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a b s t r a c t

Commercially-available single walled carbon nanotubes (SWCNTs) were used to fabricate
SWCNT sheets for anodes of organic light-emitting diodes (OLEDs) by spray-coating pro-
cess without any use of surfactant or acid treatment. A layer of DMSO doped PEDOT:PSS
was spray-coated on the SWCNT sheets to not only lessen the surface roughness to an
acceptable level, but also improve the conductivity by more than three orders of magni-
tude. For our SWCNT-based OLEDs of tris-(8-hydroxquinoline) aluminum (Alq3) emission
layers, a maximum luminance 4224 cd/m2 and current efficiency 3.12 cd/A were achieved,
which is close to the efficiency of ITO-based OLEDs. We further found out that our OLEDs
based on the PEDOT:PSS covered SWCNT anodes tripled the contrast ratio of the conven-
tional indium tin oxide (ITO) based OLEDs.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decade, enormous efforts have been
made to fabricate highly conductive, transparent, flat
and flexible single-wall carbon nanotube (SWCNT) sheets
for their potential to substitute and surpass the conven-
tional transparent conducting oxide—indium tin oxide
(ITO) in an extensive variety of optoelectronic devices
[1–5]. For ITO suffers from the drawbacks of high cost,
inherent brittleness, and need for high-temperature pro-
cessing [6,7], it is not an ideal choice for large-area and
flexible application. As transparent anode material for or-
ganic light-emitting diodes (OLEDs), SWCNT has a work
function (of 4.5–5.1 eV) [8] similar to or even better than
that of ITO (4.4–4.9 eV) [9]. In addition, the SWCNT sheet
boasts key properties such as flexibility, transparency,
high conductivity and fitness of solution process, which
is a promising candidate to replace ITO in OLED technol-
ogy for flexible applications and mass-manufacture.
. All rights reserved.
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Several groups have reported SWCNT sheets parallel to
ITO sheets with low sheet resistance below 200 X/sq
accompanying high transmittance above 80% in visible re-
gion, using surfactant and acid treatment [3,10–14].

However, the OLEDs based on these SWCNT sheets had
hardly acquired the satisfactory performance as the ITO-
based OLEDs did [3,13,15]. Besides the attribution that
the inherent excessive surface roughness of SWCNT sheets
due to SWCNT’s large aspect ratio should be responsible for
the difference between SWCNT based and ITO based
OLEDs, during the process of fabricating these SWCNT
sheets, it is found that although some surfactants can re-
sult in stable dispersion by structureless random absorp-
tion on SWCNTs [16], they also cover up and denature
the SWCNTs [17,18] in addition to more or less the toxicity
they have. Moreover, the subsequent acid treatment has
been reported to destroy most SWCNTs [19–21], poison
the emissive layer for the presence of residual mobile
counterions and can cause delamination from the underly-
ing substrate, affecting the properties of devices based on
these SWCNTs.

In this paper, we report a high performance OLED based
on the SWCNT anode, which achieved a maximum lumi-
nance and current efficiency of 4224 cd/m2 and 3.12 cd/A,
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respectively. The commercially-available SWCNTs were
used to fabricate SWCNT sheets by spray-coating process
with no use of any surfactant or acid treatment. Dimethyl
sulfoxide (DMSO) doped poly(3,4-ethylenedioxythio-
phene): poly(styrenesulfonate) (PEDOT:PSS) [22] was used
to improve the resistance and surface roughness of SWCNT
sheets. Finally, the optical properties of the SWCNT anode
based OLEDs were explored. The result demonstrated a
triple contrast ratio higher than that of the conventional
ITO-based OLEDs.

2. Materials and methods

The SWCNTs were purchased from Shenzhen Nanotech
Port Co. Ltd. with CNT purity >90 wt.%, SWCNT purity
>60 wt.%, outer diameter <2 nm and length in the range
of 5–15 lm. The SWCNT sheets were fabricated by spray-
coating process suitable for adjusting the sheet resistance
and transmittance from 0% to 100% [4]. We started by dis-
persing the SWCNTs in ethanol solvent with the aid of
ultrasonic treatment, and then the homogeneous disper-
sion (of 0.25 mg/ml SWCNTs) without further purification
was spray-coated on the heated glass substrate at 120 �C,
followed by 3-h drying at 85 �C. Through a patterned
shadow mask, two SWCNT sheets were spray-coated on a
glass substrate. On each of the four edges of the glass sub-
strate, two rectangular ITO thin films were sputtered,
acting as connecting electrodes to SWCNT sheets or to Alu-
minum electrodes. The inset image in Fig. 1 shows two
SWCNT sheets with dimension of 5 � 25 mm spray-coated
on the glass substrate.

