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he unanticipated exfoliation of gra-
Tphene by micromechanical draw-
ing triggered tremendous research
interest in graphene and graphene-based
materials."? The idealized atomic scale struc-
ture of graphene composed of monolayered
conjugated graphitic carbons presents numer-
ous extraordinary material properties, includ-
ing high electrical/thermal conductivity,'?
flexible but strong mechanical properties,**
high thermal/chemical stability,® ® and ex-
tremely large surface area,” within a genuine
two-dimension material. Such an unprece-
dented synergistic combination of versatile
properties renders graphene and graphene-
based materials promising components
for carbon-based functional materials and
devices.'®2°
The optoelectronic application of gra-
phene has been motivated from the optical
transparency,”'”'®2! mechanical flexibility,
and high electroconductivity of graphene,
which potentially complement or are alter-
natives for high-cost, mechanically brittle
transparent conductive oxides (TCOs). Cur-
rently, the chemical vapor deposition (CVD)
growth of graphene has been considered
the most promising preparation method
that can address the challenging requirements
for transparent electrodes, such as large-area
growth and high electroconductivity.>?2
Nevertheless, the expensive high-temperature
batch production and technological chal-
lenges for substrate transfer without con-
tamination, wrinkling, and damage of
graphene pose formidable technological
challenges.*** As an alternative, chemically
derived reduced graphene obtainable from
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Graphene is a promising candidate to complement brittle and expensive transparent con-
ducting oxides. Nevertheless, previous research efforts have paid little attention to reduced
graphene, which can be of great benefit due to low-cost solution processing without substrate
transfer. Here we demonstrate workfunction-tunable, highly conductive, N-doped reduced
graphene film, which is obtainable from the spin-casting of graphene oxide dispersion and can
be successfully employed as a transparent cathode for high-performance polymer light-emitting
diodes (PLEDs) as an alternative to fluorine-doped tin oxide (FT0). The sheet resistance of
N-doped reduced graphene attained 300 €2/C1 at 80% transmittance, one of the lowest values
ever reported from the reduction of graphene oxide films. The optimal doping of quaternary
nitrogen and the effective removal of oxygen functionalities via sequential hydrazine treatment
and thermal reduction accomplished the low resistance. The PLEDs employing N-doped reduced
graphene cathodes exhibited a maximum electroluminescence efficiency higher than those of
FTO0-based devices (4.0 cd/A for FTO and 7.0 cd/A for N-doped graphene at 17 000 cd/m?). The
reduced barrier for electron injection from a workfunction-tunable, N-doped reduced graphene
cathode offered this remarkable device performance.
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with many defects and electron-trapping oxygen func-
tional groups, resulting in significantly deteriorated elec-
troconductivity and other material properties.

In this work, we demonstrate an optimized reduc-
tion and substitutional N-doping of spin-cast graphene
oxide film and its successful application to transparent
cathodes for high-performance inverted polymer light-
emitting diodes (iPLEDs). An ultrathin graphene oxide
film was spin-cast from an aqueous dispersion onto a
display-grade glass substrate and was chemically and
thermally reduced and N-doped. Owing to the effec-
tive reduction accompanied by highly stable substitu-
tional doping of electron-rich N, the resultant reduced
graphene film attained a sheet resistance of ~300 Q/O0
at 80% optical transparency, which is one of the lowest
values ever reported for reduced graphene film pre-
pared from graphene oxide.>>3° Moreover, the work-
function of the graphene electrodes could be precisely
tuned by the N-doping level, and also a low work-
function N-doped reduced graphene film*® has been
successfully employed as transparent cathodes of
iPLEDs.*' " A reduced electron injection barrier from
the N-doped graphene cathode in iPLEDs accom-
plished remarkable device performance comparable
to that of the device employing commercially available
FTO electrodes.

