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ABSTRACT: Highly conductive, uniform, and transparent
nitrogen-doped graphene multilayer films were produced by a
layer-by-layer (LbL) assembly method. Such a technique was
realized by alternate deposition of graphene oxide modified
with the cationic surfactant N,N,N-trimethyl-1-dodecanami-
nium bromide (CTAB) and the anionic surfactant sodium
dodecylbenzenesulfonate. In this way, we can achieve a highly
conductive (900 S/cm), uniform, and controllable graphene
film in terms of thickness, transmittance, and sheet resistance
after high-temperature reduction. The improved conductivity
is attributed to better graphitization and nitrogen-doping
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introduced by CTAB. The organic light-emitting diode using such a multilayer graphene film fabricated by the LbL method as an
anode obtains higher current density and luminance at low voltage compared to that with an indium—tin oxide (ITO) anode.
Moreover, the current efficiency of graphene-based device is comparable to that of an ITO-based device. It is proved that such a
nitrogen-doped multilayer graphene film developed by the LbL assembly technique is a promising candidate for a transparent

electrode in organic electronics.
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B INTRODUCTION

Recently, flexible organic light-emitting diodes (OLEDs) have
drawn considerable research interest due to their unique
properties. Among them, high mechanical flexibility is
considered as a formidable property compared to that of existing
display and lighting technology.! Flexible OLEDs require
inexpensive, bendable, highly transparent, and conductive
electrodes. Up to now, the most widely used transparent
electrode material in optoelectronic devices is indium—tin oxide
(ITO). However, ITO requires complex fabrication, and the
scarcity of indium makes it more and more expensive.
Furthermore, it is fragile upon stretch and bending, which limits
its application when flexibility is required.” Graphene is a two-
dimensional pure carbon sheet, showing unique -electrical,
optical, and mechanical properties.”* With these special merits,
graphene has recently attracted enormous interest in the
application of organic light emitting diodes (OLEDs),” solar
cells,® field-effect transistors,” sensors,® and flexible displays,9 and
it is considered as one of the candidates with the most potential
to replace ITO.

However, complicated processing and the insolubility of
graphene in solution render it challenging to obtain highly
conductive and uniform large-area graphene films. One of the
most promising methods to prepare large-area graphene
electrode film is to reduce solution-processed graphene oxide
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(GO) with different treatments. To produce graphene on a large
quantity, natural graphite is often oxidized to form GO, which is
considered as a fantastic precursor.'” However, defects and
oxygen functional groups are inevitably introduced into the
carbon network sheet during oxidation, leading to an insulating
property for GO films. Reduced graphene oxide (rGO) with high
conductivity can be obtained by traditional thermal annealing at
high temperature and chemical reduction at low temperature of
GO films to remove oxygen groups. However, the residual
defects on the graphene basal plane and the quick reaggregation
of graphene sheets into graphite limit the conductivity and
superficial quality of rGO film."'"'* Therefore, healing the defects
on the graphene plane and improving the dispersion of graphene
sheets in solution are necessary to obtain a highly conductive and
smooth graphene film.

Graphene films can be fabricated by many methods, such as
layer-by-layer (LbL) assembly," spin-coating,"* rod-coating,"®
spray-coating,'® and chemical vapor deposition (CVD)."”
Among these various methods, the LbL assembly technique
using different film fabrication processes and materials can yield
multilayer graphene thin films with highly superficial quality and

Received: April 30, 2014
Accepted: August 27, 2014
Published: August 27, 2014

dx.doi.org/10.1021/am502629b | ACS Appl. Mater. Interfaces 2014, 6, 15753—15759


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

(o]
HiCHOoHC— ) gone

o

SDBS

HaC(H2C)15— N CHa

5

°“@>
LU @

@ OH

Figure 1. Schematic diagram of LbL assembly of GO:CTAB and GO:SDBS.

controlled structure."® This process delivers high throughput,
low cost, and simple fabrication and, hence, is considered as one
of the most ausp1c1ous methods to prepare large-area graphene
films. Lee et al."” reported using LbL assembly of positively and
negatively charged rGO sheets to develop multilayer thin films,
and the lowest sheet resistance is 2500 € per square at 75%
transmittance after 1000 °C thermal annealing in H, atmosphere.
Tang et al.*° reported that the cationic surfactant cetyltrimethy-
lammonium bromide (C,¢TAB) and the anionic surfactant
sodium dodecyl sulfate (SDS) as positive and negative agents
could interact with graphene to produce rGO multilayer thin
films by LbL assembly. The obtained rGO multilayer films had
conductivity varying from 80 to 110 S/cm. Park et al.>' show a
simple method to fabricate graphene multilayer films by LbL
assembly of carboxylic acid-functionalized graphene and amine-
functionalized graphene based on electrostatic interactions. After
900 °C thermal annealing, the graphene film with 42 bilayers can
obtain the lowest sheet resistance of about 700 €2 per square with
a transmittance of 72%, but the root-mean-square (rms)
roughness of the graphene film is still about 5.6 nm. These
graphene films, with not high enough conductivity and
uniformity, are unsuitable to be used in OLEDs.

