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P
olymer-based optoelectronics have
been researched over the past few
decades. In particular, polymeric light-

emitting diodes (PLEDs) have been investi-
gated for displays, solid-state lightening,
and flexible electronic devices.1�7 For com-
mercial application, extensive research ef-
forts have been devoted to improving the
efficiency and stability of PLEDs. Neverthe-
less, considerable room for improvement
with regard to the efficiency and stability
of PLEDs remains.
Charge injection/transport layers are very

important components in high-performance
optoelectronics such as PLEDs and organic
photovoltaics (OPVs).8�10 Particularly, the
interfaces between the charge transport
layer and the emissive semiconducting layer
are crucial in the operating characteristics,
the stability, and the performance of the
devices.11�13 Poly(styrenesulfonate)-doped
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)
is usually used as the hole transport layer
(HTL) as it reduces the contact barrier
between the ITO and the active semi-
conducting polymers and reduces the ITO
roughness upon coating with it. However,
a highly acidic aqueous solution of
PEDOT:PSS can gradually corrode an ITO
electrode14 and eventually degrade the
performance and long-term stability of
devices.15 Moreover, significant quenching
of radiative excitons normally occurs be-
tween PEDOT:PSS and an emissive semi-
conductor interface,16 despite the fact that
PEPOT:PSS is a good HTL with high electric
conductivity. Recently, many groups have
tried to replace PEDOT:PSS layers or use a
thin buffer layer between PEDOT:PSS and
the emissive layer interface to reduce ex-
citon quenching.17�21 Moreover, thin metal

oxide films ofMoO3,
22�29WO3,

30,31 NiO,32,33

V2O5,
28,34,35 and Fe3O4

36 were suggested for
the efficient charge transport of organic

optoelectronics with excellent air-stability,

optical transparency, and mechanical

robustness.24�27,30 However, the require-

ment of a vacuum evaporation technique

for semiconducting metal oxides makes the

fabrication process complex. Therefore, the

motivation behind our research is to find a

suitable solution-processable substitute for

PEDOT:PSS toovercomethecurrent limitations
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ABSTRACT We present an

investigation of polymer light-

emitting diodes (PLEDs) with a

solution-processable graphene

oxide (GO) interlayer. The GO

layer with a wide band gap

blocks electron transport from

an emissive polymer to an ITO

anode while reducing the ex-

citon quenching between the

GO and the active layer in place

of poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS). This GO inter-

layer maximizes hole�electron recombinations within the emissive layer, finally enhancing

device performance and efficiency levels in PLEDs. It was found that the thickness of the GO layer

is an important factor in device performance. PLEDs with a 4.3 nm thick GO interlayer are superior

to both those with PEDOT:PSS layers as well as those with rGO, showing maximum luminance of

39 000 Cd/m2, maximum luminous efficiencies of 19.1 Cd/A (at 6.8 V), and maximum power

efficiency as high as 11.0 lm/W (at 4.4 V). This indicates that PLEDs with a GO layer show a 220%

increase in their luminous efficiency and 280% increase in their power conversion efficiency

compared to PLEDs with PEDOT:PSS.

KEYWORDS: graphene oxide . polymer light-emitting diodes .
hole transport layer . super yellow
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with regard to device performance/efficiency and
stability.
Chemical vapor deposition (CVD)-grown graph-

ene4,37�39 and reduced graphene oxide (rGO)40�45

have been studied as promising alternatives for ITO
for transparent electrodes in organic optoelectronic
devices due to the optical transparency, mechanical
flexibility, and high electroconductivity of these
materials.46�53 Recently, GO as a HTL was introduced
in organic solar cells (OSCs).54,55 The efficiency of OSCs
with a GO layer was comparable to devices fabricated
with PEDOT:PSS. On the other hand, GO functionalized
with 4-octoxyphenyl diazonium tetrafluoroborate was
utilized as a HTL in organic LEDs (OLEDs), showing that
the efficiency of OLEDs with a functionalized GO layer
was enhanced by 150% compared to the reference
device with PEDOT:PSS.56 However, there is a lack of
supporting data regarding the origin of the improved
efficiency, such as data pertaining to the energy align-
ment and characterization of the functionalized GO.
Here we demonstrate a direct method to improve

the efficiency and performance of PLEDs with solution-
processable graphene oxide (GO) as a HTL. This GO
interlayer of an optimum thickness prevents significant
quenching of the radiative excitons between the emis-
sive polymer and the GO layer and enables balanced
electron and hole injection by blocking the electrons
from SY to the ITO, thus enhancing both device
performance and efficiency in PLEDs. Furthermore,
the mechanism of enhanced performance by a GO
layer is supported by the electron-blocking behaviors
of the GO layers and by a comparison of the photo-
luminescence (PL) intensities and Voc measurements in
organic photovoltaic devices.

