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ABSTRACT: Arbitrarily shape customized microscale organic
light-emitting devices (micro-OLEDs) have been fabricated by
using reduced graphene oxide (RGO) film as a patterned
electrode. A femtosecond (Fs) laser was employed to fabricate
the RGO electrode by direct reduction and patterning of the GO
films according to preprogrammed patterns. The patterned RGO
exhibits good conductivity for electrode applications in OLEDs.
Various complex patterned micro-OLEDs were successfully
created through this simple Fs laser fabrication process, which

Fs laser

exhibit well-defined sizes, shapes, and edges and uniform electroluminescence characteristics. The arbitrarily shape customized
micro-OLEDs open the door for new applications in microdisplays and three-dimensional or flexible displays.
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arbitrarily customized pattern

Microscale organic light-emitting devices (micro-OLEDs)
with fine designed patterns are required for the
application of microdisplays or high-resolution diode matrices
that will be used in three-dimensional (3D) and flexible
displays.' > The introduction of a microscale pattern onto the
electrodes of the OLEDs is crucial in the development of the
micro-OLEDs. The shadow mask method and various
lithography-based technologies, such as the wet or dry etching
process, can be used to pattern mirco- or nanoscale electrodes;
however, they are up against the limitations of low resolution,
high cost, or damage of the organic materials owing to the
presence of oxygen or solvents.>~” Moreover, it is difficult to
realize arbitrary shape in the microscale for most of the
electrode materials, such as indium tin oxide (ITO) and
metallic films, by using lithography-based technologies.® '* So
far, a suitable fabrication technique for fabrication of the
arbitrarily patterned micro-OLEDs with high resolution is still a
challenge, which is an obstacle for the applications of micro-
OLEDs.

Graphene, which features high electrical conductivity, high
flexibility, good mechanical and thermal stability, and high
optical transparency, has emerged as a new-generation
electrode material, especially for organic electronic devi-
ces.”>™"7 Graphene-based electrodes obtained from solution-
processed reduced graphene oxide (RGO) have been applied in
organic electronic devices, such as OLEDs, photovoltaics,
photodetectors, and field-effect transistors."®™** Electrodes
prepared from RGO require chemical or thermal treatment of
GO to partially remove the oxygen-containing groups and to
restore its electrical properties. Recently, femtosecond laser
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direct writing (FsSLDW)-induced reduction of the GO has been
reported, and the RGO can be synchronously patterned
through the mask-free Fs laser nanowriting pathway.'>**
FsLDW has been adapted as a nanoenabler due to its 3D
processing capability, arbitrary designability, and reasonably
high spatial resolution.”>>” These features make it possible to
pattern the GO films according to preprogrammed patterns.
More importantly, its compatibility with the device fabrication
process indicates a potential universality of this technique in
fabricating micro-OLEDs. In this work, we have demonstrated
that the direct reduction and patterning of RGO via FsSLDW
provides a simple and reliable technical route for the realization
of micro-OLEDs with arbitrary shape customization. The
micro-OLEDs employed FsLDW-induced RGO with a micro-
pattern as the anode of the devices. The patterned micro-
OLEDs with ladder and bowknot shapes were successfully
created, which exhibit well-defined sizes, shapes, and edges and
uniform electroluminescence (EL) characteristics.

B RESULTS AND DISCUSSION

Figure 1a shows the preparative procedures of FSLDW-induced
RGO as a patterned electrode of OLEDs. The GO was
produced via a modified Hummers method from natural
graphite and spin-coated on precleaned glass substrates. The Fs
laser directly wrote on the GO film according to preprog-
rammed patterns, and then the reduced and patterned GO film
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Figure 1. Hlustration of the preparative procedure of FsSLDW reducing
and patterning the GO films (a) and schematic structure of an OLED
based on FsLDW-induced RGO as a patterned electrode (b).

formed on the substrates as described in the Materials and
Methods section and was used as the anode of the OLEDs.'>**
Later, the micro-OLEDs based on the patterned and reduced
GO anodes were fabricated with the structure RGO/m-
MTDATA (30 nm)/NPB (20 nm)/Alg; (50 nm)/LiF (1
nm)/Al (100 nm) as shown in Figure 1b.

