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O
rganic light-emitting diodes
(OLEDs) are a promising elec-
tronic display and solid-state

lighting technology because of their combi-
nation of high luminous efficiency and com-
patibility with a wide variety of substrates.
Extensive research efforts1�7 over the last
two decades have resulted in improve-
ments in the luminous efficiency, lifetime,
and color gamut of both small molecular
weight and polymer OLEDs since the intro-
duction of the bilayer organic electrolumi-
nescent heterostructure diode by C. W.
Tang.8

An important component of OLEDs is
the transparent conductive electrode
through which light couples out of the de-
vices. Indium�tin-oxide (ITO) is traditionally
used as transparent conductor, but has a
number of disadvantages. First, ITO may be
too expensive9 for use in OLEDs for lighting
because of the cost of indium and the low-
throughput deposition process used. Sec-
ond, metal oxides such as ITO (about 150
nm thick to ensure electrical performance)
are brittle and therefore of limited use on
flexible substrates.10 Third, indium is known
to diffuse into the active layers of OLEDs,
which leads to a degradation of perfor-
mance over time.11 There is a clear need
for alternative transparent electrodes
whose optical and electrical performance is
similar to that of ITO but without its draw-
backs. Several alternative transparent elec-
trodes have been demonstrated, including
other transparent conductive oxides,12,13 very
thin metal films,14 carbon nanotube (CNT)
random meshes,7,15 metal nanowire random
meshes,16 and metal gratings.17 While sub-
stantial progress has been made, many issues
remain to be addressed, such as perfor-

mance, cost, lifetime, roughness, manufactur-
ability, etc. In this work, we demonstrate
OLEDs on transparent graphene electrodes,
with a device performance that is competi-
tive with that of control devices on ITO.

Graphene has promise as a transparent
conductor because of its unique electronic
structure.18�20 In principle, charge carriers in
an individual graphene sheet delocalize
over the entire sheet and can travel thou-
sands of interatomic distances without scat-
tering. Since graphene is a zero-gap semi-
conductor with a very high Fermi velocity vF

� 106 m/s, individual graphene sheets have
very high in-plane conductivities.21

Graphene can be chemically doped at dop-
ing levels of Ni � 1012 cm�2 while maintain-
ing charge carrier mobilities of � � 105

cm2/(V s) or higher.20,22,23 Based on these
values, the sheet resistance of graphene is

where N is the number of monolayers of
graphene. The sheet resistance of a
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ABSTRACT Theoretical estimates indicate that graphene thin films can be used as transparent electrodes for

thin-film devices such as solar cells and organic light-emitting diodes, with an unmatched combination of sheet

resistance and transparency. We demonstrate organic light-emitting diodes with solution-processed graphene

thin film transparent conductive anodes. The graphene electrodes were deposited on quartz substrates by spin-

coating of an aqueous dispersion of functionalized graphene, followed by a vacuum anneal step to reduce the

sheet resistance. Small molecular weight organic materials and a metal cathode were directly deposited on the

graphene anodes, resulting in devices with a performance comparable to control devices on indium�tin-oxide

transparent anodes. The outcoupling efficiency of devices on graphene and indium�tin-oxide is nearly identical,

in agreement with model predictions.
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graphene film is plotted as a function of film thickness

(assuming that each graphene layer is 0.34 nm thick) in

Figure 1a, and compared to experimental data for ITO

thin films24 and other recently developed alternative

transparent electrodes such as CNT random meshes,7,25,26

thin metal films,27,28 metal gratings,17 and Ag nanowire

networks.29 A range of resistivities was calculated for

graphene films by using the limiting values for mobil-

ity and carrier density of � � 2 � 105 cm2/(V s) and Ni

� 1012 cm�2, and � � 104 cm2/(V s) and Ni � 3 � 1012

cm�2.22,30 To achieve a sheet resistance of 10�/▫, �100

nm thick films of CNTs and ITO are needed. In contrast,

�10 nm of graphene is in theory sufficient to achieve a

sheet resistance �10�/▫. Only metal thin films and

gratings approach the sheet resistance of graphene for

a thickness between 10 and 20 nm.