In order to improve the conductivity and solve the
problems like short-circuit or nonuniform injection of
holes caused by the excessive surface roughness of SWCNT
sheets, a 150 nm, 60 X/sq with 83.1% transmittance (at
k = 538 nm) planarization layer of PEDPT:PSS was directly
Fig. 1. The sheet resistance of spray-coated SWCNT sheets as a function of th
emission of OLEDs in our experiments). The inset image is the photograph of sp
spray-coated on the SWCNTs sheets. A concentration of
5 wt% DMSO was added continuously into the solution of
PEDOT:PSS (BAYTRON� PH500) while being stirred, by
which an improvement in conductivity of more than three
orders of magnitude could be achieved [23]. Previously, the
planarization layer was commonly spin-coated on the
SWCNT sheet’s surface [3,13–15,24]. Considering that the
uniformity and morphology of SWCNT sheets spray-coated
on the glass substrate may be degraded by spin-coating
process, where the spin-coated solution is dipped on the
surface of SWCNT sheets, and to some extent, disperses
the SWCNT sheet, resulting in the degradation of the form
and structure of it, we spray-coated the PEDOT:PSS solu-
tion on the SWCNT sheets at 110 �C, after mixing one PED-
OT:PSS solution with nine ethanol followed by 30-min
ultrasound. Finally, the PEDOT:PSS covered SWCNT sheets
were put into the drying oven at 80 �C for three hours.

The OLEDs were eventually completed using a stake of
small molecular organic layers and metal cathode in
multisource organic molecular vapor deposition system
at 3.0 � 10�4 Pa. The organic stack consists of 50 nm
N,N0-diphenyl-1,1-bihyl-4,4-diamine(NPB) and 60 nm
tris-(8-hydroxquinoline) aluminum (Alq3). The cathode
layer consists of 0.5 nm lithium fluoride (LiF) and
100 nm aluminum on the organic layer deposition. On
one piece of glass substrate, 4 diodes were fabricated
with dimension of 5 � 5 mm for each. Fig. 2(c) and (d)
show the schematic diagram of the device structure and
the photograph of an operating SWCNT-based OLED
device.

The transmittance of the SWCNT sheets was obtained
from the ratio of the measured transmittance of SWCNTs-
coated glass, by MODEL U-3900H Spectrophotometer, to
that of the glass substrate prior to spray-coating. The sheet
resistance was measured by a four point method with
CT5601Y Sheet Resistivity Meter. The AFM images and the
e transmittance at a wavelength of 538 nm (corresponding to the peak
ray-coated SWCNT sheets on a glass substrate.



Fig. 2. (a) AFM image of a spray-coated SWCNT sheet, (b) AFM image of a PEDOT:PSS modified SWCNT sheet, (c) schematic diagram of the OLED device
based on the SWCNT anode, (d) the photograph of an operating SWCNT anode based OLED device.
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roughness data were obtained through AFM Nanonavi SPA-
400 SPM. The OLEDs measurement of current–voltage rela-
tionship and the electroluminescent spectra was carried
out using Keithly source meter 2400 and Spectra Scan
PR650. The reflectance spectra of the OLED devices were ta-
ken on a MODEL U-3900H Spectrophotometer.
3. Results and discussion

Firstly, we investigated the issues about the SWCNT an-
odes fabricated by spray-coating process. Compared with
ITO sheets displaying both high transmittance (>80%) and
low resistance (�20 X/sq) [25], our SWCNT sheets’ connec-
tion between transmittance and sheet resistance is
comparatively inferior. As shown in Fig. 1, the sheet resis-
tances of spray-coated SWCNT sheets increased from 10 to
7000 kX/sq while their transmittances ascended from 60%
to 90%. These series of sheet resistance are over one order
of magnitude more than the SWCNT sheets made by filtra-
tion method published by Wu et al. [10]. Two main reasons
contribute to this high sheet resistance: one is the presence
of resistive impurities in the commercially-available
SWCNT powder, and the absence of surfactant or any acid
treatment in the SWCNT dispersion process; the other is
the difference of SWCNT forming process. In a spray-
coated SWCNT sheet, randomly accumulate the carbon
nanotubes in both vertical and horizontal directions. But
in the filtration and transfer process, the carbon nanotubes
tend to lie horizontally on the filtration membrane under
the influence of liquid flow and on the substrate after
transfer printing. The horizontal helps the in-plane con-
ductivity more; the vertical contributes that in the z-axis
direction more. That probably explains why the spray-
coated or airbrushed SWCNT sheets [4,5,26,27]always
show higher sheet resistance and roughness than filtrated
SWCNT sheets [3,10,15,28]do.