RESULTS AND DISCUSSION

The preparation of an N-doped reduced graphene
electrode and the fabrication of iPLEDs are schemati-
cally described in Figures 1a—c. An aqueous dispersion
of graphene oxide (concentration: 3.1 mg/mL) was
prepared by a modified Hummers method and purified
by dialysis. The effective removal of ionic and acidic
impurities by dialysis enabled a highly concentrated
(more than 5 wt %) dispersion of monolayer-dominant
(>95%) graphene oxide sheets.'” The graphene oxide
aqueous solution was spin-cast onto display-grade glass
substrates (Corning 1737). This commercially available
glass substrate widely used in liquid crystal display
devices is thermally stable up to 750 °C, allowing a
high-temperature reduction and doping of graphene
oxide film. The graphene oxide films on glass substrates
were systematically reduced and N-doped by one of
three different strategies: (i) chemical treatment with
hydrazine vapor, (i) thermal treatment at 750 °C under a
H,/NH3 gas mixture, or (iii) sequential chemical and
thermal treatments. The straightforward solution cast-
ing onto a transparent glass substrate followed by
chemical and thermal reductions and doping ensured
a scalable arbitrary large-area casting of a transparent
conductive film, while avoiding the technological chal-
lenges caused by substrate transfer. Furthermore, unlike
CVD graphene, a ripple-free uniform film with a surface
rms (root-mean-square) roughness of ~0.58 nm was
attainable (Supporting Information Figure S1). This high
surface uniformity was crucial for the further multilayer
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device fabrication involved with spin-casting or other
solution processing.

The iPLEDs with a green-light-emitting polymer,
poly(9,9’-dioctylfluorene)-co-benzothiadiazole (F8BT),
were fabricated by employing N-doped reduced gra-
phene films on glass substrates as transparent cathodes
(Figure 1c). For a minimized oxygen contamination, the
devices were fabricated in a glovebox or a vacuum
chamber immediately after the preparation of reduced
graphene electrodes. Unlike conventional PLED archi-
tectures consisting of transparent anodes and low-
workfunction metallic cathodes,”>>3 this inverted archi-
tecture employed reduced graphene film as a transpar-
ent cathode and a high-workfunction metal (Au) as an
anode, respectively. Consequently, this architecture was
free from oxidative degradation of low-workfunction
metal (Ca or Ba) cathodes, which frequently causes poor
environmental stability and limited lifetime in conven-
tional PLEDs.>**> The ZnO layer and MoOs layer were
employed as electron and hole transport layers, respec-
tively. The Cs,COs layer acted as a hole-blocking layer to
minimize the hole leakage at the cathode and thereby
maximize the electron—hole recombination. We note
that this iPLED architecture usually demonstrates hole-
dominant device characteristics owing to the unprec-
edented barrier-free hole injection mediated by the
MoO; hole transport layer.** Therefore, the enhancement
of electron injection at the cathode is a crucial require-
ment for optimized and balanced device operation.

Figure 1d shows the UV—vis spectrum of a typical
reduced graphene film used in this work. Owing to the
highly dispersed monolayer graphene oxide dispersion,
the thickness and corresponding optical transmittance
of a graphene film could be precisely controlled by the
spinning rate and concentration of graphene oxide
dispersion. In this work, the graphene film thickness
was fixed at ~4 nm with an optical transparency of 80%
at 550 nm (Supporting Information Figure S1). This value
is acceptable for usual transparent electrode applica-
tions. Since monolayer graphene absorbs ~2.3% of
visible light,?’ the 80% transparency indicates eight- or
nine-layer stacking (reduced graphene generally has a
thickness of ~5 A, slightly larger than 3.5 A of native
graphene). After film casting, optimized reduction and
N-doping conditions were explored to minimize the
sheet resistance of a graphene film. In general, doping
intentionally introduces impurities for the purpose of
modifying electrical properties. A doped semiconductor
acts more like a conductor than a semiconductor due to
the enhanced electron or hole density supplied from the
dopant. In this work, N with a similar atom size but one
more valence electron than C was used as the atomic
dopant to enhance the electron density in the graphitic
plane. Nitrogen was supplied from hydrazine (N,H,) and
ammonia (NHs) during chemical and thermal reductions,
respectively. First, spin-cast graphene oxide films were
divided into two groups. One group was chemically
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Figure 1. (a—c) Schematic description of preparation and optoelectronic transparent electrode utilization of N-doped
reduced graphene film. (d) UV—vis spectrum of the N-doped graphene film. (e) Sheet resistances of hydrazine-untreated and -
pretreated reduced graphene films as a function of the H,/NHj; ratio during thermal reduction.

