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Outcoupling efficiencies (OCEs) of green phosphorescent organic light emitting diodes
(OLEDs) with graphene anodes are theoretically analyzed using the classical electromag-
netic model and are compared with the OLEDs with ITO anodes. The OCEs of the OLEDs
with anodes of 3 or 4 graphene monolayers are comparable to an ITO based device with
a 150 nm thick ITO, where both electrodes have a similar sheet resistance of about
24 Q/0. However, the OCEs of graphene based OLEDs are lower than that for ITO based
Outcoupling efficiency deyices with a same sheet resistance i.n mos.t cases. This limitation can be overcome .by
Graphene anode using a graphene/transparent conducting oxide (ITO or IZO) composite electrode, which
OLEDs can achieve high outcoupling efficiency, low sheet resistance and high transmittance at
the same time. In addition to that, the light extraction techniques are expected to be much
more effective in graphene based OLEDs than ITO based OLEDs, which is important for
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lighting application of OLEDs.
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1. Introduction

In recent years, the organic light emitting diodes
(OLEDs) industry has expanded their focus to large area
and flexible displays, beyond the display for smart phones.
Unfortunately, ITO, the most commonly used transparent
conducting electrode, is difficult to use as an electrode
for large area flexible displays because ITO is brittle and
easily generates cracks under bending stress [1,2]. More-
over, ITO is a major factor in rising costs, due to a depletion
of resources and an increase in the complexity of the fabri-
cation process for the device. For these reasons, graphene
has received great attention to replace ITO. Graphene is a
material possessing high conductivity, high charge mobil-
ity and high transmittance (~97.7% per monolayer) in the
entire visible range [3-5]. Furthermore, graphene shows
a high stretchability as well as the chemical and thermal
stability [3,6]. Thus, graphene has been applied to various
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optoelectronic devices [3,6-12]. In OLEDs, graphene has
been used as a transparent electrode or injection buffer be-
tween the organic layer and the ITO [9-11]. However,
graphene based OLEDs showed low efficiency compared
to ITO based OLEDs. High contact resistance (~hundreds
Q/0) [10,12] and a lack of optical analysis about an opti-
mum device structure are the major causes of the low
performance. There is a theoretical prediction of the out-
coupling efficiency (OCE) of a graphene based OLED with
a fixed structure to show a similar OCE with an ITO based
control device [10]. Since the optimum device structure
giving the highest outcoupling efficiency depends on the
thickness and refractive index of the transparent elec-
trodes (TE) [13], the simple replacement of the transparent
electrode with fixed organic layer thicknesses is insuffi-
cient to interpret the outcoupling efficiency for graphene
based OLEDs.

In this paper, we analyzed the OCEs of green phopho-
rescent OLEDs with graphene as the anode using the clas-
sical electromagnetic model and compared it with ITO
based devices. We systematically varied the thickness of
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the organic layers and the location of the emission zone
(EZ) with the thicknesses of the graphene and ITO layer
as the parameters. To obtain meaningful results, the OCEs
were plotted as a function of the sheet resistance of the
transparent electrodes. The maximum OCEs of the OLED
with 3 or 4 monolayers of graphene as the anode (24%)
are comparable with a device with 150 nm thick ITO
(25%), where the sheet resistances are almost the same be-
tween the electrodes with 24 Q/0O. However, the OCEs of
graphene based OLEDs are lower than the ITO based
devices with the same sheet resistance in most cases. This
limitation of lower OCEs in graphite based OLEDs
compared to ITO based ones can be overcome by the
graphene/transparent conducting oxides (ITO or 1ZO)
composite electrode. Calculation results predict that the
graphene/ITO or IZO composite layer has a large potential
to get a high OCE with a low sheet resistance and high
outcoupling efficiency at the same time.