The surface morphology of the pristine GO and RGO was
investigated by atomic force microscopy (AFM) (Figure 2).
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Figure 2. (a—c) AFM images of pristine GO and FsLDW-induced

RGO and the height profile of the GO and FsSLDW-induced RGO film
along the white line (d).

The AFM image of GO films (Figure 2a) clearly shows GO
sheets and some quasi-one-dimensional creases. The quasi-one-
dimensional creases with a length scale of 0.1—1 ym and a
height of 1—10 nm were formed by the overlap of GO sheets
where some of the GO edges were scrolled or folded during
film fabrication.”®*’ After reduction and patterning of the GO
by the Fs laser, the root-mean-square (rms) roughness of the
RGO film (Figure 2b) is decreased from 9.14 nm to 7.19 nm
compared with that of a pristine GO film, which is significant
for its application as an electrode in electronic or optoelectronic
devices. The surface smoothness is proportional to the contact
area between the electrode and the functional layers in the
devices, and the smooth surface is beneficial to the electric
charge injection. The thickness of the GO film decreases from
87 nm to 72 nm after FSLDW reduction, as shown in Figure 3.
The RGO film with sunken surfaces could be clearly identified
from the AFM images (Figure 2c). The sunken depth is about
15 nm, as can be seen in Figure 2d. The sinking of the RGO
film should result from the mass loss of the GO films and as a
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Figure 3. (a) AFM images of the edge of GO films and the height
profile along the white line. (b) AFM images of the edge of FSLDW-
reduced GO films and the height profile along the white line.

result of the rearrangement of atoms when the Fs laser beam
enters and interacts with the GO film from the substrate side.*’
The nature of the mass loss is photochemical reduction, which
has been discussed in detail in the literature.'>"

The reduction of the GO film by the FSLDW process can be
determined by X-ray photoelectron spectroscopy (XPS). XPS
results indicate that both pristine GO and laser-reduced RGO
have signals of carbon and oxygen (Figure 4a). An initial XPS
survey scan of GO reveals that the asymmetric C 1s peak can be
fitted with three different peaks assigned to C—C (non-
oxygenated ring carbon), C—O (hydroxyl and epoxy carbon),
and C=O0 (carbonyl), respectively (Figure 4b).*****> The
reduction degree of the GO is indexed by the atomic ratio of
oxygen and carbon (O/C) obtained from taking the ratio of the
C 1s peak areas in the XPS spectra. The O/C ratio of the
pristine GO is 0.41, showing a high percentage of oxygen
functionalities. After the FsSLDW reduction, despite the fact that
C—0 and C=0 bonds are also present in Figure 4c, the O/C
ratio of the RGO deceases to 0.20, indicating the partial
removal of oxygen. The electronic excitation effect and
electron—hole recombination-induced thermal effect can
decipher the mechanism of the oxygen removal in the laser
reduction process. In the first several picoseconds of Fs laser
reduction, the electronic excitation effect is significant. The
excitation of electrons from bonding states to antibonding
states under the laser effect could significantly weaken C—O
electronic bonding near the top of the valence band and
therefore lead to immediate oxygen removal. Later, a sufficient
electron—hole recombination-induced thermal effect is domi-
nant in the Fs laser reduction process on GO.**

To evaluate the conduction characteristics of the FsSLDW-
induced RGO film, resistivity and mobility of the RGO have
been measured. The resistivity is 9.19 X 107 Qm obtained by
fabricating RGO microbelts between two electrodes. Bottom-
gated field-effect transistors (FETs) with the RGO as a channel
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Figure 4. (a) Survey X-ray photoelectron spectra of pristine GO films
and FsSLDW-reduced GO films. C 1s XPS spectra of pristine GO films
(b) and FsLDW-reduced GO films (c).

were fabricated to determine the mobility, as shown in Figure
Sa—c. The FET was constructed with ITO as the gate and
PMMA as the gate dielectric layer. GO film was spin-coated
onto the PMMA layer, and a belt with a size of 35 X 75 um?