Through spray-coating PEDOT:PSS planarization layer,
the sheet resistance and surface roughness of the SWCNT
sheets acquired significant improvements. In Table 1, a
comparison of the sheet resistances and transmittance of
SWCNT sheets before and after spray-coating PEDOT:PSS
layer reflects an obvious plunge in sheet resistance. Eight
samples were divided into two groups, samples from 1 to
4 as group I and samples from 5 to 8 as group II. View
the series of changed sheet resistances in group I and group
II separately from each other, a monotonous increase is
clear going along with the adding of original sheet resis-
tances. What unexpected is that the series of sheet resis-
tances in group II after spray-coating planarization layer
plunged even further, much lower than those of the sam-
ples in group I which had the lower original sheet resis-
tances of SWCNTs. It is probably because when SWCNT
sheet resistance is so high as to approach 200 kX/sq, on
the glass substrate disperses the SWCNTs relatively scat-
teredly and the spraying of the PEDOT:PSS could easily fill
into the gaps in the SWCNT sheets, forming a high conduc-
tivity composite layer which significantly improves the
resistance. Meanwhile, the internal SWCNTs increased
the conductive paths in the PEDOT:PSS layer. That is why



Table 1
Sheet resistance (Rsq) and transmittance (T%) variation before and after
spray-coating of PEDOT:PSS.

Sample ID Original Rsq and
T% (kX/sq,%)

Modified Rsq and
T% (kX/sq,%)

1 (10, 60.9) (0.5, 44.5)
2 (25, 73.1) (1.0, 57.3)
3 (75, 81.3) (1.2, 63.7)
4 (150, 82.8) (1.5, 64.3)
5 (200, 83.5) (0.03, 64.1)
6 (600, 84.1) (0.03, 66.5)
7 (1500, 87.6) (0.04, 69.7)
8 (7000, 90.0) (0.05, 73.2)
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these samples in group II exhibited even lower sheet resis-
tance than PEDOT:PSS layer itself (60 X/sq). Similarly, this
mutual-benefit effect has been previously reported by J.N.
Coleman group [29]. They found that the electrical/optical
properties of these composites from SWCNT blended with
PEDOT:PSS were actually superior to the nanotube-only
films. We noted that the optimal OLED device was gained
when based on the SWCNT sheet anode of 83.5% transmit-
tance accompanying 200 kX/sq sheet resistance, which
turned into 64.1% and 30 X/sq respectively after spray-
coating of PEDOT: PSS. The OLED device’s performance is
Fig. 3. Electroluminescent characteristics of OLED devices based on diverse ano
electroluminescence spectra, (b) current density vs voltage, (c) luminance vs vo
discussed in the later part of this paper. The transmit-
tance’s behavior after the spray-coating, not that compli-
cated, showed a 15–20% decline off the original.

Besides the improvement on sheet resistance, spray-
coated PEDOT:PSS layer demonstrated the same effect on
addressing the surface roughness of SWCNT sheets as the
spin-coated did. Fig. 2 shows a comparison between AFM
image (a) and (b), illustrating the morphological amend-
ment after spray-coating a PEDOT:PSS layer. At first, The
average surface roughness of the 200 kX/sq SWCNT sheet
was around 15.5 nm rms, which is high enough to induce
a device failure for any OLED of which the integrated thick-
ness is within the range of 200 nm. After spray-coating
directly a 150 nm PEDOT:PSS layer on the SWCNT sheets,
the surface roughness was substantially reduced to
4.2 nm, quite close to 2.4 nm of ITO films.

Next we discuss the electroluminescent performance of
OLEDs with different anodes, ITO, PEDOT:PSS and SWCNTs
with planarization layer of PEDOT:PSS. Fig. 3 shows the
performance comparison among these OLEDs. We had
tried as well OLED devices based on SWCNT sheet anodes
without planarization layers, but its luminance was very
low and the device failed too quickly to allow enough time
for any characterization. The OLED based on the polymer
anode, PEDOT:PSS, was fabricated to have a comparison
des, ITO, PEDOT:PSS and SWCNTs covered by PEDOT:PSS, (a) normalized
ltage, (d) current efficiency vs voltage.



