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two of the most rapidly developing

technologies of the 21st century with
the coming of a global energy crisis. Low
processing costs and mechanical stretchabil-
ity render flexible optoelectronic devices
highly attractive for many applications. Gra-
phene, a new two-dimensional, one atom
thick nanomaterial with excellent transmit-
tance and conductivity," has initiated the
development of graphene-based optoelec-
tronics, such as liquid-crystal devices,? light-
emitting devices,** touch-screen panels,®
and solar cells.”®

Alternating current electroluminescence
(ACEL) devices have attracted great atten-
tion in areas of liquid-crystal display back-
lighting and large-scale architectural and
decorative lighting,”'® which is due to their
high resolution, good contrast and bright-
ness, uniform light emission, thin profile,
and low power consumption.'’ Compared
with OLEDs and LEDs, ACEL is still the only
mature technology for flat and flexible
large-area light sources until now.'? ACEL
devices commonly use indium tin oxide (ITO)
films as transparent conductive electrodes,
whose brittle nature hinders the mechanical
stretchability of ACEL devices."”>~'® In com-
parison to ITO films, graphene has superior
optoelectronic properties, better flexibility,
and chemically stability.>'®'” On the other
hand, high-quality, large-area graphene
films have been prepared on transition
metals by chemical vapor deposition (CVD)
methods.'” ' So, CVD-grown graphene is
an excellent candidate to replace ITO film
in ACEL devices, especially in the case of
flexibility.

In this study, for the first time, we demon-
strate high-performance ACEL devices on
flexible PET substrates based on graphene
transparent electrodes. The ACEL device
with a single-layer graphene electrode has
a turn-on voltage of 80 V; at 480 V (16 kHz),
the luminance and luminous efficiency are
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WANG ET AL.

ABSTRACT For the first time, large-area CVD-grown graphene films transferred onto flexible PET
substrates were used as transparent conductive electrodes in alternating current electrolumines-
cence (ACEL) devices. The flexible ACEL device based on a single-layer graphene electrode has a turn-
on voltage of 80 V; at 480 V (16 kHz), the luminance and luminous efficiency are 1140 cd/m? and 5.0
Im/W, respectively. The turn-on voltage increases and the luminance decreases with increasing
stacked layers of graphene, which means the single-layer graphene is the best optimal choice as the
transparent conductive electrode. Furthermore, it demonstrates that the graphene-based ACEL
device is highly flexible and can work very well even under a very large strain of 5.4%, suggesting
great potential applications in flexible optoelectronics.

KEYWORDS: graphene - electroluminescence devices - flexible optoelectronics -
luminance - luminous efficiency

1140 cd/m? and 5.0 Im/W, respectively. It
can work very well even under a very large
strain of 5.4%. In addition, we show that the
turn-on voltage increases and the lumi-
nance decreases with increasing stacked
layers of graphene; therefore, the single-
layer graphene is the best optimal choice
as the transparent conductive electrode for
graphene-based ACEL devices.

RESULTS AND DISCUSSION

Figure 1 shows the schematic structures
and photographs of an ACEL device based
on a single-layer graphene electrode before
and after bending. We used the graphene
films on a PET substrate as the transparent
conductive electrode, the mixture of ZnS:

Cu powder and epoxy as the phosphor
layer, the mixture of BaTiO; powder and
epoxy as the insulating layer, and the silver
paste as the back electrode. The ACEL
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Figure 1.
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Figure 1. Schematic structures (left) and photographs
(right) of ACEL device based on a single-layer graphene
transparent electrode (a) before and (b) after bending; the
device area is ~6 cm?, and the applied voltage is 480 V.

which was similar to the previously reported process.'?
After growth, we used a PMMA layer as a support
material to transfer large-area CVD-graphene film to a
target substrate for further characterizations and
measurements.'®?° Figure 2a shows the Raman spec-
trum of the CVD-graphene transferred onto a 300 nm
SiO,/Si substrate. One can observe two peaks of gra-
phene at ~1584 cm™' (G peak) and ~2699 cm™' (2D
peak). The G-to-2D intensity ratio (Ig/lp) is ~0.28,
which indicates the CVD-graphene is single layer.' In
addition, the intensity of the D band at ~1350 cm ™', a
measure of defects in the graphene, is below the Raman
detection limit, which means our CVD-graphene has high
quality. We measured the optical and electrical properties
of single and multiple stacked layer graphene films,
which were transferred onto PET substrates. The multiple
stacked layer graphene was obtained by using the
transfer process sequentially, and the resulting films
(~6 cm?) are shown in Figure 2b.

