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High performance organic light-emitting diodes �OLEDs� were implemented on transparent and

conductive single-wall carbon nanotube sheets. At the maximum achieved brightness of

2800 cd m−2 the luminance efficiency of our carbon nanotube-based OLED is 1.4 cd A−1 which is

comparable to the 1.9 cd A−1 measured for an optimized indium tin oxide anode device made under

the same experimental conditions. A thin parylene buffer layer between the carbon nanotube anode

and the hole transport layer is required in order to readily achieve the measured performance.

© 2006 American Institute of Physics. �DOI: 10.1063/1.2199461�

Light-emitting diodes made from thin organic and poly-

meric layers are generating much excitement due to their

applicability in large area flat panel displays and solid state

lighting.
1

It is known that the performance of organic light-

emitting diodes �OLEDs� is largely dominated by charge in-

jection from the anode and cathode.
2

In addition to influenc-

ing the overall brightness and power efficiency, improving

charge injection increases the lifetime and stability of these

devices.
3

The choice of the appropriate electrode material is

thus paramount to obtaining reliable and efficient OLEDs.

Up to now only transparent conducting oxides, such as

indium tin oxide �ITO�, display both the transparency

��80% in the 400–700 nm region� and resistance

��20 � / sq� needed for the electrodes through which light is

extracted.
4

However, in spite of all the work that has been

done towards optimizing devices implemented on ITO an-

odes, their use poses important limitations. Indium migration

from the ITO surface is a known cause of premature device

failure.
3,5

Furthermore, ITO does not lend itself well to depo-

sition onto flexible substrates.
6

The low temperature deposi-

tion techniques that are compatible with polymeric substrates

lead to higher sheet resistances and surface roughness values.

Moreover, repeated bending of ITO layers inevitably leads to

cracking and delamination. Finally, the fabrication of top

emitting devices using ITO anodes is limited as the ITO

deposition process often damages the underlying organic

semiconducting layers.
7

Thin and flexible carbon nanotubes sheets exhibiting ex-

cellent optical transparencies �40%–90%� and electrical con-

ductivities ��1�104 S cm−1� have recently been fabricated

using a room temperature deposition technique.
8

Their intrin-

sic work function �4.5–5.1 eV�
9,10

is similar to that of ITO

�4.4–4.9 eV�
11

and can be tailored through both n-type and

p-type charge transfer doping,
12

allowing, in principle,

double-sided charge injection in transparent OLEDs. Re-

cently, a polymer LED
13

and an organic solar cell
14

that used

multiwall carbon nanotube and single-wall carbon nanotube

�SWNT� anodes, respectively, were demonstrated.

In this letter, we show that SWNT sheets can be used as

hole injecting anodes for high performance small molecule

OLEDs. The luminance efficiencies of our devices are com-

parable to conventional geometry ITO-based OLEDs made

under the same experimental conditions. Our results con-

vincingly demonstrate that carbon nanotube anodes are a vi-

able alternative to transparent conducting oxides.

The SWNTs used in these studies were produced by a

pulsed laser vaporization technique
15

and purified following

a standard procedure.
16

This involves the refluxing of the

as-received soot in concentrated nitric acid �60%� for 4 h

followed by filtration and subsequent refluxing in ultrapure

water for 2 h in order to remove any excess acid. These

purification steps eliminate amorphous carbon and metal

catalyst impurities from the sample and result in the p-type

charge transfer doping of carbon nanotubes.
8

Carbon nanotube sheets are made following the proce-

dure recently described by Wu et al.8 The purified SWNTs

are dispersed in a 2% sodium cholate solution and centri-a�
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fuged at 5000 g for 2 h in order to remove undispersed par-

ticles and large nanotube bundles. Carbon nanotube sheets of

increasing thicknesses are made by filtering increasing vol-

umes of a 1�10−4 mg ml−1 sodium cholate solution through

a 0.2 �m cellulose filter. Finally, the sheets are transferred

onto clean glass slides by dissolving the filters in acetone.