treated with hydrazine vapor for 1 h in a sealed vessel,
whereas the other group was maintained without any
treatment. The two groups were subsequently thermal-
treated at 750 °C for 5 min under various flow ratios of
H,/NH3 mixed gas.

Figure 1e shows the variation of the sheet resistance
(Rs) of reduced graphene film as a function of the H,/
NHj; ratio during thermal treatment (Supporting Infor-
mation Table S1). The R, values of both hydrazine-
treated and untreated samples showed “V” shapes with
the minima at the 6:4 H,/NHs ratio, which demonstrates
that appropriate N content during thermal treatment
was crucial to achieve a high conductivity. More sig-
nificantly, the R, values of hydrazine-pretreated samples
were lower than those of untreated samples over the
entire H,/NHjs ratio. The lowest sheet resistance value of
300 /00 was obtained for the thermal treatment of
hydrazine-pretreated graphene oxide film under a gas
flow rate of 60 sccm H,/40 sccm NHs. To confirm the
N-doping effect,®*3® Hall measurement based on the
van der Pauw method was performed for the reduced
graphene film with the lowest sheet resistance of 300
Q/O. As anticipated, the major carrier type was the
electrons due to the N-doping. The measured sheet
carrier density (1.98 x 10"° cm~2) was consistent with
the value calculated from the measured sheet resistance
(Hall measurement in Supporting Information).

The amounts of N dopant and remaining O in the
reduced graphene films were characterized by X-ray
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photoelectron spectroscopy (XPS). Figure 2a and b
represent the narrow scan spectra for the N and O
range of untreated and hydrazine-treated samples,
respectively. The N and O contents of untreated sam-
ples varied over a broad range with the H,/NH; ratio. In
contrast, those of the hydrazine-pretreated samples
showed a less pronounced variation. In particular, N
contents were maintained with almost the same values
of ~2.6% over the entire H,/NHj; ratio (Figure 2b and d).
We note that the O content of graphene oxide was
28.0%, and the N and O contents of hydrazine-treated
graphene oxide were 7.3% and 12.5%, respectively,
before thermal treatment (Supporting Information
Figure S2). It is evident that hydrazine treatment
greatly lowered the O content of graphene oxide and
further thermal treatment removed less stable N and O
atoms presumably present at physisorbed molecules
or dangling bonds. We note that the overall “V” shape
variation of Ry shown in Figure e is closely related to
the variation of the O/C ratio shown in Figure 2c.
Effective O removal by sequential chemical and ther-
mal reductions was crucial to achieve a high conduc-
tivity of reduced graphene oxide films.

As previously reported, N-doping can enhance the
electron density and thereby lower the workfunction
of graphitic carbon materials.>® % The workfunction of
N-doped reduced graphene film was measured by ultra-
violet photoelectron spectroscopy (UPS) (Supporting
Information Table S1). The measured workfunction was
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Figure 2. XPS spectra for N and O binding energy range of (a) untreated and (b) hydrazine-pretreated reduced graphene films

prepared by various flow ratios of H,/NH3 mixed gas at 750 °C.