2. Brief description about theoretical approach

The OLEDs used for the calculation of the OCE have a
layered structure consisting of a thick reflective cathode,
an organic layer, a transparent electrode layer and semi-
infinite glass as shown in Fig. 1. Graphene, ITO or ITO/
graphene composite electrode was used as the transparent
anode. The N,N'-dicarbazolyl-4-4'-biphenyl (CBP) layer
doped with 6 wt.% N,N'-dicarbazolyl-3,5-benzene (mCP)
and fac-tris(2-phenylpyridine) iridium (Ir(ppy)s) was con-
sidered as the organic layer. We simplified the multiple or-
ganic layers to a single emitting layer because the
refractive indices of the organic semiconductors commonly
used in the devices are not significantly different. For sim-
plicity, the dipole radiators are embedded in the layered
structure as a sheet and their orientations are randomly
distributed. The sheet dipole approximation is not the lim-
itation of this calculation because any distribution of exci-
tons in a real device can be easily accounted for by the

weighted integration of the calculated OCEs based on the
sheet dipole approximation. The intrinsic photo-lumines-
cent (PL) quantum yields of the phosphorescent dyes are
assumed to be 100% in the simulation, which is reasonable
for Ir(ppy)s [14,15]. The classical electromagnetic model,
which considers an exciton as a radiating dipole, is applied
for the purpose of optical modeling in OLEDs. The detailed
procedure and formulation of the optical modeling have
been described before [13,15-17]. The complex refractive
indices (RI) of graphene and the organic material were ob-
tained from the reported literature [13,18]. The optical
constants of glass, ITO and Al were also obtained from
the literature [19,20]. In the optical modeling, the thick-
ness of the multilayer graphene (X in Fig. 1) is assumed
to be ntmeno, Where n is the number of monolayers and t;,o-
no is the thickness of the graphene monolayer (0.335 nm)
[18]. The optical constants of graphene are assumed to be
independent of the number of monolayers and the depen-
dence on the fabrication condition of the graphene layer is
ignored.

3. Results and discussion

The calculation results of the OCEs of the graphene
based OLEDs are displayed in Fig. 2. The outcoupling effi-
ciency of the ITO based OLEDs for the selective thicknesses
of ITO (80, 150 and 270 nm, respectively) are also plotted
in Fig. 2 for comparison. We calculated the OCEs for a num-
ber of monolayers up to 10. The simulation results show
that the maximum OCE for the 1st mode of the graphene
OLEDs is 0.243, which is significantly lower than the max-
imum OCE of 0.304 for the ITO based OLEDs which is
achieved with an ITO thickness of 80 nm. However, when
we compare this with an OLED with an ITO thickness of
150 nm, which is commonly used in practical OLEDs in or-
der to have a low enough sheet resistance, the OCEs of the
graphene based OLEDs are almost the same as the ITO
based OLEDs. It is interesting to note that the thickness

Cathode (Al, semi-infinite)
Organic (Y)
Anode (graphene, X)

Glass (semi-infinite)

Fig. 1. Schematic diagram of the device structure used in optical modeling. X and Y indicate the thickness of graphene and organic layer, respectively.
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Fig. 2. The calculation results of the maximum OCEs for the graphene
based OLEDs with a number of graphene monolayers up to 10 (open
polygon) and the OCEs of ITO based OLEDs (closed polygons) for selective
thicknesses of ITO (80, 150, and 270 nm, respectively).

of the organic layer at the 1st anti-node, giving the largest
OCE, is much thinner (90-100 nm) than for the ITO based
OLEDs (150 nm) when the number of the graphene mono-
layers are less than 6. This difference comes from the
different phase changes of the emitted light between the
thin graphene layer and the thicker ITO layer.

Although the OCEs of graphene based OLEDs are lower
than ITO based devices, as shown in Fig. 2, it would be
more informative to compare the maximum achievable
OCEs against the sheet resistance of the electrodes because
the sheet resistance is an important parameter for current
driving devices such as OLEDs. The sheet resistance of
graphene was calculated using the following equation
[10];