Figure 1b summarizes the optical transmission aver-
aged over the 400�800 nm spectral range weighted
by the AM1.5G solar spectrum, as a function of sheet re-
sistance for different candidate transparent conductors
for the structure air/glass/transparent conductor/air or
air/polyethylene terephthalate (PET)/transparent
conductor/air.7,17,25,26,29,31 The sheet resistance of
graphene was calculated as described above assuming
� � 2 � 105cm2/(V s) and Ni � 1012cm�2. The transmis-
sion of graphene was calculated using the transfer ma-
trix method32 and spectrally averaged as described
above. The literature reports a range of values for the
optical properties of graphene, varying from n � 2.0 �

1.1i33 to n � 2.6 � 1.3i34,35 with the latter value being
that of graphite. A range of transmissivities was calcu-
lated for graphene using these extreme values. This
analysis shows that graphene has the potential to
achieve a superior combination of sheet resistance
and solar averaged optical transmission.

Various methods to make thin-films of graphene
have been developed such as the scotch tape-method18

and epitaxial growth,36 but these methods are not suit-
able for low-cost, large-area applications. The graphene
electrodes used in this work were deposited on quartz
slides by spin-coating water-based dispersions of func-
tionalized graphene (see Methods). The functionalized
graphene material was prepared through a modified
Hummers method as described elsewhere.37,38 The re-
sulting functionalized graphene films must be reduced,
increasing both the light absorption and electrical con-
ductivity of the film. High-temperature vacuum anneal-
ing was used here, which was shown to be more effec-
tive than chemical reduction methods.38,39 The sheet
resistance and solar transmittance of the resulting films
are plotted in Figure 1a,b (crosses). The thickness of
the graphene films used is 	7 nm, and the correspond-
ing sheet resistance and transmission are 	800�/▫
and 82% at 550 nm, respectively. The sheet resistance
is �2 orders of magnitude higher than our theoretical
estimates because large-area graphene films produced
via solution processing of functionalized graphene con-
tain multiple grain boundaries and incorporate lattice
defects and oxidative traps that limit charge carrier
transport.40,41

Graphene thin films have been used as an anode in
dye-sensitized solar cells42 and organic solar cells.39,43,44

Electroluminescent thin-film devices have different re-
quirements for the transparent electrode because both
carrier injection and light outcoupling must be consid-
ered. OLEDs on ITO benefit from optical interference
effects in the ITO layer to control the outcoupling
efficiency and radiation pattern.45�47 Here, we demons-
trated OLEDs on graphene thin films with electrical
and optical performance comparable to that of control
devices on ITO.

Basic OLED structures were fabricated on graphene
films on quartz and on commercially obtained 130 nm-

Figure 1. (a) Film thickness dependence of sheet resistance
for different transparent conductors. Two limiting values
were calculated for graphene using � � 2 � 105 cm2/(V s)
at Ni � 1012 cm�2 and � � 104 cm2/(V s) at Ni � 3 � 1012 cm�2.
The thicknesses of the Ag nanowire film and metal grating
are mean thicknesses obtained by spreading the mass of the
metal over the entire substrate area. (b) Solar photon flux-
weighted transmission vs sheet resistance for different
transparent conductors. Two limiting lines of graphene film
were calculated by using two different refractive indexes n �
2.0 � 1.1i and n � 2.6 � 1.3i for graphene, assuming � � 2
� 105 cm2/(V s) and Ni � 1012 cm�2. Two horizontal lines rep-
resent the transmission through bare glass (dashed line, n
� 1.463) and PET (polyethylene terephthalate) (dotted line,
n � 1.575) by including Fresnel reflections at both the air/
(glass or PET) and (glass or PET)/air interfaces. Solar trans-
mission is calculated by integrating the product of the spec-
trally resolved transmittance with the spectrally resolved
AM1.5 photon flux over the spectral range of 400�800 nm.
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thick ITO on glass (sheet resistance �20�/sq), with the

device structure: anode/poly(3,4-ethylenedioxythio-

phene) poly(styrenesulfonate) (PEDOT:PSS)/N,N=-di-1-

naphthyl-N,N=-diphenyl-1,1=-biphenyl-4,4=diamine

(NPD) (50 nm)/tris(8-hydroxyquinoline) aluminum (Alq3)