In this paper, a highly conductive, smooth, and transparent
graphene film is produced by the LbL assembly method.
Specifically, we have used the cationic surfactant N,N,N-
trimethyl-1-dodecanaminium bromide (CTAB) and the anionic
surfactant sodium dodecylbenzenesulfonate (SDBS) as positive
and negative agents interacting with GO. These surfactants can
improve the dispersion of GO in solution, and high-quality GO
films can be fabricated by LbL assembly. The thickness,
transmittance, and sheet resistance of the film can be controlled
by varying the deposition cycles. Meanwhile, we have found that,
after 1000 °C thermal annealing, the conductivity of graphene
thin film can be increased to about 900 S/cm due to better
graphitization and nitrogen-doping on the graphene plane to heal
the defects. The nitrogen atom is introduced by thermal
decomposition of the cationic surfactant CTAB on the graphene
basal plane. The device with multilayer graphene as the anode
can obtain higher current density and luminance compared with
those of an ITO anode, and its current efficiency can reach 4.5
cd/A, which is comparable to that of the device with an ITO
anode.
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B EXPERIMENTAL SECTION

Preparation of Negatively and Positively Charged Oxide
Graphene Solution. All the chemicals were purchased from Sigma-
Aldrich and were analytical reagent grade without further purification.
Graphene oxide was prepared from graphite powder using a modified
Hummers method.”* ** Positively charged GO was synthesized by
combining the cationic surfactant CTAB and pristine GO at a weight
ratio of 10:1 in N,N-dimethylformamide (DMF) solvent. Similarly,
negative charged GO was obtained by blending SBDS and GO at a
weight ratio of 10:1 in deionized (DI) water. Both GO:CTAB and
GO:SBDS solutions were ultrasonicated for 1 h and then stirred for 24 h.
Finally, dark brown and golden yellow colored solutions are obtained for
GO:CTAB and GO:SBDS solution, respectively, and each of them
contains 0.3 mg/mL concentration of GO.

LbL Assembly of Charged Graphene Nanosheets. Quartz
substrate was cleaned with sonication in DI water, acetone, and 2-
propanol, respectively, and then treated with oxygen plasma at 20 W
power for 2 min to produce a negatively charged surface." © After that, the
substrate was baked at a temperature of 100 °C for 10 min to remove the
residual solvents. The treated substrate was slowly dipped into positively
charged GO:CTAB solution at a speed of 18 mm/min. After being fully
immersed into solution and kept for 20 s, the substrate was pulled up at a
speed of 6 mm/min followed by rinsing with DMF. The substrate with
GO:CTAB film was dried on the hot plate at 150 °C for 15 min. On top
of the GO:CTAB film, the GO:SDBS film was fabricated using a similar
dip-coating process, with a rinsing step with DI water. The deposition of
one GO:CTAB and one GO:SDBS layer is defined as one deposition
cycle. We can get the desired multilayer film with a certain number of
deposition cycles. The whole fabrication process is shown in Figure 1.
However, after finishing the whole dipping deposition, the GO film at
the back side of the substrate was completely removed with ethanol.
Finally, the assembled multilayer film was treated in a furnace at 1000 °C
for 2 h for reduction to obtain rGO multilayer film.

OLED Devices. A thin layer of PEDOT:PSS (AI4083), purchased
from H. C. Starck, was spin-coated on the rGO film as hole-injecting
layer (HIL), and then the substrate was transferred into a high-vacaum
system at a base pressure of 107° Torr for the following deposition of
organic and metal layers to finish the OLED fabrication. The OLED
devices used 60 nm of N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)-
benzidine (NPB) as the hole-transporting layer (HTL), SO nm of tris-8-
hydroxyquinoline aluminum (Alqg;) as both electron-transporting layer
(ETL) and emitting layer (EML), 1 nm of 8-hydroxyquinolinato lithium
(Liq) as electron-injecting layer (EIL), and 100 nm of aluminum (Al) as
cathode. The thickness of the organic layer was monitored in situ by a
calibrated quartz-crystal monitor in the vacuum deposition chamber.
The active area defined by the overlap of the anode and the Al cathode
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was around 3 X 3 mm® The deposition rate was monitored in situ by a
quartz-crystal monitor. Figure 2 shows the schematic cross section of the
fabricated device stack.