(c) O/Cratio and (d) N/C ratio in reduced graphene films plotted

as a function of the H,/NHj3 ratio during thermal reduction. N-doping levels and workfunctions of (e) untreated and

(f) hydrazine-pretreated reduced graphene electrodes.

reciprocally proportional to the N-doping level (Figure 2e
and f). Films not treated with hydrazine revealed a
variation of 4.2—4.4 eV, while hydrazine-pretreated
film maintained almost the same value of ~4.25 eV.
Compared with the relatively large workfunction of
pure graphene (~4.6 eV),>>%° N-doped reduced gra-
phene revealed significantly lowered workfunction.
Figure 3a shows the high-resolution N1s XPS anal-
ysis of bonding configurations of N atoms in reduced
graphene films. Each N1s peak could be deconvoluted
into three peaks: the lowest energy peak at 398.8—399.1
eV corresponds to pyridinic N (Np,y), the middle energy
peak at 400.5—400.7 eV corresponds to quaternary N
(Ngqua), and the highest energy peak corresponds to
nitrogen oxide (N), respectively.3¥°¢%> Among the
three observed N-doping types, only Nq, is known to
improve the electroconductivity of graphene films.*
Npyr With a localized lone pair of electrons (Figure 3a,
upper right) inevitably accompanies a vacancy defect
and cannot contribute to the recovery of the graph-
itic structure. N,y is usually present at N-containing
dangling bonds or physisorbed species that cannot
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contribute to the recovery of hexagonal graphitic
structure. In contrast, Nqu,, @ secure substitution of C
with N (Figure 3a, upper left), is known to maintain an
sp2-hybridized graphitic structure as well as to im-
prove the electroconductivity by providing delocal-
ized electrons.>®¢0~52

Figure 3b and c demonstrate the ratio of Nga o Npyi
normalized by the total amount of N doping (N¢tal)
plotted against the H,/NH; ratio. The hydrazine-
pretreated sample showed the highest Ngua/Niotal Value
of ~0.7 at a 6:4 H,/NH; ratio, while the Npyi/Niotar value
was maintained at ~0.3 over the entire H,/NHj3 ratio.
This inverse “V"-shaped plot of the Ngya/Niotai ratio with
a maximum at the 6:4 H,/NHj5 ratio is reciprocally related
to the variation of sheet resistance in Figure 1e. Itis note-
worthy that before thermal treatment the hydrazine-
treated graphene oxide showed a much lower Nqu./
Neotal Value of 0.25 (Npyri/Neorar Values of 0.56) (Sup-
porting Information Figure S2), implying that the high-
temperature treatment at 750 °C remarkably improved
the Ngua/Niota In contrast, the sample not treated
with hydrazine revealed Nqua/Notal Values lower than
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Figure 3. (a) N1s XPS spectra of various reduced graphene films. The N1s peak is deconvoluted into Ny, Nquas and Noy peaks.
The Ngua/Niot and Npy,i/Nio: ratios of (b) hydrazine-pretreated and (c) untreated reduced graphene films as a function of the

H,/NHj5 ratio.

0.6 even after thermal treatment, while the Npyi/Neotal
value stayed at the same level with hydrazine-
pretreated samples. Taken together, the highest con-
ductivity of N-doped reduced graphene film with the
maximized Ngu, doping and a minimum amount of
remaining O was achieved by the sequential employ-
ment of hydrazine treatment and thermal treatment
under NHs environment.*°