Figure 2c shows the optical transmittance of gra-
phene films on PET substrates as a function of wave-
length for different numbers of stacked layers. From
Figure 2¢, we can obtain the transmittance of graphene
as a function of the number of stacked layers at the
wavelength of 497 nm (the inset in Figure 2c), which
corresponds to the emission peak of our graphene-
based ACEL devices. The transmittance of single-layer
graphene is 96.3%, and the transmittance is reduced
by ~3.37% by adding one layer of graphene, as similar
to previous reports.>?° Figure 2d shows the sheet
resistance of graphene films onto PET substrates. With
the number of stacked layers (N) increasing from 1 to 4,
the sheet resistance (Ry) decreases from 230 to 30 Q/C1.
If the randomly stacked layers behave independent
of each other, the average sheet resistance per layer
(NRy) should be constant; however, the actual value of
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average sheet resistance per layer decreases with
increasing the stacked layers, as shown in Figure 2d
(violet solid circle). The discrepancy may be explained
by considering that the defects (or impurities) in one
layer are bridged by its neighboring layer, and they
increase with increasing the number of stacked layers.
The defects (or impurities) may be produced during
the transfer process. It is noted that the increase of
defects (orimpurities) has little influence on the optical
transmittance of graphene films at normal incidence
(the inset in Figure 2c) but will play an important role in
optical transmittance at oblique incidence (Figure S1in
the Supporting Information).

Figure 3 shows the luminance of (unbending) ACEL
devices based on 1—4 stacked layers of graphene as
transparent electrodes. The turn-on voltage is defined
as the voltage at which the luminance reaches 0.8 cd/m?.
One can observe that the turn-on voltage is 80 V (16
kHz) for the ACEL device based on a single-layer
graphene electrode, and the value increases with
increasing the number of stacked layers, as shown in
the left top inset in Figure 3. The result is due to the
following two reasons: (1) The increase of stacked
layers does not influence the voltage drop of phosphor
layer, which causes the occurrence of ACEL. It can be
explained by the simple circuit model shown in the
right bottom inset of Figure 3. The voltage drop of
phosphor can be calculated from Uphosphor = U —
Ugraphenes Where U is the applied voltage and Ugraphene
the voltage drop of graphene. Ugraphene Can be ob-
tained by UGraphene = URGraphene/(RGraphene + 1/
27fCioral), Where f is the frequency of applied voltage
(16 kHz), Coral the total capacitance of the device (0.95
nF, measured by Agilent 4284), and Rgraphene the
resistance of graphene films. Rgraphene is given by
RGraphene = Rtf/S, with R, being the sheet resistance
of graphene films (Figure 2d), t; the thickness of
graphene films, and S the area of graphene films
(6 cm?). When the number of stacked layers increased from
1104, AUPhosphor/UPhosphor ~ AUGraphene/U x5 X 10_18'
Therefore, the voltage of phosphor layer is indepen-
dent of stacked layers. (2) The transmittance of gra-
phene films (Ty) decreases with increasing stacked
layers, as shown in the inset in Figure 2c. On the basis
of these two reasons, we can conclude that, with
increasing the number of stacked layers, the luminance
decreases at the same applied voltage, thus the turn-
on voltage correspondingly increases.

In order to further investigate the influence of the
number of stacked layers on the luminance of devices,
Figure 4a shows the luminance decay of the second layer
((Ly — Ly)/Ly) as a function of applied voltage. One can
observe that the luminance decay decreases with increas-
ing applied voltage; when the applied voltage is beyond
320V, the luminance decay reaches the saturation value of
6.1%, which is still higher than the transmittance decay
value of the second layer ((T; — T,)/T; = 3.18%, normal
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Figure 2. (a) Raman spectrum of the CVD-graphene transferred onto a 300 nm SiO,/Si substrate. (b) Photographs of 1—4
layers of stacked graphene films on PET substrates; the film area is ~6 cm?. (c) Transmittance of CVD-graphene films
transferred on PET substrates for different numbers of stacked layers; the inset is the transmittance of graphene as a function
of the number of stacked layers at the wavelength of 497 nm. (d) Sheet resistance of N-layer graphene as a function of the
number of stacked layers (N).
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Figure 3. Luminance of ACEL devices based on 1—4 stacked layers of graphene as transparent electrodes, and the device area
is ~6 cm?. The left top inset is a semilog plot when applied voltage is smaller than 200 V, and the right bottom inset is the
simple circuit model of the ACEL device.

incidence). The result may be mainly due to the surface
relief of BaTiOs-epoxy (at the silver paste/BaTiOs-epoxy
interface), which originated from the spin-coating process.