RESULTS AND DISCUSSION

Figure 1a presents the complete device architecture
of PLEDs using negatively charged GO. The PLEDswere
prepared by the sequential deposition of ITO (150 nm)
as a transparent anode, GO as a HTL, poly(phenylvin-

ylene): super yellow (SY, Merck Co., Mw = 1 950 000
gmol�1) (150 nm) as an emissive layer, LiF (1 nm) as an

electron injection/transporting layer (EIL/ETL), and Al
(70 nm) as metallic cathode. The chemical structure of
negatively charged GO contains chemical functional

groups such as carboxyl, hydroxyl, and epoxy groups.
The functional groups, in this case the epoxy and
hydroxyl groups, disrupt the sp2 conjugation of the

hexagonal graphene lattice in the basal plane. Thus,
GO behaves as an insulator with a large band gap of

around 3.6 eV.54 The Fermi level of the GO used in this
study was about 4.89 eV, whereas the Fermi level of
the rGO used in this study was about 4.79 eV according

to ultraviolet photoemission spectroscopy (UPS)
measurements (see Figure 4a,b below). The reduc-

tion of GO removes the functional groups in the GO

sheets, partially restores sp2 conjugation, and therefore
reduces the band gap to 1.15 eV.57 The rGO with the
decreased band gap shows different behavior from a
GO layer in the PLEDs (see Figure 3 and Table 1 below).
Figure 2 shows atomic force microscopy (AFM)

images of four GO films on substrates. The morphology
and thickness of the GO films depend on the number of
spin-coated layers. It was difficult to fabricate full-coverage
GO films by spin-coating on ITO substrates only once or
twice (Figure 2a,b). However, Figure 2b shows connected
GO sheets despite the vacant sites that exist. Additional
repetitions of spin-coating led to the desired full coverage
of GO films, and the average thicknesses of theGO films in
Figure 2c,d were measured to be approximately 4.3 and
5.3 nm, respectively, by ellipsometry.
The device characterizations of PLEDs with/without

PEDOT:PSS, with rGO, and with different thickness of
the GO layer are presented in terms of (a) the current
density versus the applied voltage (J�V), (b) the lumi-
nance versus the applied voltage (L�V), (c) the lumi-
nous efficiency versus the voltage (E�V), and (d) the
power efficiency versus the voltage (P�V), as shown in
Figure 3. We note that all of the devices represented
the original green emission of SY regardless of the type
of HTL or the applied voltages, as shown in Figure S1 in
the Supporting Information. Reference PLEDs with
PEDOT:PSS showed a maximum luminance of 33 800
cd/m2 (at 12.6 V) and luminous efficiency of 8.7 cd/A (at
9.6 V). For PLEDs with a rGO layer, the maximum
luminance (8300 cd/m2 at 13.0 V) and luminous effi-
ciency (5.0 cd/A at 8.6 V) were much lower than those
of PLEDswith PEDOT:PSS due to the lower conductivity
of the rGO layer and the lower hole injection caused by
the higher contact barrier between the rGO and the SY.
In contrast, PLEDswith a GO layer showed enhanced EL
efficiency and luminance. Among different conditions
of GO layers, optimized PLEDs using a 4.3 nm thick GO
filmwith full coverage exhibited the highest luminance
value of 39 000 cd/m2 (at 10.8 V), highest luminous