was reduced to RGO by the FsSLDW as the channel between
the source and drain Au electrodes. An RGO channel with the
desired size and shape could be created freely and easily
between two precoated electrodes by using the FsLDW
technique. The GO film can be reduced to extend to the
area under the Au electrodes since the FSLDW is processed
from the bottom side of the FETs, so that a good ohmic
contact between the source/drain electrodes and the RGO
channel is expected. The output characteristics of the FETSs
with pristine GO and RGO as channels are compared and
shown in Figure 5d and e. The pristine GO FET shows no gate
effect (Figure Sd) due to its wide band gap and the high hole-
injection barrier between the Au electrodes and the GO. The
very small S/D current indicates that the carrier concentration
is very low, and GO is insulating to some extent. Therefore, the
influence of the pristine GO region in the RGO FETs is not
taken into consideration on the grounds that it could be
considered as part of the substrate due to its insulation
property. Figure Se shows representative output characteristics
of the RGO FETs under different gate voltages in the range
—80 to 80 V. The hole mobility of the bottom-gated RGO FET
is estimated to be 0.36 cm®> V™' s7' by the following
equation:zo’24

N

p=—s_-

AV, WC,,Vy (1)
where C,, = €&ppma/tox IS Capacitance per unit area of the gate
insulator; &, is vacuum permittivity (8.85 X 107> F/m); epyvia
is the relative dielectric constant of PMMA (3.0); t,, is the
thickness of PMMA (200 nm); L and W are channel length (75
um) and width (35 pm), respectively.

The fabricated micro-OLEDs with a green emission based on
FsLDW-reduced and patterned GO electrodes are imaged
using an optical microscope, and photographs of the operating
devices under different driving voltages are shown in Figure 6.
Ladder-shaped RGO was fabricated and used as the transparent
anode of the micro-OLEDs. The micro-OLEDs show well-
defined shapes and high resolution (Figure 6a). Light emission
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Figure 5. (a) Scheme of the bottom-gate RGO FET. (b) Cross-section schematic diagram of the FET. (c) SEM image of the FsSLDW-reduced and
patterned GO microbelt between source and drain electrodes as a channel. Output characteristics of FETs with GO (e) and FsLDW-reduced GO (f)

as channels, respectively. The gate voltage is in the range —80 to 80 V.
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Figure 6. Optical microscopic images of operating micro-OLEDs based on the patterned RGO electrodes. (a—d) Ladder-shaped micro-OLED
devices under different driving voltages of 0, S, 7, and 9 V. (e—h) Bowknot-shaped micro-OLED devices under driving voltages of 0, 5, 7, and 9 V.

can be observed from the RGO side of the micro-OLEDs at a
driving voltage of 5 V. Uniform and bright light is clearly
observed, and the luminance increases with increasing driving
voltage, as can be seen in Figure 6b—d. It is of interest to note
that complex patterns such as bowknot-shaped micro-OLEDs
could also be easily fabricated engaging the FSLDW reducing
and patterning GO process as shown in Figure 6e—h. The
bowknot-shaped micro-OLEDs also show well-defined shapes
and edges and uniform EL emission in accordance with the
ladder-shaped devices, indicating that micro-OLEDs with any
desired patterns could be obtained based on FsSLDW-reduced
and patterned RGO electrodes.

B CONCLUSIONS

We have successfully fabricated arbitrarily shape customized
micro-OLEDs by using FsSLDW-reduced and patterned GO
film as the anode. According to the XPS, AFM images, and
conductivity measurements, the GO film has been reduced and
patterned synchronously through the mask-free Fs laser
nanowriting pathway with high patterning resolution and
good conduction characteristics. The micro-OLEDs with
different patterns based on the FsSLDW-induced RGO electro-
des show well-defined sizes, shapes, and edges and uniform EL
characteristics, which makes the micro-OLED devices more
attractive in a wide range of scientific fields. Moreover, the
application of the high-resolution and mask-free FsLDW
technique in the reduction and patterning of GO might open
up a new avenue for the design and fabrication of electronic and
optoelectronic devices in the micro- or nanoscale.