Fig. 4. (a) The transmittance from 300 to 800 nm of the 12 X/sq ITO, the
200 KX/sq SWCNT, the 60 X/sq PEDOT:PSS as well as the 30 X/sq
PEDOT:PSS covered SWCNT anodes, (The glass substrate was set to be
the baseline.) (b) Measured spectral reflectance from 300 to 800 nm of
OLED devices based on the ITO anode, the SWCNT anode, the PEDOT:PSS
anode and the PEDOT:PSS covered SWCNT anode, (c) Contrast ratio as a
function of ambient illuminance from 100 to 1600 lx of OLED devices
based on various anodes. The contrast ratio was calculated using
Lon = 300 cd/m2 and Loff = 0 cd/m2.
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with that based on the SWCNT sheet covered by PED-
OT:PSS planarization layer. Among all SWCNT sheet
samples, the one having the lowest sheet resistance after
spray-coating PEDOT:PSS layer turned out to produce the
best electroluminescent performance. That was the
200 kX/sq SWCNT sheet, which turned into 30X/sq after
spray-coating PEDOT:PSS layer.

Modifying the SWCNT sheet by spray-coating PED-
OT:PSS planarization layer on it enabled the OLED an sub-
stantial improvement on stability and electroluminescent
performance, which should be ascribed to the amendment
of surface roughness from 15.5 to 4.2 nm and the plunge of
sheet resistance from 200 to 30 X/sq. The achieved
maximum luminance was 4224 cd/m2 at 15 v, and current
efficiency peaked at 3.12 cd/A when bias was 9 v. This per-
formance surpassed all the other having been reported
SWCNT anode OLED devices with Alq3 as light-emitting
material, and seemed the closest to that of the conventional
ITO-anode OLEDs. T. Mark group had also reported their
polymer OLED devices (with a superior light-emitting layer,
TFB + BT [30]) based on the SWCNT anode and spin-coated
PEDOT:PSS planarization layer [14,31]. However, in that
case, the optimal device achieved a maximum light output
of 3500 cd/m2 and a current efficiency of 1.6 cd/A. The high-
er luminance and efficiency achieved in our Alq3 light-
emitting material OLED should be attributed to the highly
conductivity and spray-coating process of PEDOT:PSS plan-
arization layer in addition to the absence of negative effects
caused by the use of surfactant and acid treatment. 5 wt%
DMSO doped into the PEDOT:PSS composition considerably
decreased the sheet resistance of the planarization layer to
60 X/sq; The spray-coating process avoided not only the
poor interfacial contact problem existing in the spin-coat-
ing process between the PEDOT:PSS layer and the SWCNT
sheet, which inherently possesses the hydrophobic nature,
but also damaging the uniformity and morphology of
SWCNT sheets, which happens more or less in the spin-
coating process. These factors lead to the higher brightness
and current efficiency as well as uniform light output of our
SWCNT anodes based OLED devices.

What’s more, it is also distinct from the Fig. 4 that
SWCNT sheets incorporating a planarization layer of
spray-coated PEDOT:PSS resulted in better device perfor-
mance than individual PEDOT:PSS functioning as OLED
anodes did. The OLEDs based on PEDOT:PSS anode showed
a maximum luminance around 1000 cd/m2 at 12.5 V and
current efficiency of 2.85 cd/A. The better performance
would be due to the lower sheet resistance of the
PEDOT:PSS-modified SWCNT anode of 30 X/sq over the
PEDOT:PSS sheet of 60 X/sq, as well as the improvement
on the stability and electrical inhomogeneity of PEDOT:PSS
by the presence of SWCNT conductive paths in it. The ITO-
based OLED behaved best among the three mainly due to
its smooth surface (2.4 nm rms), low sheet resistance
12 X/sq putting together with high transmittance of
around 90% within the visible region. In addition, we
noted, from Fig. 3(a), that the incorporation of PEDOT:PSS
polymer as either the anode or the planarization layer
brought no shift to the electroluminescent spectra of OLED
devices despite the fact that PEDOT:PSS layer of 150 nm
thickness was light blue itself.
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Finally, we explored the effects of SWCNT anodes on the
optical properties of OLEDs. Fig. 4(a) shows the transmit-
tance comparison of various anodes. They are the 12 X/
sq ITO, the 200 KX/sq SWCNT, the 60 X/sq PEDOT:PSS
sheet as well as the 30 X/sq PEDOT:PSS covered SWCNT
sheet. Both the SWCNT sheet and the PEDOT:PSS sheet
exhibited a �80% transmittance from 300 to 800 nm.
When piled together, they exhibited an integrated trans-
mittance about 60%. And we further found that the
comparatively low transmittance of PEDOT:PSS covered
SWCNT anode paid off in the aspect of high contrast ratio.