As summarized in Figure 4a, N-doped reduced
graphene films prepared by sequential hydrazine and
thermal treatment and simply reduced film prepared
by thermal treatment without a nitrogen source have
been employed as a cathode of iPLEDs, instead of FTO,
a widely used commercially available TCO electrode.®®
We note that the N-doped reduced graphene had a
relatively low workfunction (~4.25 eV) compared to
other conventional transparent electrodes (4.5—5.2
eV)®* (Supporting Information Figure S3). Such a low
workfunction offered a valuable transparent cathode
for inverted-type optoelectronic devices with a mini-
mized electron injection barrier (Figure 4b). Figure 4c
shows the luminance (L) as a function of applied
voltages (V). We note that the luminance of iPLEDs
with N-doped graphene cathodes was quite compa-
rable to the device with conventional FTO electrode for
J < 40 mA/cm?, featuring a turn-on voltage even lower
than that of the FTO (the turn-on voltage defined at the
luminance of 1 cd/m? was 5.2 V for FTO and 4.8 V for
N-doped graphene, respectively). The inset image of
Figure 4c shows the uniform emission of an iPLED
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employing the N-doped graphene cathodes. Mean-
while, in the relatively high current range (J > 40 mA/cm?),
the device with N-doped graphene cathodes suffered
from a voltage shift, which was caused by a voltage
drop that occurred where the sheet resistance of
the transparent cathode became more significant as
the current level increases (Supporting Information
Figure S4). In contrast, devices with thermally reduced
graphene cathodes without N-doping showed a signi-
ficantly larger turn-on voltage of 8.2 V and lower
luminance than other devices (Table 1 for a summary
of device characteristics). This shift in the turn-on and
operational voltage resulted from the large sheet
resistance and significant injection barrier of the re-
duced graphene caused by the mismatch in energy
level with ZnO electron transport layer (Figure 4b).
Figure 4d presents the electroluminescence (EL)
efficiency (g) plotted against L. The maximum EL
efficiency of the device with N-doped graphene was
as large as 7.0 cd/A (at ~17 000 cd/m?), while it was only
4.0 cd/A for FTO-based devices under the same lumi-
nance condition (Supporting Information Figure S5 to
compare the device efficiencies plotted as #7g_vs J and
1eL vs V, respectively). The enhanced luminous efficiency
(cd/A) was attributed to the lowered injection barrier of
the low workfunction of N-doped graphene cathodes.
This is also supported by the J—V characteristics of the
electron-only devices, where N-doped graphene cath-
odes revealed remarkably high electron injection and
conduction (Supporting Information Figure S6). The low
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Figure 4. (a) Optical transparency, sheet resistance, and workfunction of FTO, N-doped graphene, and reduced graphene
electrodes used for iPLEDs. (b) Energy level diagram of iPLEDs. (c) Luminance vs voltage (L—V) characteristics of iPLEDs. Inset shows
an emission image of iPLEDs with N-doped graphene cathode. (d) Luminous efficiency vs luminance (17g —L) curves of iPLEDs.

TABLE 1. Light-Emitting Characteristics of iPLEDs Employing FTO, Reduced Graphene, and N-Doped Reduced Graphene

Transparent Cathodes

max. luminance
(cd/m?) (@ bias)

84540 (@ 10.8 V)
7620 (@ 34.0 V)
19020 (@ 27.0 V)

device configuration

FT0/Zn0/Cs,C05/F8BT/Mo05/Au
reduced Graphene/Zn0/Cs,C05/F8BT/Mo0s/Au
N-graphene/Zn0/Cs,C05/F8BT/Mo0s/Au

“Turn-on voltage is defined at the luminance of 1 cd/m?

injection barrier at the N-doped graphene cathode/
ZnO interface provides a better electron—hole bal-
ance, leading to a higher luminous efficiency. This
confirms the potential benefit of an N-doped graphene
electrode as a low-workfunction transparent cathode.
Along with further improvement of electroconductivi-
ty, it can play a more significant and practical role in a
variety of optoelectronic applications. Even at the
present level, the demonstrated performance can be
regarded as sufficient in many applications that can
benefit from the mechanical flexibility, stretchability,
and affordability of graphene electrodes.

CONCLUSIONS

We have demonstrated the fabrication and opto-
electronic transparent electrode utilization of work-
function-tunable N-doped reduced graphene films.
The optimized reduction and N-doping condition for
graphene oxide films uniformly spin-cast onto a display-
grade glass substrate were exploited. Hydrazine chemical
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max. luminous efficiency max. power efficiency turn-on