Glass or Quartz

Figure 2. Schematic cross section of the OLED device.

Characterization. The thickness of the obtained graphene film was
measured by using a KLA-Tencor AlphaStep D-120 Stylus Profiler. The
transmittance of the rGO films were characterized by MAPADA UV-
3100PC spectrophotometer. The chemical bonding and elemental
compositions of the films were analyzed by Fourier transform infrared
(FTIR) spectroscopy (Nicolet 6700) and X-ray photoelectron spec-
troscopy (XPS) (AXIS Ultra). The roughness and surface morphology
were analyzed by an atomic force microscope (AFM) (Bioscope SPM).
The conductivity of the film was evaluated from sheet-resistance
measurements by means of a four-point probe system. OLED device
performances were characterized by computer-controlled Keithley 2400
source meter and Topcon BM-7A luminance colorimeter.

B RESULTS AND DISCUSSION

Figure 3 illustrates the Fourier transform infrared spectroscopy
(FTIR) spectra of GO, GO:SDBS, and GO:CTAB, respectively.
As shown in Figure 3a, the broad peak at 3406 cm™ is from —OH
groups, and the other broad peak at 1127 cm™" is attributed to
C—0-Cbonds on GO sheets. Two narrow peaks assigned to the
carbonyl group (C=0 stretching) and the skeletal vibration of
graphitic domains on GO sheets can be observed at 1740 and
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Figure 3. FTIR spectra of GO (a), GO:SDBS (b), and GO:CTAB (c).

1620 cm™". For GO:SDBS (Figure 3b), the C—H groups for
SDBS are shown by the peaks at 2925 and 2854 cm ™, and phenzl
groups for SDBS are indicated by the strong peak at 1573 cm™.*°
The peak at 1467 cm™" is attributed to a C—H bending vibration,
and two obvious peaks at 1185 and 1043 cm™" are ascribed to the
antisymmetric and symmetric stretching vibrations of S=O on
SDBS. On the other hand, the peak at 1127 cm™" attributed to
the C—O—C bonds of GO can also be observed, and the peak at
1390 cm ™" assigned to carbonyl groups on GO is shifted to 1384
cm™" due to the influence of SDBS by electrostatic force. This
result confirms that SDBS has grafted into GO layers. The peaks
at 3021, 2921, and 2855 cm ™" in Figure 3c correspond to N—H
and —CH, stretching vibrations in CTAB. The peak at 1127
cm ™! can also be observed when mixed with CTAB, as shown in
Figure 3¢, but the intensity is much weaker because the weight
ratio of pristine GO and CTAB is only 1:10. Meanwhile, the peak
shown at 1420 cm ™" is ascribed to the symmetric vibration of the
acid amides group, which is caused by the combination of
carbonyl and amino groups on GO and CTAB by Coulombic
force. The original C,gH,,N" asymmetric bending peak for
CTAB shifts from 1611 to 1631 cm™, which is caused by the
overlap with the peak of graphitic domain vibration.®

In order to confirm that SDBS and CTAB have grafted on GO
layers, thermogravimetric analysis (TGA) was conducted to
study the thermal stability of GO, GO:CTAB, and GO:SDBS.
The samples are heated to 700 °C at a rate of 10 °C/min within a
nitrogen atmosphere. As shown in Figure 4, the overall weight
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Figure 4. Thermogravimetric analysis of GO, GO:SDBS, and
GO:CTAB.

loss of GO is about 46% around 200 °C.** It is mainly attributed
to the removal of labile oxygen functional groups on GO
sheets.”” As for GO:SDBS, about 68% weight fraction loss is
observed from 350 to 650 °C, which may be caused by the
decomposition of SDBS (combined with layered GO via weaker
7—r and hydrophobic interactions) and some oxygen functional
groups on GO sheets.”® The curve of GO:CTAB shows a fast
weight reduction at around 200 °C, and it may be caused by the
decomposition of CTAB and labile oxygen functional groups on
GO; 85% overall weight loss is observed for GO:CTAB. The
increase of weight loss is attributed to the combining of CTAB
and GO sheets through strong electrostatic ionic interactions.””