Figure 1. (a) Device schematics of PLEDs with a GO layer
and the chemical structure of the GO. (b) Schematic energy
diagrams of the flat band conditions of PLEDs with a HTL
(rGO, GO, and PEDOT:PSS).
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efficiency value of 19.1 cd/A (at 6.8 V) and highest
power efficiency value of 11.0 lm/W (at 4.4 V), which
were enhanced by roughly 120, 220, and 280%, re-
spectively, compared to the conventionally structured
devices with PEDOT:PSS. From the energy level dia-
gram shown in Figure 1b, the electron blocking of the
GO film with a large band gap from the SY to the ITO
anode can be expected, which was different from the
rGO film with a small band gap. This electron-blocking
effect optimized the electron�hole recombination
probability within the emissive SY layer and therefore
enhanced the device performance and efficiency in
PLEDs. Here, we emphasize that it is quite important to
find the optimum thickness of the GO layer for high
performance and feasible efficiency of PLEDs. The
thinner GO films did not bring the best results due to

their poor electron-blocking behavior, whereas the
thicker GO film degraded the device performance
and efficiency due to the increase in the contact
resistance, resulting in lower hole injection/transfer.
Note that the efficiency of the PLED with the thin
GO layer in Figure 3b is still better than that with
PEDOT:PSS, which is consistent with the result by
Zhong et al.56 The detailed device characteristics are
summarized in Table 1. The performance and efficiency
of OLEDs with a GO layer as a HTL will be still enhanced
even though phosphorescent materials are used in-
stead of SY as active materials. We plan to use the
phosphorescent-based iridium complexes in future
study. As for the lifetime of devices, Yun et al. has
already demonstrated that the lifetime of the rGO-
based organic solar cell is better than that of the

TABLE 1. Device Performances of PLEDs with Different Hole Transport Layers

device configuration

maximum luminance

(cd/m2) (at voltage)

maximum luminous efficiency

(cd/A) (at voltage)

maximum power efficiency

(lm/W) (at voltage)

maximum EQE (%)

(at voltage)

turn on voltage

(V)

ITO/SY/LiF/Al 700 (16.0 V) 1.4 (8.4 V) 0.6 (6.6 V) 0.6 (8.4 V) 2.8
ITO/PEDOT:PSS/SY/LiF/Al 33800 (12.6 V) 8.7 (9.6 V) 3.9 (5.2 V) 3.5 (9.2 V) 1.8
ITO/GO[2.0 nm]/SY/LiF/Al 31400 (12.4 V) 8.8 (9.4 V) 4.2 (5.0 V) 3.3 (8.2 V) 1.8
ITO/GO[2.6 nm]/SY/LiF/Al 35100 (12.0 V) 14.3 (8.6 V) 6.6 (5.4 V) 5.0 (8.4 V) 1.8
ITO/GO[4.3 nm]/SY/LiF/Al 39000 (10.8 V) 19.1 (6.8 V) 11.0 (4.4 V) 6.7 (6.8 V) 1.8
ITO/GO[5.2 nm]/SY/LiF/Al 28500 (11.2 V) 13.9 (7.4 V) 8.6 (4.0 V) 5.0 (7.4 V) 1.8
ITO/rGO[4.3 nm]/SY/LiF/Al 8300 (13.0 V) 5.0 (8.6 V) 2.0 (6.2 V) 1.8 (8.6 V) 1.8

Figure 2. AFM images of different thicknesses of GO of approximately (a) 2.0 nm, (b) 2.6 nm, (c) 4.3 nm, and (d) 5.3 nm.
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PEDOT:PSS-based organic solar cell due to the highly
acidic (pH ∼ 1) suspension of PEDOT:PSS.55 Therefore,

the lifetime of the GO-based PLED is also expected to
be better than the PEDOT:PSS-based one.
To confirm the energy levels of GO, rGO, and PEDOT:

PSS, ultraviolet photoelectron spectroscopy (UPS)
measurements were performed. From the UPS mea-
surements, the work function values were calculated

from the difference between the inelastic cutoff and
the Fermi edge, as shown Figure 4a,b. While the
PEDOT:PSS layer showed a work function of 4.95 eV,
GO and rGO showed values of 4.89 and 4.79 eV, respec-
tively. Photovoltaic measurements were also conducted

to confirm thework function values by the UPSmeasure-

ments. The device structure of OPVs, as prepared by the
sequential deposition of ITO, PEDOT:PSS, or GO, poly(3-

hexylthiophene) (P3HT, Merck Co.,Mw = 75000 gmol�1,

RR > 97%), and Al, is presented in Figure 4c. The J�V

curves of these devices were measured under AM 1.5G
illumination at 100mW/cm2. Generally, the Voc value of a

metal�insulator�metal (MIM) device is determined by

the difference in the work function values of the two

metal contacts.58 In theOPV structures here, the different
values of Voc were influenced by the different work

function of the PEDOT:PSS and the GO-modified ITO,

while the work function of the Al cathode was fixed. The

Voc value of theOPVswith theGO layerwas lower (0.53 V)

than that with PEDOT:PSS (0.66 V), as shown in Figure 4d.
As a result, we confirmed the work function of GO and