As shown in Figure 4b, the surface relief of the BaTiOs-
epoxy layer on the phosphor layer is micrometer scale. It
causes the non-uniform electric-field intensity and direction
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Figure 4. (a) Luminance decay of the second layer ((L, — L;)/L,) as a function of applied voltage. (b) SEM image of BaTiOs-
epoxy on ZnS:Cu-epoxy/graphene/PET. (c—f) Photographs of the ACEL devices at various voltages of 120, 160, 240, and 320 V,

respectively.

in the phosphor layer, resulting in the non-uniformity in
intensity and direction of excited light. When the applied
voltage is small, the ACEL first occurs at the concave parts of
phosphor layer due to the formation of higher electrical
field; in this case, the light is obliquely incident to the
graphene films, which causes the lower transmittance than
that at normal incidence.”’ When the applied voltage is
increased, the luminous points increase; in this case, the
more flat parts begin to glow, and the corresponding light
is normally incident to the graphene films which causes the
higher transmittance, thus the luminance decay is de-
creased. When the applied voltage is high enough, all parts
of phosphor layer begin to glow; in this case, the luminance
decay reaches the saturation value. This model can be
supported by the photographs of the ACEL device at
different applied voltage, as shown in Figure 4c—f; there
are a few luminous points with a non-uniformly distributed
state under small voltage, and the number of luminous
points increases with increasing the applied voltage.
Moreover, at the applied voltage of 480 V, the
luminance decays of the second, the third, and the
fourth layer are 6.1, 10.8, and 15.8%, respectively, as
shown in Figure S1 (Supporting Information). The
luminance decay of the Nth layer ((Ly_1 — Ln)/Ln_1)
graphene increases with increasing the layer number
(N). It may be due to the defects (or impurities) of the
Nth layer increasing with the number of stacked layers,
resulting the increase of scattering effects.?* Figure
S2a—d shows the AFM images of 1—4 layers of stacked
graphene films on PET substrates, respectively. One
can observe that, when the stacked layers increase
from 1 to 4, the defects and impurities increase, and the
corresponding root-mean-square (rms) roughness in-
creases from 15.0 to 25.1 nm. It can be due to the
random multilayer stacking, which introduces defects
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and impurities during every transfer process. Thus, the
defects and impurities of the Nth layer, originated from
the (N—1)th layer and the Nth transfer process, in-
crease with the number of stacked layers. The result is
also consistent with the electrical results, as shown in
Figure 2d.

On the basis of the above studies, we conclude that
the single-layer graphene is the best optimal choice as
the transparent conductive electrode for graphene-
based ACEL device, which has a turn-on voltage of 80 V.
At 480 V (16 kHz), the luminance and luminous effi-
ciency are 1140 cd/m? and 5.0 Im/W, respectively. The
luminous efficiency of 5.0 Im/W was measured using a
Sawyer—Tower circuit, as shown in Supporting Infor-
mation Figure S3. The values are comparable to the
common ACEL devices (ZnS:Cu phosphor layer),”® and
the device performance can be further improved by
increasing the smoothness of BaTiOz-epoxy layer (and
ZnS:Cu-epoxy) surface.

In addition, we have also investigated the flexibility
of ACEL device based on a single-layer graphene as the
transparent electrode. As shown in Figure 5a, the strain
is defined as strain & (t; — t,)/2r (ts, t, > tg), where t, is
the thickness of the substrate, t, the total thickness of
the phosphor layer, dielectric layer, and silver elec-
trode, t; the thickness of the graphene film, and r. the
curvature radius. Both the sheet resistance of single-
layer graphene and the luminance of the ACEL device
remain almost unchanged even when the strain in-
creases to 5.4%, as shown in Figure 5b. Pleases note
that the photograph of the bending graphene-based
ACEL device is shown in Figure 1b. On the other hand,
when the stain is greater than 2.5%, the resistance of
ITO film (105 nm, 80 Q/00) increases sharply, caused by
the rapid increase of crack density with increasing
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Figure 5. (a) Schematic structure of a bending graphene-based ACEL device; t is the thickness of the PET substrate; t; is the
thickness of graphene film; t, is the total thickness of the phosphor layer, dielectric layer, and silver electrode; r. is the radius
of curvature. (b) Changes of sheet resistance and luminance as a function of strain; the black solid circles and violet solid
squares represent the changes of sheet resistance and luminance (at 480 V), respectively; the photograph of the bending

graphene-based ACEL device is shown in Figure 1b.

strain, as shown in Supporting Information Figure 54.2*
It is noted that, for the ACEL device, the increase in
sheet resistance of ITO film has little influence on the
voltage of the phosphor layer (ITO: AR/Ry = 200 —
AUphosphor/Uphosphor = 2.8 x 107 '), but the cracks will
obviously influence the uniformity of luminance and
decrease the life cycle of the device (typically for
repeated bending).>** So we conclude that the sin-
gle-layer graphene has great advantage over ITO films
for flexible ACEL devices.