Figure S shows the sheet resistance, thickness, and trans-
mittance of rGO films after annealing with different deposition
cycles in the LbL assembly process. As shown in Figure Sa, the
sheet resistance decreases dramatically with the increase of
cycles. The too high sheet resistance of rGO multilayers films
with less than seven cycles is mainly attributed to the poor
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Figure 6. (a) XPS spectra of tGO:CTAB and pristine graphene after thermal annealing at 1000 °C in a nitrogen atmosphere. N 1s peaks (b) and C 1s
peaks (c) of rGO:CTAB and pristine graphene. (d) Schematic structure of nitrogen-doped rGO:CTAB.

connection of rGO sheets, and the sheet resistance of films of
rGO multilayers beyond seven deposition cycles decreases
linearly. Opposite to the sheet resistance, the thickness of rGO
multilayer films linearly increases with an increasing number of
cycles (Figure Sb). Figure Sc shows the transmittance of rGO
multilayers films with a different number of cycles. The
transmittance measured at 550 nm also decreases linearly with
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an increasing number of cycles (in Figure Sd). Therefore, the
sheet resistance, thickness, and transmittance of rGO films can be
precisely controlled via such a LbL assembly technique. In this
paper, the rGO multilayers film with 13 deposition cycles after
thermal annealing at 1000 °C has the lowest sheet resistance
(298 Q per square), with about 60% transmittance at 550 nm.
The conductivity is calculated to be about 900 S/cm. The higher
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conductivity is mainly caused by better graphitization and
nitrogen-doping on the graphene plane to heal the defects.
Thermal decomposition of the cationic surfactant CTAB on the
graphene basal plane can provide such nitrogen atoms.*>*' The
results can be further confirmed by X-ray photoelectron
spectroscopy (XPS).

As shown in Figure 6a, three peaks at 284.2, 399.7, and 532.7
eV attributed to C 1s, N 1s, and O 1s of the rtGO:CTAB sample
are shown in the XPS scan spectrum. However, the peak of N 1s
at 399.7 eV is hardly detected in the pristine graphene. The
atomic percentage of doped nitrogen for rGO:CTAB sample is
calculated to be about 2.2% in Figure 6a, which is larger than the
percentage in pristine graphene sample (only 1.5%). The
GO:CTAB and pristine GO powders are both thermally
annealed at 1000 °C in nitrogen atmosphere. Therefore, the
nitrogen atoms are mainly provided by the thermal decom-
position of the cationic surfactant CTAB on the graphene basal
plane and the annealing environment of the nitrogen
atmosphere. As shown in Figure 6b, the N 1s peak has three
components centered at 398.4, 401, and 401.9 eV, corresponding
to pyridinic-N, pyrrolic-N, and graphitic-N, respectively.
Pyridinic-N stands for one N atom bonding with two carbon
atoms at the edges of graphene sheets, and each N atom can
devote one p-electron to the aromatic 7 system. Pyrrolic-N
indicates that one N atom can bond with two carbon atoms in
five-membered heterocyclic rings, and each N atom provides two
p-electrons to the aromatic 7 system. These two structures
indicate the healing defects at the edges of graphene lattice and
formation of a p—x conjugated system, which can improve the
conductivity of the graphene.*” Graphitic-N atom can insert into
the graphene sheet and replace one carbon atom on the graphene
crystal. Therefore, each N atom is bonded with three carbon
atoms to form a stable structure, which may reduce the aromatic
7 system of the graphene sheet and decrease the charge transport
pathways on the graphene plane.

The relative atomic ratios of three types of doped N atoms for
pristine graphene and rGO:CTAB samples are shown in Table 1.

Table 1. Detailed Peak Types and Relative Atomic Ratios (%)
of N 1s Spectra from rGO:CTAB and Primitive Graphene
Samples after Annealing from XPS Analysis

pyridinic-N pyrrolic-N graphitic-N
rGO:CTAB 0.954 0.659 0.587
pristine graphene 0.317 0.549 0.634