B MATERIALS AND METHODS

Preparation of Graphene Oxide. Graphene oxide is
prepared by a modified Hummers method from natural
graphite (Aldrich, <150 pm). Natural graphite powder (2 g)
was mixed with NaNO; (2 g) and H,S0, (96 mL) under
stirring in an ice-bath. Then KMnO, (12 g) was added slowly
into the mixed solution under stirring, and the temperature of
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the system was controlled at 0 °C. After 90 min the ice-bath
was removed and the system was heated at 35 °C for 30 min.
Then distilled water (80 mL) was slowly added into the system,
and it was stirred for another 15 min. Then distilled water (200
mL) and a 3% H,0, aqueous solution were added to reduce
the residual KMnO,, until the bubbling disappeared. Finally, the
system was centrifuged at 12000 rpm for 30 min, and the
residue was washed with distilled water until the upper layer of
the suspension reached a pH of ~7. The obtained sediment was
redispersed into water and was treated by mild ultrasound for
1S min. A homogeneous suspension was collected after
removing the trace black residues by centrifugation at 3000
rpm for 3 min. GO powder was obtained after freezing and
drying of the suspension.'” The GO powder was redispersed
into water again, and the concentration of the GO solution was
controlled at 1 mg/mL.

Femtosecond Laser Direct Writing Induced Reduction
of GO. The femtosecond laser used to directly reduce and
pattern GO was generated by Tsunami, Spectra-Physics lasers
(model: 3960-X1BB s/n 2617; ccd: AMSTAR, B/W; video ccd:
CAMERA). The Fs laser pulse with 790 nm central wavelength,
120 fs pulse width, and 80 MHz repetition rate was focused by
a 100X objective lens with a high numerical aperture (NA =
1.4) into the GO film. The focal spot of the laser beam was
scanned laterally by steering a two-galvano-mirror set and was
vertically moved along the optical axis by a piezostage. A 10
mW laser power measured before the objective lens, a 600 us
exposure duration of each voxel, and a 100 nm scanning step
length were adopted. It took around 6—7 min to produce the
FsLDW-reduced GO films with a ladder or bowknot shape
according to the above conditions.

Fabrication and Evaluation of micro-OLEDs Based on
FsLDW-Reduced and Patterned GO Electrodes. Glass
substrates were cleaned by acetone, ethanol, and ultrapure
water, respectively. The GO film was spin-coated on the
precleaned substrate at 3000 rpm and baked at 40 °C in a
vacuum oven for 30 min. Then it was immediately loaded into a
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thermal evaporation chamber. A 20 nm Au film as the
extraction electrode was deposited on the prepared substrates
with a 75 pm channel by using a shadow mask. The GO film
was reduced and patterned in the channel by FsSLDW. A 30 nm
hole-injection layer of 4,4',4"-tris(N-3-methylphenyl-N-
phenylamino)triphenylamine (m-MTDATA), a 20 nm thick
hole-transporting layer of N,N’-diphenyl-N,N’-bis(1,1’-biphen-
yl)-4,4'-diamine (NPB), a SO nm emitting layer of tris(8-
hydroxyquinoline)aluminum (Alg,), and a cathode of LiF (1
nm)/Al (100 nm) were evaporated sequentially at a base
pressure of S X 107* Pa. The OLEDs were driven by a Keithley
2400 programmable voltage—current source. Optical micro-
scope images were obtained from a Motic BE400 microscope.
The measurements were conducted in air at room temperature.

Fabrication and Evaluation of the RGO FET. Glass
substrates coated with ITO film as the gate electrodes were
precleaned. To obtain a gate dielectric layer, a poly(methyl
methacrylate) (PMMA) chloroform solution (100 mg/mL)
was spin-coated on the substrates at 3000 rpm and baked at 95
°C for 6 h and 120 °C for 2 h. The thickness of the PMMA was
measured to be 200 nm. GO films were spin-coated on the
PMMA layer and annealed at 40 °C in a vacuum oven for 30
min. Au source and drain electrodes were deposited onto the
GO film under vacuum by using a shadow mask. In order to
modulate the active layer, the GO film was then reduced and
patternd into a 35 um width belt between the electrodes
(distance, 75 um) for testing. Current—voltage curves of the
FET were measured by a Keithley SCS 4200 semiconductor
characterization system. The measurements were conducted in
air at room temperature.
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