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he first OLEDs' 3 were a scientific

breakthrough, as few expected

carbon-based semiconductors to
emit light under electrical stimulation as ul-
trapure inorganic semiconductors do. OLED
devices based on light-emitting and semi-
conducting polymers* (termed p-OLEDs)
are particularly interesting from the per-
spective of low-cost fabrication using roll-
to-roll techniques since the polymeric active
material can be processed from solution.
The p-OLED is typically built in a relatively
simple structure with two charge-injecting
electrodes sandwiching the light-emitting
polymer. Holes are injected into the HOMO
of the polymer from the positive anode, and
electrons are injected into the LUMO of the
polymer from the negative cathode. These
holes and electrons recombine in the bulk
of the polymer forming an exciton, which
can decay and emit light. In order to inject
the holes and electrons in an efficient and
balanced manner, the work function of the
anode and cathode must, to a first approxi-
mation, match the HOMO and LUMO of
the light-emitting polymer, respectively.

The most commonly used anode ma-

terial in p-OLED:s is ITO. When coated with
a thin and planarizing layer of poly(3,4-
ethylenedioxythiophene) mixed with poly-
(styrenesulfonate) (PEDOT-PSS), ITO has an
appropriate work function for hole injection
and high conductivity and transparency;
the latter is important so that the light gen-
erated within the active layer can escape
the confines of the device. However, ITO is
far from an ideal material from a life-cycle
perspective because it should be handled
carefully when recycled (as with many inor-
ganic electronic materials), it must be trans-
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ABSTRACT The emerging field of “organic” or “plastic” electronics has brought low-voltage, ultrathin, and

energy-efficient lighting and displays to market as organic light-emitting diode (OLED) televisions and displays

in cameras and mobile phones. Despite using carbon-based materials as the light-emitting layer, previous efficient

organic electronic light-emitting devices have required at least one metal electrode. Here, we utilize chemically

derived graphene for the transparent cathode in an all-plastic sandwich-structure device, similar to an OLED, called

a light-emitting electrochemical cell (LEC). Using a screen-printable conducting polymer as a partially transparent

anode and a micrometer-thick active layer solution-deposited from a blend of a light-emitting polymer and a

polymer electrolyte, we demonstrate a light-emitting device based solely on solution-processable carbon-based

materials. Our results demonstrate that low-voltage, inexpensive, and efficient light-emitting devices can be made

without using metals. In other words, electronics can truly be “organic”.

KEYWORDS: graphene - light-emitting device - polymer - light-emitting

electrochemical cell - electroluminescence

ported over long distances, and the world’s
reserve of In is apparently being depleted.
Accordingly, researchers have been search-
ing for transparent, conducting alternatives
to ITO for over 15 years.

The situation regarding the cathode in
p-OLEDs is even more challenging. The po-
sition of the LUMO of commonly employed
light-emitting polymers dictates that the
cathode must have a very low work func-
tion, which unfortunately is concomitant
with poor stability under ambient condi-
tions as such materials are prone to react
with oxygen and moisture. Moreover, the
deposition of such low work-function cath-
ode materials in p-OLEDs (e.g., Ca or Ba) is
not amenable to solution processing, which
has prohibited the realization of a solely
solution-processed OLED device.

Recently, an exciting carbon-based ma-
terial called graphene was “discovered”.
Besides its fascinating electron transport
properties,” graphene can be solution-
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Figure 1. All-plastic, solution-processed LECs. (a) Schematic illustrating the structure and operation of the device. During
operation, light is emitted both upward, through the PEDOT-PSS electrode, and downward, through the graphene elec-
trode. (b) Photograph of an LEC during light emission, as viewed through the graphene cathode. (c) Similar photograph, as
viewed through the PEDOT-PSS anode. Photo courtesy of the authors.

processable, highly conductive, and nearly Upon thermal annealing, the chemically derived
transparent.®~"" When oxidized and exfoliated from graphene (CDG) forms a conductive, transparent film
graphite, graphene oxide can be suspended in water, suitable for use as the electrode in opto-electronic com-

coated onto a surface, and then chemically reduced.’? ponents. However, considering the high work function
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of CDG, reported to be between 4.2 and 4.6 eV depend-
ing on the chemical composition,' it is unreasonable
to expect that it will be a viable cathode material in
p-OLED applications.

Here, we have employed a frequently overlooked al-
ternative to the OLED: the light-emitting electrochemi-
cal cell (LEC).™ It is similar to a p-OLED in structure, but
in LEC devices the light-emitting polymer (or small-
molecule compound) is blended with an electrolyte.
The mobile ions in the electrolyte rearrange when a po-
tential is applied between the electrodes, forming high
charge-density layers at each electrode interface, allow-
ing efficient and balanced injection of electrons and
holes into the polymer.”® It is particularly noteworthy
that efficient injection is possible regardless of the work
function of the electrodes, as exemplified by the use
of stable materials (such as gold) for both the cathode
and anode in LEC devices.'®'” Unfortunately, electro-
chemical side reactions, involving, for example, the
electrode materials, can cause problems.’®'® Recent
LEC devices have demonstrated distinct improvements
in performance, both from an operational lifetime and
from an efficiency perspective.°~2* However, the LEC
devices reported to date have invariably relied on at
least one metal-based electrode.