(cd/A) (@ bias) (Im/W) (@ bias) voltage (V)°
52(@10.6V) 26 (@106 V) 5.2
40 (@32.8V) 04 (@288 V) 8.2
70 (@ 24.2V) 09 (@23.0V) 48

treatment and subsequent thermal treatment under an
ammonia environment were found to generate low-
workfunction (4.25 eV) N-doped graphene films with an
optical transparency of 80% and sheet resistance of
300 /0, respectively. The detailed XPS analysis con-
firmed that among the various N-doping types, quater-
nary N (Nqua), which maintains a graphitic structure, plays
a crucial role in activating delocalized electrons along
with the effective elimination of oxygen functional
groups for the lowest sheet resistance of graphene
electrodes. Surprisingly, the utilization of highly re-
duced N-doped graphene film as a transparent
cathode of iPLEDs revealed a device performance
comparable to that of FTO-based devices. Despite
significantly (20 times) larger electroconductivity,
the iPLEDs with an N-doped reduced graphene elec-
trode demonstrated comparable device turn-on vol-
tages (2.6 V for FTO and 3.0 V for N-doped graphene)
and even higher EL efficiencies (4.0 cd/A for FTO and
7.0 cd/A for N-doped graphene at 17 000 cd/m?) than
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FTO-based devices. The low electron injection barrier
given by the low-workfunction N-doped graphene
cathode offered such a remarkable device performance.
We anticipate that spin-cast, workfunction-tunable,

EXPERIMENTAL SECTION

Preparation of N-Doped Reduced Graphene Film. An aqueous
graphene oxide dispersion was prepared from commercially
available graphite (Aldrich) by a modified Hummers method.
After vacuum filtering with 10-fold-diluted hydrogen chloride
(Sigma Aldrich, 37%) several times, graphene oxide was vacuum-
dried at room temperature. The dried solid powder was redispersed
in deionized water to remove residual ionic or acidic impurities by
dialysis (Spectrum Laboratory, Inc, MWCO of membrane: 8000). The
dialysis was performed for two weeks, occasionally changing the
water in the glass bath. After dialysis, the resultant graphene oxide
aqueous solution (3.1 mg/mL) was mixed and diluted with ethanol
(Sigma Aldrich, ACS reagent, >99.5%) for facile spin-casting onto
glass substrates (Coring 1737). A graphene oxide film was prepared
by two instances of spin-casting at a spinning rate of 3000 rpm. A
group of graphene oxide films were treated under hydrazine
vapor for T hin asealed vessel. Both the untreated and hydrazine-
pretreated samples were thermally reduced and N-doped with a
H,/NHs gas mixture at 750 °C for 5 min.

Fabrication of iPLED Devices. A 70 nm thick ZnO electron transport
layer was deposited onto the cleaned FTO, reduced graphene, and
N-doped graphene substrate by electron beam evaporation. The
Cs,CO5 layer was spin-cast onto the ZnO layer from a 0.5 wt %
2-methoxyethanol solution. The F8BT layer was spin-cast from a p-
xylene solution and annealed at 155 °C for 1 h under a N, atmo-
sphere. Finally, a 10 nm thick MoOs layer and a 60 nm thick Au layer
were thermally evaporated at a slow deposition rate of 0.3 As™".

Characterizations. A UV—vis spectrometer (Jasco, V530, Japan)
was utilized to measure the optical transmittance of reduced
graphene films. The surface roughness and thickness of re-
duced graphene films were measured by AFM (SPI3800N/
SPA400, Seiko Instruments, Inc.). The sheet resistance of re-
duced graphene was measured by a four-wire sensing system
(Keithley 2635 system), and the Hall measurement was per-
formed by a Hall effect measurement system (hms-3000, Ecopia,
Korea). XPS measurements were carried out with a Sigma Probe
with a microfocused monochromatic X-ray source (Thermo VG
Scientific, Inc.). The workfunction of reduced graphene was
obtained from ultraviolet photoelectron spectroscopy (AXIS-
NOVA, Kratos, Inc.). The current density and luminance vs
applied voltage characteristics were measured using a Keithley
2400 source measurement unit and a Konica Minolta spectro-
radiometer (CS-2000).
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