effectively removed using acetone boiled up to 80 °C. The TRT
support was detached by removing the adhesive force holding the graphene using a
90 °C thermal treatment performed with a roll-to-roll laminator.
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To form the graphene anode pattern without organic residue, we used a shadow
mask and oxygen plasma etching (70 mtorr, 100 W, 3 s) instead of a
photolithography process. If a microscale pattern were required, a photolithography
procedure could be added to this procedure. The graphene films were p-doped with
HNO, or AuClj to increase their conductivity (changes of sheet resistance with time
is shown in Supplementary Fig. $10).

Although the conductivities of the present graphene films made using the CVD
method are moderate, it might be possible to further improve the electrical
properties by developing a growth mechanism for large grains with a well-connected
grain boundary and a method to transfer a very flat, defect-free graphene film to a
substrate without generating ripples and cracks, which in turn would lead to further
improvement of the organic device performance.

OLED fabrication. A patterned graphene anode, a CNT-based anode (TOP
NANOSYS: thickness, ~60 nm; sheet resistance, ~373.7 Q") on a PET substrate
(Fig. 1e) and an ITO anode (~4.7 < WF <49 eV, 10 Q0O YHona glass substrate
were UV-ozone treated for 10 min. The polymeric hole-injection layer (GraHIL),
composed of PEDOT:PSS (CLEVIOS P VP AI4083) and a PFI (tetrafluoroethylene-
perfluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid copolymer, CAS number
31175-20-9, Sigma-Aldrich) in a 1:1 ratio, was spin-coated to give a 50-nm-thick
film on top of the anodes and then baked immediately on a hot plate in air at 150 °C
for 30 min. For comparison, we deposited a small-molecule HIL, 2TNATA, as the
HIL under high vacuum. Organic layers consisting of 20-nm-thick NPB as the HTL,
30-nm-thick bis(10-hydroxybenzo[h]quinolinato)beryllium (Bebg,) doped with
(C545T, ~1.5%), and 20-nm-thick Bebq, were sequentially deposited on the HILs
under high vacuum. Cathode layers of 8-hydroxyquinoline lithium (Liq) (1 nm)/
aluminium (130 nm) were deposited under high vacuum.

For the fabrication of phosphorescent green OLEDs, a 50-nm-thick GraHIL
was spin-coated on the graphene anode. The green-emitting dopant material,
tris(2-phenylpyridine)iridium(m) (Ir(ppy)s), was doped into two different layers
(5 nm for each) with 1,1-bis[4-[N,N-di(p-tolyl)amino]phenyl]cyclohexane (TCTA)
and 4,4'-N,N'-dicarbazolylbiphenyl (CBP) as the host materials, respectively. The
host:dopant ratios of TCTA:Ir(ppy), and CBP:Ir(ppy), were 97:3(v/v) and 97:4(v/v),
respectively. Di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane (TAPC) (15 nm) and
1,3,5-tri(phenyl-2-benzimidazolyl)-benzene (TPBi) (65 nm) were used as hole- and
electron-transporting materials, respectively. Cathode layers of lithium fluoride (LiF)
(1 nm)/Al (130 nm) were deposited under high vacuum.

For fabrication of the white OLEDs, fluorescent orange-red-emitting rubrene
and sky-blue-emitting DPAVBi were used as guest molecules in a fluorescent host,
TBADN. To control the electron-hole balance and the recombination zone in the
white OLEDs, we used a co-host composed of TBADN and NPB with a 93:7 (v/v)
ratio. Other organic layers (except for the emitting layer in fluorescent white OLEDs)
were deposited in the same way as for the green fluorescent OLEDs. The device
structure of the white OLEDs was anode (graphene or ITO)/HIL (50 nm)/NPB
(20 nm)/NPB:TBADN:rubrene (1%) (10 nm)/NPB:TBADN:DPAVBi (5%)

(10 nm)/TBADN:DPAVBI (5%) (15 nm)/Bebq, (20 nm)/barium fluoride (BaF,)

(1 nm)/aluminium (130 nm), as shown in Fig. 3a. All thermal vapour depositions
were carried out under high vacuum below 5 x 10”7 torr. The active area defined by
the cathode was ~2 x 3 mm?. The devices were encapsulated with a glass lid using a
UV-curable epoxy resin.
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