Here, we report an LEC made entirely of organic ma-
terials (i.e., without any metal electrode) and in which
all of the components (cathode, anode, and active ma-
terial) are solution-processable. We used CDG as the
cathode and a commercially available PEDOT-PSS “ink”
(designed for screen printing) as the anode. The active
layer contained a blend of a poly(para-phenylene vi-
nylene) copolymer called “Super Yellow” (SY) and an
electrolyte in the form of the salt KCF3SOs dissolved in
poly(ethylene oxide) (PEO). A schematic of the device
structure and operation is presented in Figure 1a. The
ions in the active layer facilitate not only efficient and
balanced injection but also electrochemical doping of
the semiconducting polymer.'*~162% The p- and
n-doped regions extend from the anode and cathode,
respectively, growing until a light-emitting p—n junc-
tion is formed (see Figure 1a). As a result, the thickness
of the active layer in an LEC has a marginal impact on
the device's performance, in sharp contrast to the case
of an OLED. This has clear advantages when solution
processing the films, as coating and printing pin-hole-
free films around 100 nm thick (as is required in
p-OLEDs) over large surfaces has proven to be very chal-
lenging. The LEC devices presented in this paper all
have active layers between 1 and 2 wm thick. Two pho-
tographs of operating “thick” devices, as viewed
through the graphene cathode and PEDOT-PSS anode
are presented in Figure 1b,c, respectively.

Figure 2a presents the current density and the
brightness (measured from the graphene cathode side)
for a PEDOT-PSS/{SY +PEO+KCF350s}/graphene device
as a function of applied voltage, recorded with a scan
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Figure 2. Optoelectronic performance of a carbon-based, metal-
free LEC. Current density (solid black squares) and brightness
(open blue circles) as a function of voltage for a PEDOT-PSS/
{SY+PEO+KCF;S0s}/graphene device, recorded at a scan rate of
0.01 V/s. (a) Brightness as a function of voltage in linear scale. (b)
shows the same plot as (a) but in logarithmic scale near the
turn-on voltage.

rate of 0.01 V/s. Figure 2b shows the brightness data

in better detail at low voltages, which reveals that the
device begins to emit light at a voltage Viym-on = 2.8 V.
This is notably close to the band gap potential of SY,
Ve = Eg/e =~ 2.4—2.5V, particularly considering the
modest conductivity of the solution-processed
graphene cathode (sheet resistivity =~ 5 k{}/square,
compared to, e.g., approximately 20 {}/square for a typi-
cal ITO electrode) and the generous thickness of the ac-
tive layer.

Since each electrode in this device is at least par-
tially transparent, light is emitted in “all” directions,
that is, through both the graphene cathode and the
PEDOT-PSS anode. This is clearly demonstrated in the
photograph in Figure 3a, where an operating device in
a dark room illuminates two white sheets of paper, po-
sitioned on opposite sides of the device. The light emit-
ted from each side is similar in intensity, as demon-
strated in the graphs provided in Figure 3b,c, which
present the current density and brightness as a func-
tion of voltage for two PEDOT-PSS/{SY +PEO+KCF;S0s}/
graphene devices recorded at a scan rate of 0.1 V/s from
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Figure 3. Omni-directional light emission from a carbon-based, metal-free LEC. (a) Photograph of the two-sided emission from the
sandwich device. The edge of the light-emitting device is visible in the specially designed holder. Light coming through the PEDOT-
PSS anode illuminates a sheet of paper above the device, while the light visible from the lower side of the device has passed through
the graphene cathode. (b) Current density and brightness, measured through the graphene cathode, versus applied potential swept
at 0.1 V/s. (c) Current density and brightness, measured through the PEDOT-PSS anode at the same sweep rate. University logos
used with permission from Link6éping University, Umea University, and Rutgers University.

the graphene cathode side and the PEDOT-PSS anode
side, respectively.

Considering the light emitted from both sides of
the device, we calculate the quantum efficiency and
the power conversion efficiency to be 9 cd/A and 5
Im/W, respectively, at V = 4 V for the device depicted
in Figure 2. These are rather impressive values, close to
the state-of-the-art for conjugated polymer LEC
devices. 20222627 Stjll, we believe there is considerable
room for improvement of both the chemistry of the de-
vices and our fabrication process.

We have also tested an LEC with a graphene anode
and an aluminum cathode (see the Supporting Informa-
tion) and find that graphene also works as an anode.
This means, in principle, that graphene could be used
as both electrodes in the LEC. We used PEDOT-PSS for
the top electrode in the devices described above be-
cause it was easier to coat and pattern PEDOT-PSS than
to laminate a second graphene electrode to a device.
The fact that graphene functions both as an anode and
a cathode in electrochemical devices, such as LECs, re-
flects the breadth of its electrochemical stability win-
dow and distinguishes graphene from, for example,
PEDOT-PSS and ITO. PEDOT-PSS only works well as an
anode because it is reduced to an undoped, dark blue,
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and poorly conducting redox state when operated as a
cathode. Similarly, ITO tends to turn brownish with con-
comitant degradation in the electrical conductivity
when biased as the negative cathode in an electro-
chemical device.