(50 nm)/lithium fluoride (LiF) (0.3 nm)/Al, as shown in

the inset of Figure 2a. Figure 2a shows the current den-

sity and luminance as a function of applied forward

bias for typical devices. OLEDs on graphene have a cur-

rent drive and light emission intensity comparable to

control devices on ITO for current densities �10 mA/

cm2. At current densities �10 mA/cm2, the sheet resis-

tance of graphene leads to a voltage drop in the elec-

trode. Luminance was measured by a flat calibrated

silicon photodetector that captures 67% of the emit-

ted light (see Methods). The OLED turn-on voltage (de-

fined at 0.02 cd/m2) is 4.5 and 3.8 V, and it reaches a lu-

minance of 300 cd/m2 at 11.7 and 9.9 V, for graphene

and ITO anodes, respectively.

In Figure 2b, the external quantum efficiency (EQE)

and luminous power efficiency (LPE) of both graphene-

based and ITO-based OLEDs are shown. The graphene-

based OLED performance nearly matches that of the

ITO control device despite the higher sheet resistance

and different workfunction39 of the graphene anode.

The conductive PEDOT:PSS layer further removes the ef-

fects of small differences in workfunction that may ex-

ist between ITO and graphene.

The nearly identical EQE is surprising because the frac-

tion of optical power that couples out of an OLED struc-

ture depends strongly on the thickness of the various

layers.48,49 The angular and spectral distribution of light

emitted from the organic active layer was modeled as de-

scribed elsewhere.50 Figure 3a shows the simulated opti-

cal power emitted into unbound (UB) air modes, sub-

strate trapped (ST) modes, waveguided (WG) modes, and

surface plasmon polariton (SPP) modes at the metal cath-

ode/organic interface, and Table 1 summaries the de-

tailed simulation results. The fraction of photons emitted

into UB modes is the outcoupling efficiency. When spec-

trally integrated, we find that 17% of the optical power

couples out for this OLED structure on both graphene and

ITO, despite the differences in layer structure.47 Figure 3b

shows the calculated spectrally integrated power density

of emitted radiation per unit solid angle into UB optical

Figure 2. (a) Current density (filled symbols) and luminance (open symbols) vs applied forward bias for an OLED on graphene
(squares) and ITO (circles), with OLED device structure anode/PEDOT:PSS/NPD(50 nm)/Alq3(50 nm)/LiF/Al as shown in the in-
set. (b) External quantum efficiency (EQE) (filled symbols) and luminous power efficiency (LPE) (open symbols) for an OLED
on graphene film (squares) and ITO glass (circles). The luminance, EQE, and LPE were adjusted to reflect total front emission
power according to the method described in the Methods.

Figure 3. (a) Simulated angularly integrated spectral density of emitted power into unbound (UB) air modes, substrate-
trapped (ST) modes, wave-guided (WG) modes, and surface plasmon polariton (SPP) modes. (b) Simulated spectrally inte-
grated emitted power per unit solid angle for OLEDs on graphene film (blue dash-dotted line) and control ITO (red solid line)
glass. A Lambertian response (black dashed line) is plotted for reference.

TABLE 1. Simulated Fraction of Emitted Optical Power into
the Various Modes Supported by the OLED Structures

air modes ST modes WG modes SPP modes
anode

absorption
metal

absorption

graphene 16.54% 22.86% 15.15% 40.54% 4.01% 0.90%
ITO 17.05% 23.51% 14.59% 40.77% 3.19% 0.88%
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modes at different azimuthal angles from the surface nor-
mal. The emission pattern is nearly Lambertian for both
graphene and ITO-based OLEDs.

Figure 4 shows the simulated fraction
of power emitted as a function of wave-
length and normalized in-plane wave-
vector kxy for the OLED structure on
graphene and ITO (assuming a glass sub-
strate). While the fraction of power emit-
ted into the various modes is nearly iden-
tical for devices on graphene and ITO
(Figure 3a), the power distribution pat-
terns within each layer are quite differ-
ent because of the differences in layer
structure. Specifically, the OLED structure
on graphene does not support a WG
mode due to the thin overall dielectric
structure.