1
_O'QDN

Ry (1)

where R; is the sheet resistance, o,p is the bidimensional
conductivity described by nue (where n, 4 and e are the
density of charge carrier, the mobility of carrier and the
unit charge, respectively.), and N is the number of graph-
ene monolayers. Two limiting values for the mobility and
carrier density of u=2.0x10°>cm?/Vs and n=1.0x
10"/ cm?, and of u=20x10*cm?/Vs and n=3.4x
10"/ cm3® were used for the calculation of the sheet resis-
tance of graphene [7,10]. The calculation results of the
thickness vs. sheet resistance are plotted in Fig. 3a. The
experimental data of the sheet resistance for various thick-
nesses of graphene and ITO referred from the literature are
plotted in Fig. 3a [21,22]. Fig. 3a shows that the recent
experimental data of doped and pristine graphene are well
matched with two theoretical limitations up to 4 monolay-
ers. To achieve a sheet resistance of 10 Q/0J, only 3.35 nm
of graphene (for 1 =2.0x10*cm?/Vs and n=3.4x
10'?/ cm3) are needed while the thickness of the ITO
should be larger than 250 nm. The maximum OCEs achiev-
able at given thicknesses of the graphene and ITO elec-
trodes are plotted against the sheet resistance in Fig. 3b.
The maximum OCE of the ITO based OLEDs is about 30%

when the ITO thickness is around 80 nm. However, the
sheet resistance of the 80 nm thick ITO is 70 Q/O, which
is not practical to use as an anode for OLEDs. Thus, the
thickness of the ITO should be increased to reduce the
sheet resistance. For this reason, 150 nm thick ITO is most
widely used as the anode of OLEDs where their sheet resis-
tance becomes around 20 Q/C0. Thicker ITO can reduce the
sheet resistance further but at the expense of the transmit-
tance and for a higher price. The OCE is 0.252 of the OLEDs
with a 150 nm thick ITO layer whose sheet resistance is
23 Q/0. The OCE of the graphene based OLEDs having a
similar sheet resistance is about 0.240 for p=2.0x
10* cm?/V s and n = 3.4 x 10"/ cm3, which is comparable
to the OCE of the ITO based OLED. This is an encouraging
result illustrating the possibility that the graphene based
OLEDs can achieve a similar performance to an ITO based
device. With an exception around 150 nm thick ITO, how-
ever, the OCEs of the graphene based OLEDs are still lower
than the ITO based devices. The lower OCEs of the graph-
ene based OLEDs originate from the low reflectance of
the graphene layer resulting in a weak interference effect
from the weak microcavity structure.

This limitation of a lower OCE in graphite based OLEDs
can be overcome by the use of a graphene/Indium Zinc
Oxide (IZO) composite electrode. By using a composite of
a graphene layer and an IZO layer we can achieve high con-
ductivity, high transparency and flexibility at the same
time. 1ZO is a transparent conducting oxide which can be
deposited at room temperature and possesses flexibility
because its structure is amorphous [2]. Unfortunately IZO
has a higher sheet resistance than ITO. By forming a com-
posite electrode of IZO and graphene, we can take advanta-
ges of both materials to get low sheet resistance and high
flexibility. Furthermore, the I1ZO plays a role of a weak mir-
ror or phase changing layer to enhance the internal inter-
ference effect resulting in high OCE through controlling
their thickness. The schematic diagram of the device struc-
ture used in the calculation is illustrated in Fig. 3c. The
refractive index of 1ZO is assumed to be the same as for
ITO [20,23]. The number of graphene layers for the com-
posite electrode is fixed to 4 where the transmittance
and the sheet resistance of the graphene layer become sim-
ilar to that for 150 nm thick ITO (~90% transmittance and
20—30 Q/0 sheet resistance). The sheet resistance of the
composite electrode was calculated from the known sheet
resistance of 1ZO [23] and graphene using the following
formula evaluated from the transmission line model
(TLM) for bi-layer structure, ignoring the contact resistance
between the graphene and the I1ZO film [24].