PEDOT:PSS, as shown in Figure 1b.
Figure 5a,b shows the architecture of the PLEDs and

the electroluminescence (EL) spectra of the devices to
demonstrate the electron-blocking behavior of the GO
layers used in this work. The devices include two light-
emitting polymer layers of SPR-001 (red-light-emitting
polymer, Merck Co.) and SY (green-light-emitting poly-
mer,Merck Co.). The structure of SPR-001 is unknown. It
was difficult to deposit the hydrophilic GO film suc-
cessfully by spin-casting it onto the hydrophobic SPR-
001 or SY in a polymer/GO/polymer device structure.
To coat a GO film, we performed a brief UV/O3 treat-
ment for 30 s on the polymer surface, after which we

Figure 3. (a) Current density vs applied voltage (J�V), (b) luminance vs the applied voltage (L�V), (c) luminous efficiency vs
the applied voltage (E�V), and (d) power efficiency vs the applied voltage (P�V) curves for various charge transport layers.

Figure 4. Ultraviolet photoemission spectroscopy (UPS)
spectra of rGO, GO, and PEDOT:PSS HTLs: (a) inelastic cutoff
region and (b) Fermi edge region. (c) Device structure of
OPVs and (d) J�V characterization of OPVs with/without a
hole transport layer (HTL) (PEDOT:PSS or GO).
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confirmed that the EL spectra of pristine andbrieflyUV/
O3-treated polymer films (SPR-001 or SY) were nearly
identical.
When the GO film was introduced between the SY

and the SPR-001 layers (ITO/SY/GO/SPR-001/LiF/Al
configuration), red emission (pink link) was dominant,
as shown in Figure 5b. In contrast, a device with the
reversed order of ITO/SPR-001/GO/SY/LiF/Al exhibited
green emission (blue line) dominantly. This result
suggests that the GO film effectively blocked the
electron transport from the SY layer into the SPR-001
layer in the ITO/SPR-001/GO/SY/LiF/Al structure. There-
fore, recombinations between the injected holes and
electrons mainly occurred within the SY layer. The EL
spectrum almost overlappedwith that of the SY single-
emitting-layer device, demonstrating the effective
electron-blocking capabilities by GO film, although
there was a small effect of red emission by the red
shift. However, when the rGO film was inserted be-
tween the SPR-001 and SY layers (ITO/SPR-001/GO/SY/
LiF/Al configuration), red emission (gray line) was

dominant, which was entirely different from the de-
vices with the GO films due to the lack of an electron-
blocking effect from the small band gap rGO film. We
note that the GO film effectively blocks the electron
transfer and optimizes hole�electron recombinations
within the emissive layer, finally increasing the device
efficiency in PLEDs.
Photoluminescence (PL) measurement experiments

also support the high device efficiency gained when
using GO film. Among the PL intensities of SY film
(10 nm), PEDOT:PSS/SY(10 nm), rGO/SY (10 nm), and
GO/SY (10 nm) on quartz substrates, the PL intensity of
PEDOT:PSS showed the lower value, as represented by
the significant exciton quenching that occurred at the
PEDOT:PSS/SY interface. However, PL quenching of
GO/SY film was less than that of PEDOT:PSS/SY film
according to a comparison of the PL intensities, as
shown in Figure 5c. Larger PL quenching also occurs at
the rGO/SY (10 nm) interface due to interconnectivity
of the localized sp2 sites in the reduction process of
GO.59 The exciton lifetime of SY was also measured by

