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Controlling the neutral plane of a multilayer structure is crucial in designing a reliable flexible display, where
the bending strain imposed on the individual layers that are positioned closer to the neutral plane can be
significantly reduced. In this study, we explore the usage of polymer/graphene composites with different
concentrations of graphene flakes to systematically vary the modulus in attempt to control the location
of the neutral plane to the desirable position. Nanoindentation of the PMMA/graphene composite film
on Si substrate revealed that increasing the graphene flake content led to the enhancement in hardness
and modulus of the composite. The increased Young's modulus caused a shift in the neutral plane
position towards the organic emissive layers by ~2.2 um that resulted in a reduction of bending strain in
the organic light emitting diodes with a typical multilayer structure. Furthermore, gas permeability
against O, and water molecules showed that the gas transmission rate of PMMA/graphene composites
decreased as the content of graphene flakes increased since the randomly mixed graphene in PMMA can
efficiently hinder the O, and water molecules from transporting through the thickness of the composite,
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1. Introduction

With increasing interest in the development of flexible displays,
there are concentrated efforts in the development of new
materials that can withstand mechanical strain under bendable
conditions in order to ensure the reliability of the device.'™*
Flexible displays are composed multilayered structures, and the
individual layers have to be able to withstand a significant
degree of bending strain.’® It is important, therefore, to engi-
neer the multilayer structures such a that minimal strain is
applied to the device by controlling the neutral plane; the closer
the layer of interest is to the neutral plane, the smaller is the
imposed bending strain. The location of the neutral plane in the

flexible display with a multilayered structure is calculated by the
n

Bi(yis1® —yi*)
0

equation, S = = m , where the biaxial modulus of

2 Z Bi(yiy1 — 1)
=0

each layer is given by B; = E;/(1 — v;), where E; and »; are the
Young's modulus and the Poisson's ratio of the i layer, and
(v: + 1) — y; = Ay is the thickness of each layer. Flexible displays
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thereby enhancing the barrier properties.

typically have a thick encapsulation layer as well as a thick
polymeric substrate, and thus selecting polymer materials with
a desirable modulus for the substrate or the encapsulation layer
is crucial in controlling the neutral plane of the multilayered
structure.

Graphene is known to have extreme mechanical properties
with high modulus and strength of 1 TPa and 130 GPa,
respectively.”** In addition, the 2-D structure of graphene can
efficiently block the gas molecules from penetrating the gra-
phene, thereby resulting in low permeation level of water or O,
molecules."** Therefore, graphene has the potential as a rein-
forcement material not only for enhanced mechanical proper-
ties but also for excellent barrier properties. Several studies have
reported that the polymer/graphene composites are able to
enhance the mechanical properties of polymer."** For
example, Ramanathan et al. showed that the modulus and
strength can increase by 80% and 20%, respectively, by adding
~1.0 wt% of graphene to poly(methyl methacrylate) (PMMA)."”
Other studies indicate enhanced gas transmission rate, and the
study by Tsai et al. has shown that the water transmission rate
was reduced by 180% for a composite consisting of 1.0 wt%
reduced graphene oxide (RGO) in polyimide matrix.®

While the enhancements in the mechanical and barrier
properties were reported in previous studies for polymer/
graphene composites, there is still a lack of studies exploring
the potential in controlling the mechanical properties by
varying the graphene content in attempt to control the neutral
plane while maintaining a high gas transmission rate for flex-
ible display applications. Therefore, the purpose of this study is

This journal is © The Royal Society of Chemistry 2017
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to investigate the effect of graphene inclusion on the modulus
of polymer/graphene composite, which is then correlated with
the position of neutral plane. In the present study, graphene
flakes were blended in PMMA matrix for improving barrier and
mechanical properties of polymer/graphene composites, and
different contents of graphene flakes were evaluated for opti-
mization. To confirm the enhancement of the modulus of
polymer/graphene composites, nanoindentation was per-
formed on each specimen. Based on the experimentally deter-
mined modulus, the shift in the neutral plane position was
calculated for a typical multilayer stack used for organic light
emitting diodes (OLEDs). Lastly, the gas transmission rate of
PMMA/graphene with varying graphene content was also
measured by using gas permeability tester to confirm the
enhancement of barrier properties by the addition of graphene
flake to polymer material.

2. Experimental

2.1. Fabrication of PMMA/graphene flake composites

Commercial pristine monolayer graphene flake suspension
solution (Graphene Supermarket) was used in this study. The
concentration of graphene flakes in the solution wasa1 mg L™,
and an average size of the graphene flakes was ~550 nm. The
XPS result showed that the graphene flakes are highly pure with
an oxygen content of ~7.0% (Fig. S4at). The solution was then
sonicated for 30 min at room temperature to enhance the
dispersion during the mixing process with polymer materials.
The graphene flake solution was then mixed with PMMA (Mir-
cochem, 950 000 molecular weight 11% in anisole) to fabricate
the PMMA/graphene composites. To enhance the dispersion in
PMMA, the graphene solution in ethanol was transferred to
dimethylformamide (DMF, Sigma Aldrich, anhydrous, 99.8%)
by using filtration with a pore size of 200 nm. The exchanged
graphene in DMF solution was then blended in PMMA solution
in varying graphene contents of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 wt%.
Sonication was conducted to homogeneously disperse the gra-
phene flakes in PMMA, which resulted in dark color as shown in
ESI 01.}