R Rsh,gTapheneRsh.IZO 2
sh,composite — W ( )
sh.graphene + Ksn1z0

where R, composice 1S the sheet resistance of the composite
electrode and R graphencorizo 1S the sheet resistance of graph-
ene or IZO, respectively. The calculation results of the max-
imum OCEs are included in Fig. 3b. The sheet resistance of
the graphene composite is located below 20 Q/O even
with the 40 nm thick 1ZO layer, while the 190 nm thick
ITO layer is required to get the sheet resistance, demon-
strating that the composite electrodes can realize low
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Fig. 3. (a) The calculation results of the thickness vs. sheet resistance. Two limiting values for the mobility and carrier density x = 2.0 x 10° cm?/V s and
n=1.0 x 10" cm3 for the black solid line, and x = 2.0 x 10* cm?/V s and n = 3.4 x 10'?/ cm3 for the red solid line) are selected for calculation of the sheet
resistance. The scatters indicate the experimental results of ITO (blue hexagons) and graphene (open and closed stars for HNO3; doped and undoped
graphene, respectively) from literature. (b) The calculation results of the OCEs against the sheet resistance of graphene, ITO and composite based devices.
The numbers indicate the thickness of ITO or IZO (inside the brackets) and number of graphene monolayer(s) (inside of the squares), respectively. (c) The
schematic diagram of the device structure with graphene composite used for simulation. Z indicates the thickness of the IZO layer of the composite
electrode, which is varied from 40 (19 Q/00) to 300 nm (9.5 Q/00). The thickness of the organic layer (X in Fig. 1) was also varied. (d) The calculation results
of the coupling ratio consisting of radiation, glass confined and waveguide mode for graphene and ITO based OLEDs. The numbers in Fig. 3d are the same
meaning as those in Fig. 3b (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

sheet resistance results very easily. The OLEDs with the
composite electrode composed of 4 monolayer graphene/
80 nm thick 1ZO can obtain the maximum OCE of 0.265
at 16.9 Q/0 which is higher than the OLEDs with the
graphene only electrode or with the 150 nm thick ITO
electrode, while the sheet resistance of the composite elec-
trode is much lower than that of the other electrodes, dem-
onstrating the potential of the composite electrode with a
low sheet resistance and high outcoupling efficiency com-
pared with ITO based OLEDs. Although we predicted the
enhancement of the OCEs by using the composite elec-
trode, the OCEs of the graphene based OLEDs are still lower
than the ITO based OLEDs in the wide range of sheet
resistance.

The situation changes if we consider the incorporation
of light extraction layers in OLEDs which is getting more
popular for lighting application of OLEDs [25-28]. In such
cases, ultimate limit of the total extracted light is the
summation of the air mode, glass confined mode and
waveguide mode in the electrode and organic layers. The
calculation results are displayed in Fig. 3d. The graphene

based OLEDs show much higher ultimate outcoupling ratio
than ITO based OLEDs in the entire range of sheet resis-
tance. Therefore, the light extraction techniques are
expected to be much more effective in graphene based
OLEDs than ITO based OLEDs.

4. Conclusion

We theoretically analyzed the OCEs of green phopho-
rescent OLEDs with graphene as the anode using the clas-
sical electromagnetic model. The OCEs of the OLEDs with 3
and 4 monolayers of graphene as the anode are compara-
ble to the ITO based device with the 150 nm thick ITO,
where both electrodes have a similar sheet resistance of
about 24 Q/O. However, the OCEs of graphene based
OLEDs are lower than the ITO based devices with the same
sheet resistance in most cases. This limitation can be over-
come by the graphene/ITO (or 1ZO) composite electrode,
which can achieve high outcoupling efficiency, low sheet
resistance and high transmittance at the same time. The
OLED with the 4 monolayer graphene/80 nm thick 1ZO



S.-Y. Kim, J.-J. Kim/Organic Electronics 13 (2012) 1081-1085 1085

composite electrodes can obtain the maximum OCE of
0.265 at 16.9 Q/0, which is higher than the OLEDs with
the graphene only electrode or the 150 nm thick ITO
electrode, while the sheet resistance of the composite elec-
trode is much lower than that of the other electrodes.
Although 1Z0 (or ITO) was used as a component of the
graphene composite electrode, indium free conducting
oxide such as aluminum doped zinc oxide (AlZnO) can be
used instead of 1ZO. The graphene based OLEDs show much
higher ultimate outcoupling ratio including the air mode,
glass confined mode and waveguide mode than ITO based
OLEDs in the entire range of sheet resistance. Therefore,
the light extraction techniques are expected to be much
more effective in graphene based OLEDs than ITO based
OLEDs, which is important for lighting application of
OLEDs.
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