Figure 5. (a,b) Electron-blocking property of GO. Schematic energy diagrams of the devices used to evaluate the electron-
blocking behavior of GO: (a) ITO/SPR-001/GO or rGO/super yellow/LiF/Al. (b) Electroluminescence (EL) spectra of diverse
device configurations. (c) Photoluminescence (PL) spectra of SY films on quartz, PEDOT:PSS/quartz, rGO/quartz, and GO/
quartz substrates. (d) Transmittance of HTL (PEDOT:PSS, GO) measured using a UV�vis spectrometer. (e) Time-resolved PL
signal of SY, PEDOT:PSS/SY, rGO/SY, and GO/SY films, measured by time-correlated single photon counting (TCSPC). (f)
Exciton lifetime of SY, PEDOT:PSS/SY, rGO/SY, and GO/SY films.
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using time-correlated single photon counting (TCSPC)
to investigate the exciton quenching of SY on the
different substrates. The quartz/SY was prepared for
reference. As shown in Figure 5e,f, TCSPC results were
consistent with the steady-state PL results in Figure 5c.
The exciton lifetimes at 550 nmdecreased dramatically
from 0.306 ns in the SY film on quartz to 0.229 ns on
PEDOT:PSS. On the other hand, the significant decrease
in the exciton lifetime was not found by replacing
PEDOT:PSS with a GO layer. The exciton lifetime of SY
on the GO layer at 550 nm is 0.283 ns, which is about
92% of the exciton lifetime of SY on quartz. It indicates
that exciton quenching at the interface of GO and SY is
much less than that at the interface of PEDOT:PSS and

SY, as shown in Figure 5e,f and Table 2. The increase in
the exciton lifetime is related to the increase in the
device lifetime.16 PL quantum efficiency (PLQE), mea-
sured inside an integrating sphere with an excitation
wavelength of 450 nm, also supports this result, as
shown in Table 3. The optical transmission spectra of
different thicknesses of GO layers deposited on ITO/
glass substrates are shown in Figure 5d. Although the
transmittance decreases slightly with the thickness,
there was no significant change in the transparence
of the anode substrates with the thin GO.

CONCLUSION

We demonstrated a straightforward means of en-
hancing device efficiency by introducing wide band
gap GO HTLs between the ITO and the active polymer
instead of PEDOT:PSS. PLEDs with a GO interlayer
perform better than both those with PEDOT:PSS and
rGO, showing maximum luminance of 39 000 Cd/m2

andmaximum efficiency levels as high as 19.1 Cd/A (at
6.8 V). The luminous efficiencies with GO are approxi-
mately 2.2-fold higher than that with PEDOT:PSS and
4-fold higher than that with rGO. Furthermore, we
determined the cause of greatly improved efficiency
with observations of the EL spectra in an effort to
evaluate the electron-blocking behaviors of the GO
layer in the ITO/SPR-001/GO or rGO/SY/LiF/Al config-
uration, with a comparison of the PL intensities of
PEDOT:PSS/active polymer (10 nm) and GO/active
polymer (10 nm) samples to investigate exciton
quenching. The GO layer provides an excellent alter-
native to PEDOT:PSS in optoelectronic devices such as
OPVs and PLEDs.

EXPERIMENTAL METHODS
Synthesis of GO. Graphite oxide was synthesized by the

modified Hummers method and exfoliated to give a brown
dispersion of graphene oxide under ultrasonication.60,61 The
resulting graphene oxide (GO) was negatively charged over a
wide pH condition, as the GO sheet had chemical functional
groups of carboxylic acids.

Synthesis of rGO. The GO solution (10.0 mL, 0.50 mg/mL) was
mixed with 10.0 μL of hydrazine solution (35 wt % in water,
Aldrich) and 70.0 μL of ammonia solution (30%, Samchun). After
stirring for 10min, the reactionmixturewas heated to 95 �C for 1
h to afford the reduced graphene oxide (rGO) solution used in
this study.

PLED and PSC Fabrication. Two devices (PLEDs and PSCs) were
fabricated on patterned ITO-coated glass substrates, which had
been cleaned by a sequential ultrasonic treatment in acetone and
isopropyl alcohol (IPA) and were then dried under a N2 stream.

A negatively charged graphene oxide (GO) solution
(0.5 mg mL�1) at pH 3.3 was dropped after an oxygen plasma
treatment to introduce a hydrophilic surface onto the ITO
substrates. The dropped GO was maintained for a waiting
period of 2 min and was then spun at 3000 rpm for 30 s. The
above procedures were repeated to achieve the desired full
coverage of the GO sheets.