In conclusion, we demonstrated that
graphene thin films can be used as transpar-
ent conductive anode in OLEDs. The
graphene thin films were prepared by solu-
tion processing of functionalized graphene
followed by a reduction step to improve the
conductivity. The electrical and optical perfor-
mance of a small molecule OLED on
graphene is similar to that of control devices
on ITO despite marked differences in the to-
tal thickness of the optical stack. The
graphene film used in this work is 	7 nm
thick and consists mostly of multiple layers
of graphene. The film roughness is �3 nm,
which is adequate for use as an anode in
OLEDs and organic solar cells. Both transmit-
tance and sheet resistance decrease with in-
creasing film thickness. Thicker graphene film
would help reduce the sheet resistance but
the increased optical absorption due to the
thicker film would decrease the photon out-
coupling efficiency. Further optimization of
the graphene film quality and thickness may
lead to improved device performance. For
graphene to become a viable alternative to

ITO, further work is needed to develop meth-
ods to deposit high-quality, thin layers of graphene on
low-cost plastic substrates in a cost-effective manner.51,52

METHODS
Graphene Film Preparation. A graphite crystal was chemically oxi-

dized by treatment with various solutions of NaNO3, KMnO4, con-
centrated H2SO4, and 30 wt % H2O2, washed with HCl and puri-
fied water, and ultrasonicated to exfoliate individual graphene
oxide sheets. This procedure produces a loose brown powder
which can be dispersed in water at loadings of up to 	15 mg/
mL. The graphene electrodes used in this work were deposited
on quartz slides by spin-coating dispersions of functionalized
graphene in water. The spin-coating rate was increased every
30 s from an initial value of 500�800 rpm to gradually spread
the water dispersion on the quartz, and finally to 1600 rpm to dry
the film. Residual water was removed by heating the films to
100 °C in a vacuum oven for several hours. The resulting func-

tionalized graphene films were reduced by vacuum annealing
at 1100 °C for 3 h.

OLED Device Fabrication. Small molecule organic light-emitting di-
odes were fabricated on graphene films on quartz and on commer-
cially obtained 130 nm-thick ITO on glass (sheet resistance �20�/
sq) as transparent anode. The ITO substrates were cleaned in
acetone, and isopropyl alcohol followed by UV-ozone treatment
for 15 min. Poly(3,4-ethylenedioxythio- phene)poly(styrene-
sulfonate) (PEDOT:PSS) was spin-coated on both graphene and
ITO substrates followed by annealing in an N2 glovebox for 20 min.
All organic materials were obtained commercially and then puri-
fied using thermal gradient sublimation at least twice. The organic
thin films and metal cathode were deposited at room temperature
by thermal evaporation in high vacuum (	10�7 Torr). The deposi-

Figure 4. The fraction of power emitted as a function of normalized in-plane wave-vector
kxy for all wavelengths between 400 and 800 nm for an OLED on ITO (a) and graphene (b),
with device structure anode/PEDOT:PSS/NPD(50 nm)/Alq3(50 nm)/LiF/Al as shown in the in-
set of Figure 2a. The fraction of power coupled to air modes, substrate modes, wave-guided
modes, and surface plasmon polariton modes is evaluated by integrating the power distri-
bution over the appropriate ranges of the in-plane wave-vector kxy.

A
RT

IC
LE

VOL. 4 ▪ NO. 1 ▪ WU ET AL. www.acsnano.org46



tion rate is 1�2 Å/s for organic materials, and 4�5 Å/s for metal
cathode. The layer structure of the devices is anode/poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/
N,N=-di-1-naphthyl-N,N=-diphenyl-1,1=-biphenyl-4,4=diamine
(NPD)/tris(8-hydroxyquinoline) aluminum (Alq3)/lithium fluoride
(LiF)/Al. The Al cathode was deposited through a shadow mask
with 1 mm diameter circular openings.

Measurements. Current�voltage characteristics were mea-
sured using an HP 4145B semiconductor parameter analyzer. Lu-
minance was measured by a flat calibrated silicon photodiode
that captures light emitted within a cone of 55°, and then ad-
justed to include uncaptured emissive power. For a Lambertian
emission source, the power emitted within a cone is

The fraction of optical power emitted by the OLED that is cap-
tured by our photodiode is

The luminous power reported is the value measured by the
photodiode (corrected for the spectral response of the photo-
diode), and then divided by the fraction captured (67%).
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