To test the use of graphene as a transparent anode
in a p-OLED, we fabricated devices by coating a thin
layer of SY (thickness =~ 70 nm) on top of a graphene
anode and completed the stack with a Ca cathode. Even
though the p-OLED devices were not optimized and
suffered from a relatively high leakage current (presum-
ably due to microshorts caused by the relatively rough
surface of the graphene anode), the reasonable device
performance (Vium-on = 7 V, >200 cd/m? and 1.5 cd/A at
V = 23 V) confirms that graphene can be a viable low-
cost replacement for ITO as the transparent anode in
OLEDs. Better results have recently been reported by
Wu et al.®

To summarize, we demonstrated an efficient
solid-state, metal-free, and solution-processed elec-
troluminescent LEC with a graphene cathode and
PEDOT-PSS anode. We point out that the broad elec-
trochemical stability of graphene and the work func-
tion independence of the LEC are both necessary to
make this possible. This demonstration that light-
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emitting devices can make the leap to ubiquitous
applications like consumer packaging seems timely
now that prior progress in the field of organic elec-

METHODS

Graphite powders (Branwell Graphite Ltd.) with size >425
wm were exfoliated via a modified Hummer's method.?® After re-
peated rinsing with acid used for the exfoliation, unexfoliated
graphite particles were removed by mild centrifugation. The
graphene oxide (GO) suspension (in water) was then diluted and
vacuum-filtered onto cellulose paper filters.'" The GO films were
deposited onto rigid (quartz) substrates and reduced in an Ar/H,
environment (Ar/H, 90:10) by annealing at 1000 °C for 15 min.
The films were preannealed at 200 °C in vacuum overnight to
minimize the possible loss of carbon atoms upon annealing. The
resulting graphene electrodes had a sheet resistivity of approxi-
mately 5 k(}/square.

The commercially available conjugated polymer, known as
“Super Yellow” (Merck catalogue number PDY-132), polyethyl-
ene oxide (M,, = 5 X 10° g/mol, Aldrich), and KCFsSO; (Alfa Ae-
sar, purity 98%) were each dissolved in cyclohexanone (Aldrich,
purity 99.8%) at a concentration of 5 mg/mL each. These three
master solutions were mixed together in a volume ratio of SY/
PEO/KCF3S03 = 1.0:1.35:0.25 to form a thick solution used for the
active layer in the LECs. The solution was drop-cast onto each 1
X 1 cm? graphene substrate and dried on a hot plate at T = 360
K for 12 h. The resulting thickness of the active layer was 1—2
pm. A mask was created by establishing a mesh pattern (indi-
vidual electrodes approximately 5 X 1 mm? each) in a thin cello-
phane mask. The mask was placed on the active material and at-
tached to the edges of the substrate, and the entire mask and
substrate assembly was heated at T = 360 K for =10 min. The
PEDOT-PSS blend (Clevios S V3, H.C. Starck) was spread on top
of the device using the edge of a glass microscope slide, which
rested on the mask. The mask was removed, and the device
again baked on a hot plate at T = 390 K for at least 12 h. We es-
timate the thickness of the PEDOT-PSS top electrodes to be
5—10 pwm. Finally, a Ag/AgCl paste was added to the edge of
the PEDOT-PSS and graphene electrodes to facilitate electronic
contact with the source meter. The entire device was placed in a
specially designed sample holder (parts of which are visible in
Figures 1b,c and 3a) that contacted the Ag/AgCl pads and al-
lowed each 5 X 1 mm? “pixel” to be addressed and measured
individually.

The p-OLED device was fabricated by spin coating a
graphene anode with the SY master solution, resulting in a SY
layer approximately 70 nm thick. A Ca cathode was then ther-
mally evaporated on top of the device (thickness 50 nm) through
a shadow mask. The Ca layer was thereafter capped with a thin
(50 nm) layer of Al thermally evaporated through the same mask
and inside the same evaporation chamber.

The devices were driven by, and current measured with, a
Keithley 2400 source meter. The brightness was measured us-
ing a calibrated photodiode with an eye response filter
(Hamamatsu Photonics, $9219-01) connected through a current-
to-voltage amplifier to a HP 34401A meter. All device fabrica-
tion and characterization were performed in two interconnected
N-filled gloveboxes with <1 ppm H,0 and <1 ppm 0.
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tronics is commercially available. After more than
20 years since their discovery, truly plastic electron-
ics have finally arrived.
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device under operation, optoelectronic measurements from a
graphene/{SY+PEO+KCF;SOs}/Al LEC, and a brief discussion of
using flexible substrates with graphene electrodes. This material
is available free of charge via the Internet at http://pubs.acs.org.
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