For the PLEDs, SY solution dissolved in chlorobenzene
(0.7 wt %) was spin-cast at 2000 rpm for 45 s on top of a GO
layer, after which it was annealed at 80 �C for 30 min to obtain a

150 nm thick SY layer on the PLEDs. Finally, a 1 nm thick LiF layer
and a 70 nm thick Al layer were thermally evaporated on the SY
layer to complete the fabrication of the device.

For the PSCs, a P3HT solution dissolved in chlorobenzene
(1.0 wt %) was spin-cast at 700 rpm for 60 s on top of a GO layer
and was then annealed at 150 �C for 10 min to obtain a 100 nm
thick P3HT layer on the PSCs. A 70 nm thick Al layer was
thermally evaporated on the P3HT layer to complete the
fabrication of the device.

PLED Device Characterization. The current density and lumi-
nance versus the applied voltage characteristics weremeasured
using a Keithley 2400 source measurement unit and a Konica
Minolta spectroradiometer (CS-2000).

PSC Device Characterization. Measurements were carried out
with solar cells inside a glovebox using a high-quality optical
fiber to guide the light from the solar simulator, which was
equipped with a Keithley 2635A source measurement unit.
The J�V curves of the devices were measured under AM 1.5G
illumination at 100 mW/cm2.

Electron Blocking of PLEDs. The devices for this part of the
experiment were prepared along with the fabrication of the
PLEDs. In addition, a SPR-001 solution dissolved in chloroben-
zene (1.4 wt %) was spin-cast at 2000 rpm for 45 s on ITO, after
which the polymer surface underwent a perform brief UV/O3

treatment for the deposit of the GO film.
Characterizations. The surface roughness and thickness of the

GO/Si were measured by AFM (Veeco, USA). A UV�vis

TABLE 2. Exciton Lifetime of SY, PEDOT:PSS/SY, rGO/SY,

and GO/SY Films

sample τ1(f1) (ns) τ2(f2) (ns) χ2 τavr (ns)

quartz/SY(10 nm) 0.793(0.14) 0.224(0.86) 1.881 0.306
quartz/PEDOT:PSS/SY(10 nm) 0.646(0.12) 0.171(0.88) 1.740 0.229
quartz/GO/SY(10 nm) 0.670(0.16) 0.206(0.84) 1.668 0.283
quartz/rGO/SY(10 nm) 0.590(0.12) 0.168(0.88) 1.856 0.218

TABLE 3. PL Quantum Efficiency (PLQE) for SY Films in

Several Sample Configurations Measured Inside an

Integrating Sphere with an Excitation Wavelength of

450 nm

configuration PLQE (%)

quartz/SY(10 nm) 68
quartz/PEDOT:PSS/SY(10 nm) 45
quartz/GO/SY(10 nm) 51
quartz/rGO/SY(10 nm) 33
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spectrometer (Varian Cary 5000) was utilized to measure the
optical transmittance levels of the ITO, ITO/PEDOT:PSS, and GO/
ITO. The PL intensities of the SY(10 nm)/quartz, SY(10 nm)/PEDOT:
PSS/quartz, and SY(10 nm)/GO/quartz were measured using
photoluminescence spectroscopy (Edinburgh Instruments Ltd.).

Time-Correlated Single Photon Counting Characterization. For mea-
suring exciton lifetimes, time-correlated single photon counting
(TCSPC) was performed. The second harmonic (SHG = 420 nm)
of a tunable Ti:sapphire laser (Mira900, Coherent) with ∼150 fs
pulse width and 76 MHz repetition rate was used as an excita-
tion source. The PL emission was spectrally resolved by using
some collection optics and amonochromator (SP-2150i, Acton).
The TCSPC module (PicoHarp, PicoQuant) with a MCP-PMT
(R3809U-59, Hamamatsu) was used for ultrafast detection. The
total instrument response function (IRF) for PL decaywas less than
150 ps, and the temporal time resolution was less than 10 ps. The
deconvolution of actual fluorescence decay and IRF was per-
formed by using a fitting software (FlouFit, PicoQuant) to deduce
the time constant associated with each exponential decay.
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