The pixel contrast ratio(PCR) of the OLED was calculated
by using the equation [32]:

PCR ¼ Lon þ RLLambient

Loff þ RLLambient
ð1Þ

where Lon and Loff are the luminance of a pixel at ‘’’on’’ and
‘‘off’’ states respectively, Lambient is the ambient illumina-
tion, and RL is the luminous reflectance, which can be
expressed as:

RL ¼
R k1

k2 VðkÞSðkÞRðkÞdðkÞ
R k1

k2 VðkÞSðkÞdðkÞ
ð2Þ

The Luminous reflectance is defined as the normalized
integrated product of V(k)�S(k)�R(k), where V(k) is the stan-
dard photonic curve, S(k) is the spectrum of Alq3 in our
experiment, and R(k) is the spectral reflectance of the
device. The measurement was carried out from wavelength
k1 = 300 nm to k2 = 800 nm.

From Eq. (1), we can easily comprehend that under low
ambient light levels, the PCR is given approximately by the
luminance ratio of the on pixel to the off pixel; under high
illumination levels, the contrast ratio deteriorates and the
display image can be washed out unless the on pixel has
an extremely high luminance or the luminous reflectance
is very low. However, increasing the luminance of the pix-
els to compensate for the high ambient light levels can lead
to a shorter lifetime for display and reliability problems.
Therefore, recently many approaches have been proposed
to reduce the luminous reflectance RL by using an optical
interference layer, a semitransparent cathode, a light
absorbing layer and a phase-changing layer. Hung and
Madathil fabricated an OLED device with a reflection-
reducing layer of zinc oxide, which markedly reduces the
ambient light reflected from the cathode [33]. Xie and
Hung developed a high contrast OLED device with a low-
reflection cathode by depositing a multilayer structure
over semitransparent cathode of Sm [34]. Li et al. demon-
strated an OLED device with a high contrast ratio, made
of copper phthalocyanine (CuPc) as the black-layer mate-
rial [35]. The absorption and destructive interference effect
of CuPc layer reduced the ambient light. However, the effi-
ciency of the OLED with an inserted anti-reflection layer is
half that of a conventional device, since the reflection of
light from the metal cathode is reduced.

Fig. 4(b) shows the spectral reflectance of OLED devices
with the four different anodes. The conventional ITO anode
OLED had an average spectral reflectance as high as around
80% within the range from 300 to 800 nm wavelength. In
contrast, the SWCNT anode modified by spray-coated
PEDOT:PSS layer lowered the spectral reflectance of the
OLED to less than 15%. An explanation to the decline of
spectral reflectance is that the PEDOT:PSS covered SWCNT
anode functioned as well a light absorbing layer reducing
the ambient light injected into the device and the reflection
of ambient light from the metal cathode. What different
from the reported contrast-enhanced OLED devices [34–
36] is that the light absorbing layer is located on the anode
position not the cathode side, which preserved the Al cath-
ode’s reflective effect on the luminescence of light-emitting
layer and hence enhanced light output efficiency.

Taking the measured spectral reflectance R(k) into
equation(2) yielded the RL = 13.7% of the OLED based on
the PEDOT:PSS covered SWCNT anode, which was nearly
one-fourth of that of the conventional ITO-based OLED,
49.2%, and one-twice of that of the OLED device based on
the PEDOT:PSS polymer anode, 25.5%.

The lower RL of OLED device can lead to higher contrast
ratio of display. Using Eq. (1) and the values of the resul-
tant RL, we calculated the contrast ratio of the OLED
devices based on the various anodes, as presented in
Fig. 4(c). It is found that the contrast ratio of OLED based
on PEDOT:PSS covered SWCNT anode was over 3 times
higher than that of the ITO-based OLED at the ambient illu-
minance from 100 to 1600 lx. The enhancement in the con-
trast ratio is exactly attributable to the decrease in the
luminous reflectance, RL.

In conclusion, we successfully fabricated high perfor-
mance OLED devices based on the SWCNT anodes with en-
hanced contrast ratio. The maximum luminance and
current efficiency reached 4224 cd/m2 and 3.12 cd/A
respectively. By spray-coating process without any use of
surfactant or acid treatment, our experiment demonstrated
the possibility of using commercially-available SWCNTs
and simple process to make OLED device suitable for
large-area manufacture. Our work reveals that the spray-
coated layer of PEDOT:PSS played a significant role in
improving resistance and surface roughness of the SWCNT
anode which is critical to the high performance and stabil-
ity of SWCNT-based OLED devices. We further demon-
strated that the OLED device based on PEDOT:PSS covered
SWCNT anode exhibited considerably reduced spectral
reflectance and enhanced contrast ratio. This can be an-
other advantage of SWCNT over ITO to be employed as
transparent anode in the application of OLED displays.
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