It is worthwhile to note that the pyridinic-N and pyrrolic-N
contents in rGO:CTAB sample are higher than those in pristine
graphene, but the graphitic-N content clearly decreases. It means
that the addition of CTAB can improve the atomic percentage of
doped nitrogen and that more N atoms will heal defects at the
edges of the graphene lattice to form a p—7 conjugated system,
which can improve the conductivity of the rGO:CTAB. As
shown in the C 1s spectrum (Figure 6¢c), a comparison of the
atomic percentage for doped nitrogen in primitive graphene and
rGO:CTAB samples can also be conducted. The peak at 284.6
eV ascribed to the graphite-like sp> C indicates that the most C
atoms are arranged like a conjugated honeycomb lattice. The C—
N bonds can also be reflected with peaks centered at 285.7 and
286.6 eV, which are attributed to the N sp* C and N sp® C,
respectivelgr. The C—O type bond is mainly shown by the peak at
288.9 eV.>>** As shown in Figure 6c, the contents of the C—N
bonds in rGO:CTAB sample are larger than that in pristine

graphene sample, indicating that more N atoms have been doped
into the rGO:CTAB plane.

The surface morphology of rGO films after annealing was
observed by atomic force microscopy (AFM). As shown in
Figure 7a, separated rGO sheets can be obviously observed on
the obtained film with one cycle, and the dimensions of the
graphene sheets are from several hundred nanometers to several
micrometers. In Figure 7b, an incomplete film of rGO can be
observed clearly. Some dark and bright areas are shown in the
image, which means that the rGO film is not uniform, resulting in
high surface rms roughness (2.15 nm) and high sheet resistance.
In Figure 7c, the individual sheets seem to merge together, but
some wrinkles can also be observed, and the surface rms
roughness decreases to about 1.99 nm. With the deposition
cycles increasing to 9 and 11 (Figure 7d,e), the surface
morphology becomes more uniform, and the clear boundary of
the overlapped graphene sheets is hard to observe.'® The surface
rms roughness decreases down to about 1.96 and 1.35 nm.
However, some wrinkles are observed on the rGO film surface
with 13 cycles, as shown in Figure 7f, and the surface rms
roughness of the obtained rGO multilayer film is increased to
about 1.83 nm. It means that the film with more deposition cycles
can lower its sheet resistance, but the surface rms roughness will
increase. The rGO sheets may be rearranged to form a more
compact graphene film after annealing, so the surface
morphology and rms roughness are changed during high-
temperature treatment."

Considering both the conductivity and uniformity, we
fabricated an OLED device using a rGO film with 11 cycles as
anode to compare it with an OLED using a conventional ITO
anode. Parts a and b of Figure 8 show the current density—
voltage and luminescence—voltage characteristics of OLEDs
based on rGO film and ITO anodes, respectively. The turn-on
voltage is 2.8 and 4.5 V for OLEDs with rGO and ITO anodes. At
avoltage of 8 V, the luminance of the device with the ITO anode
is 106 cd/m?, while that of the device with the rGO anode is 120
cd/m? Moreover, the current density of OLEDs with the rGO
anode is higher at low voltage than the device with the ITO
anode. The energy diagram of full OLED devices can be observed
in Figure 8d. The work function of ITO (4.3 eV) is much lower
than the highest occupied molecular orbital (HOMO) level of
NPB, and the large barrier makes it difficult to inject holes from
the anode into the NPB. Hence, the turn-on voltage is larger,
whereas the luminance is smaller with the ITO anode. The higher
work function of nitrogen-doped graphene anode improves the
hole injection into the hole transport layer at low voltage, and
higher luminance and current density are obtained. As shown in
Figure 8¢, the slightly decreased current efficiency of the device
with the rGO anode is attributed to less balanced electron—hole
recombination due to excess hole injection from the rGO anode.
However, the current efficiency of the OLEDs with the rGO
anode is still about 4.5 cd/A. The optical image of green OLEDs
with rGO hybrid films is shown as an inset.

B CONCLUSIONS

In conclusion, we successfully fabricated highly conductive,
uniform, and transparent graphene films by the LbL assembly
method. The cationic surfactant CTAB and the anionic
surfactant SDBS were used as positive and negative agents
interacting with graphene. The sheet resistance, thickness, and
transmittance of the film can be controlled by adjusting the
deposition cycles. The rGO multilayers film with 13 cycles after
thermal annealing at 1000 °C has the lowest sheet resistance of
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298 Q per square with about 60% transmittance at 550 nm. The
nitrogen atoms in the cationic surfactant CTAB help heal the
defects during the reduction at high temperature. Considering
the conductivity and uniformity of the thin films, we fabricated an
OLED using rGO film with 11 cycles as anode. The OLED
device can reach a luminance and current efficiency of about 120
cd/m* and 4.5 cd/A at 8 V, and these values are comparable to

those of the device with an ITO anode.
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