OLEDs were fabricated on carbon nanotube electrodes

as well as on commercial ITO-coated glass substrates �Colo-

rado Concept Coatings LCC, 20 � / sq�. The carbon nanotube

electrodes are patterned through a shadow mask from a

130±12 nm thick carbon nanotube sheet �60 � / sq� by reac-

tive ion etching using a rf oxygen-plasma �30 s, 75 mTorr,

80 mW/cm2�. Patterning the electrodes in this manner is

done in order to avoid the rough edges that would result from

cutting the sheets using other methods, e.g., scissors. Finally,

electrical contacts are made by evaporating a 50 nm thick Ti

layer to one end of the nanotube electrodes.

Traditional OLED devices were fabricated on oxygen-

plasma treated ITO anodes. The organic stack structure was

optimized for maximum luminance efficiency and consisted

in a 10 nm copper phthalocyanine �CuPc� hole injection

buffer layer �HIL�, a 50 nm N ,N�-bis-�1-naphthyl�-
N ,N�-diphenyl-1,1-biphenyl-4 ,4�-diamine �NPB� hole trans-

port layer �HTL�, and a 50 nm tris-�8-hydroxyquinoline� alu-

minum �Alq3� electron transport and emissive layer depos-

ited at �0.1–0.2 nm s−1 in a thermal evaporator with a base

pressure of 5�10−6 Torr. The cathode was made by evapo-

rating 1 nm of lithium fluoride and 50 nm of aluminum im-

mediately following the organic layer deposition �i.e., with-

out breaking vacuum�. As will be discussed below, thicker

organic layers and an alternative buffer layer material were

determined to be necessary in order to achieve high perfor-

mance OLEDs on SWNT electrodes. The buffer layer con-

sisted in an �1 nm parylene-C coating �Cookson CVD

deposition system� applied onto the carbon nanotube sheets

prior to organic stack deposition. OLED devices were then

made by depositing NPB and Alq3 layers of equal thick-

nesses followed by the same bilayer cathode. Although both

50 and 100 nm organic layer thicknesses were attempted,

devices consisting of thicker layers displayed the best perfor-

mance. The emissive area of all devices shown is 10 mm2.

The device measurements were carried out under a ni-

trogen atmosphere using a semiconductor parameter analyzer

�HP 4145A� and a photometer �Delta-Ohm HD9021� con-

trolled by data acquisition software.

The four-point probe sheet resistance of the SWNT elec-

trodes is plotted in Fig. 1 as a function of their transmittance

at �=520 nm, i.e., the peak emission wavelength of our de-

vices. As expected, an increase in transmittance is obtained

at the cost of an increase in sheet resistance. The correspond-

ing conductivity ��1.2�103 S/cm� is constant across the

thickness range indicating that, in spite of the high surface

roughness of 12 nm �rms� measured for all sheets �deter-

mined by atomic force microscopy �AFM��, a continuous

percolative carbon nanotube network is formed even for the

thinnest sheets fabricated. This conductivity value, which de-

pends sensitively on carbon nanotube source and doping

treatments, falls within the range of reported values.
8,13,14

The quality of the small molecule/SWNT interface is a

key element for the efficient fabrication of OLED devices on

SWNT electrodes. The considerable roughness of the SWNT

sheets imposes a lower limit to the thicknesses of the organic

layers. AFM images �not shown� immediately following the

deposition of 100 nm thick NPB layers on bare SWNT elec-

trodes revealed the presence of large pinholes ��100 nm�

arising from inappropriate organic layer coverage. This in

turn led to devices that were electrically shorted. A parylene

buffer coating dramatically improved the wetting and adhe-

sion of the organic layer and led to essentially complete elec-

trode coverage.

A cross sectional image ��20° inclination� of the com-

plete SWNT-OLED device is shown in Fig. 2. The sample

was prepared for scanning electron microscope �SEM� imag-

ing by cleaving the glass substrate at the center of the emis-

sive area. Given the flexible, fabric quality of the intercon-

nected carbon nanotube network, the sheet does not break at

the substrate edge. It can be seen that the SWNT sheets are

torn and fold onto the glass substrate.