CONCLUSIONS

In summary, for the first time, we have demonstrated
the fabrication and performance of flexible ACEL de-
vices based on graphene transparent electrodes. The
influence of graphene transparent electrode on device
performance was systemically studied. The results

METHODS

Graphene Synthesis. Graphene film with a size of 10 x 10 cm?
was grown on 25 um thick Cu foils (Alfa Aesar, item no. 13382)
by CVD. The detailed growth process is very similar to that
reported in ref 19. First, we loaded the Cu foil into the silica tube
of the CVD system, then evacuated the system and backfilled
with hydrogen; increased the temperature to 1000 °C within 40
min with a hydrogen flux of 30 sccm and pressure of 100 Pa;
grew graphene films for 20 min by introducing 50 sccm of CHy;
and finally cooled the system to room temperature with a
cooling rate of 50 °C/min.

Transfer Process of Graphene Films. The surface of the graphene-
on-Cu was spin-coated with poly(methyl methacrylate) (PMMA),
and the PMMA/graphene/Cu foil was baked on a hot plate at
100 °C for 3 min and then 120 °C for 5 min. Then the Cu foil was
etched in an aqueous solution of 10 wt % Fe(NOs)s. After the Cu
foil was completely etched, the PMMA/graphene was washed in
DI water several times to remove Fe** and NO; ™. The PMMA/
graphene was transferred onto a flexible PET substrate (or SiO,/
Si substrate). In order to prevent the formation of bubbles
between the graphene and PET substrate, the PMMA/gra-
phene/PET was baked on a hot plate at a low temperature of
50 °C for 20 min. In order to prevent causing damages to large-
area graphene, the acetone vapor instead of acetone solution
was used to remove the PMMA, and the flexible graphene film
on the PET was finally obtained.

Fabrication of ACEL Devices. First, the mixture of ZnS:Cu powder
and epoxy with a weight ratio of 1.8:1 was spin-coated onto the
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show that the turn-on voltage increases, and the
luminance decreases with increasing stacked layers
of graphene. It means that the single-layer graphene
is the best optimal choice as the transparent conduc-
tive electrode for a graphene-based ACEL device,
which has a turn-on voltage of 80 V. At 480 V (16 kHz),
the luminance and luminous efficiency are 1140 cd/m?
and 5.0 Im/W, respectively. Furthermore, we have also
investigated the flexibility of graphene-based ACEL
devices. Both the sheet resistance and luminance of
the device remain unchanged under a large strain of
5.4%. The result reveals that flexible graphene-based
ACEL devices will play an important role in flexible
optoelectronics and have great potential in architec-
tural and decorative lighting (e.g., billboards, signs) or
wearable devices (e.g., wearable lighting, wearable
displays).

graphene/PET, and it was baked at 110 °C for 30 min. The
amount of Cu activator in the phosphor is around 0.1 wt % ZnS,
and the size of ZnS:Cu powder is around 4—10 um. The epoxy is
AB glue purchased from Shanghai KPT Co. Then, the mixture of
BaTiO3 (10—15 um) and epoxy (AB glue) with a weight ratio of
1:1 was spin-coated onto ZnS:Cu-epoxy/graphene/PET, and it
was baked at 110 °C for 30 min. Finally, the silver paste electrode
was coated, and the flexible ACEL device with a structure of
silver paste/BaTiOs-epoxy/ZnS:Cu-epoxy/graphene/PET was
obtained, as schematically shown in Figure 1a. The thicknesses
of ZnS:Cu-epoxy, BaTiOs-epoxy, and silver paste electrode are
about 100, 80, and 5 um, respectively.

Measurements. All measurements were performed in air at
room temperature. Raman spectroscopy was carried out on a
Renishaw (514 nm). The optical transmittance was measured
by using a Perkin-Elmer Model Lambda 750-UV—vis spectro-
photometer. The sheet resistance of graphene was measured
by Agilent 4155B using Van Der Pauw method. The luminance
of ACEL was measured using a calibrated broad-band optical
luminance meter (ST-86LA-3, Photoelectric Instrument Co,
Beijing Normal University, China), and the luminance of a
bent device was measured by putting the detector on the
surface of bent PET. The capacitance of ACEL was tested by
Agilent 4284.
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