The current density and luminance characteristics of the

devices as a function of voltage, displayed in Fig. 3, are

similar for both devices and are typical of OLEDs.
1,4

Despite

the thicker organic layers used, the measured turnon voltage

�6.6 V� for our SWNT-OLED is only slightly higher than

FIG. 1. Sheet resistance as a function of the optical transmittance at �

=520 nm for carbon nanotube sheets of different thicknesses. Also shown in

the inset is the visible and near-infrared transmission spectrum for the

130 nm thick sheet used in the SWNT OLED.

FIG. 2. �Color online� �a� Schematic of the SWNT OLED device and �b�

corresponding cross sectional scanning electron microscopy image at a bro-

ken edge taken at a 20° angle from the surface normal. Color was added to

the image for clarity.
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that measured for the thinner ITO-OLED �6.2 V�. The maxi-

mum achieved brightness is 6000 cd/m2 for the ITO-OLED

compared to roughly half, 2800 cd/m2, for the SWNT-

OLED. This is remarkable given that the carbon nanotube

anode displays a transmittance at the peak emission wave-

length that is approximately half that of the ITO/glass sub-

strate �i.e., 44% and 90%, respectively�. After accounting for

optical absorption losses, both devices exhibit similar emis-

sion performances.

As shown in Fig. 3�a� in the case of the SWNT-OLED,

below the device turnon, the current increases linearly with

voltage indicating the presence of leakage currents. By ex-

trapolating this curve �dotted line in Fig. 3�a�� we estimate

that, at the maximum achieved brightness, 20% of the cur-

rent does not participate to the electroluminescence. Never-

theless, in spite of observed current and optical absorption

losses, the luminance external efficiencies achieved are sig-

nificant. At the maximum light output �20 V� they are com-

parable at 1.9 and 1.4 cd A−1 for the ITO-OLED and SWNT-

OLED, respectively. We can therefore expect that, by

improving the conductivity/transparency ratio and by elimi-

nating all current losses, the performance of SWNT-OLED

devices will exceed that of ITO-OLEDs.

Buffer layers between the ITO anode and the HTL are

routinely used in order to increase the overall performance of

ITO-based OLEDs. The exact role of this layer is, however,

not well understood.
17

Parylene, in our case, was chosen for

its ability to form thin conformal coatings on carbon

nanotubes.
18

The introduction of this insulating layer be-

tween the anode and the HTL does not appear to have a

detrimental effect on the carrier injection efficiency. As ob-

served earlier, the turnon voltages of both our SWNT-OLED

and ITO-OLED devices are similar although greater organic

layer thicknesses generally result in higher turnon voltages.

Thus, as a first approximation, our results suggest that hole

injection barriers for both ITO and SWNT anodes are simi-

lar. This was expected given the similar work function of

SWNTs and ITO. However, it is clear that in addition to hole

injection barriers, the adhesion and wetting characteristics of

the deposited organic layers is central to the performance of

SWNT-OLEDs.

In summary, we have implemented carbon nanotube an-

odes in small molecule OLED devices. Using this electrode

material it is readily possible to achieve performances com-

parable to established ITO-based OLEDs. Unlike ITO, which

is brittle, subject to cracking and delamination, carbon nano-

tube anodes are entirely flexible. Secondly, their room tem-

perature processing renders them suitable for use with a wide

range of substrates for both top and bottom emission devices.

Finally, the nanoscale morphology of our electrode may

yield alternative light outcoupling pathways. By optimizing

the SWNT-HTL interface and increasing the carbon nano-

tube anode transparency, we believe that devices exhibiting

performances superior to traditional ITO-based devices will

soon be demonstrated.
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FIG. 3. �Color online� Current density �squares� and luminance �circles� as

a function of applied voltage for OLEDs fabricated �a� on carbon nanotube

anodes �SWNT-OLED� and �b� on oxygen-plasma treated ITO anodes

�ITO-OLED�.
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