The fabricated PMMA/graphene solution was spin-coated on
Si substrate for nanoindentation, polycarbonate (PC) for gas
permeation tests, and on glass substrate for optical trans-
parency measurements. The spin-coating time was fixed at 30
seconds and the rpm was varied between 2000-3000 rpm.
Different contents of graphene in PMMA caused different
coating rate, and thus appropriate rpm was selected to obtain
the same thickness of PMMA/graphene composite. Thickness of
10 um was used for nanoindentation tests on Si substrate to
minimize substrate effects, and 3 um for gas permeation tests
on PC substrate as well as for the UV-vis transmittance
measurements. The spin-coated PMMA/graphene composites
were heated at ~80 °C for 10 minutes in ambient air by using
hot plate. Thicknesses of the fabricated PMMA/graphene
composites were confirmed using atomic force microscopy
(AFM, JPK, NanoWizard® 3 NanoScience). The transparency of
the PMMA/graphene composite was measured using the UV-vis
spectrometer (Micro-Light, MT-500) in the range of 350-
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800 nm. The optical microscope images of the PMMA/graphene
composites confirmed that the graphene flakes were homoge-
neously distributed in PMMA, as shown in ESI 02.7 The average
sizes of graphene flakes in PMMA/graphene composites were
~1.1 um for the PMMA with 0.2 wt% graphene, which was
increased to =2.9 um as the graphene flake contents increased.
High contents of graphene in PMMA led to the agglomerations
of graphene flakes, thereby resulting in the increase in average
size of graphene flakes in PMMA.

2.2. Nanoindentation

Mechanical properties of PMMA/graphene composites were
characterized using nanoindentation (MTS, Nano Indenter XP)
with a Berkovich tip. Continuous stiffness measurement (CSM)
method was used in a load-controlled mode with a maximum
load of 100 mN. 16 positions were indented for each sample,
and the average values of those results are presented. The
hardness and Young's modulus presented throughout this
paper were calculated by using Oliver and Pharr (O&P) model,
which is explained in detail in ref. 20. The thin polymer film on
a stiffer Si substrate can cause error in the calculation of contact
areas during indentation due to the pile-up of the softer film
material especially in the shallow displacement region, and this
can cause large errors in using pre-calibrated O&P area func-
tion.**** The Han-Yu-Vlassak (HYV) model can be used to
calculate the contact area based on the contact stiffness, thereby
correcting the error associated with inaccurate contact
areas.”"” Therefore, the hardness was also calculated by using
HYV model for comparison to that of the O&P model.

2.3. Gas permeability test

O, permeation tester (OX-TRAN 2/21 MD (MOCON)) and water
permeation tester (PERMATRAN_W 3/33 MA (MOCON)) were
used to evaluate the O, and water transmission rate of the
PMMA/graphene composites on PC substrate, respectively. The
permeation tests were conducted at room temperature by
following a standard testing method for vapor transmission rate
through plastic films and sheets using a modulated infrared
sensor (ASTM F1249 for O, and ASTM D3985 for water).

3. Results and discussion

3.1. Nanoindentation on PMMA/graphene flake composites

Young's modulus and hardness analyzed using the O&P method
for the PMMA/graphene composites as a function of graphene
flake concentration ranging from 0 wt% to 1.0 wt% are shown in
Fig. 1. The modulus for the PMMA without graphene increased
with increase in displacement, as expected for soft, compliant
polymer thin film (10.0 pm PMMA) on hard, stiff Si substrate.
The modulus was therefore extrapolated from the shallow
displacement range after fine tuning the tip area calibration in
that range as explained in the work by Han et al.*® to minimize
the substrate effect. Similarly, the modulus for samples con-
taining graphene flakes with concentration in the range of 0.2 to
1.0 wt% were analyzed to extrapolate the Young's modulus from
the O&P method. The extrapolated modulus for the PMMA

RSC Adv., 2017, 7, 8186-8191 | 8187
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Fig. 1 Nanoindentation results as a function of the contents of graphene flake in PMMA. (a) Young's modulus vs. indentation displacement, (b)
hardness (O&P) vs. indentation displacement, (c) hardness (HYV) vs. indentation displacement and (d) extracted modulus and hardness values at

500 nm as a function of graphene content in PMMA.

without graphene showed 2.9 GPa that increased to 7.7 GPa for
the PMMA with 1.0 wt% of graphene flakes.

Hardness also increased as the contents of graphene flakes
increased as shown in Fig. 1b, in which the PMMA without
graphene flake showed a O&P hardness (Hop) of 110 MPa while
the Hop of 197 MPa at 500 nm was obtained for the PMMA with
1.0 wt% of graphene flakes. For comparison, the hardness
(Huyv) was also calculated by the aforementioned HYV model,
in which the contact areas are determined based on the
measured stiffness (Fig. 1c). The experimentally determined
O&P modulus of PMMA/graphene and the known elastic
constants of Si substrate as well as the thickness of the film were
used as input to calculate Hyyyy. Hyyyv Showed similar trend of
increasing hardness with an increase in the graphene flake
content, where the PMMA with 1.0 wt% graphene and without
graphene showed the Hyyy of 224 MPa and 137 MPa at 500 nm,
respectively. Since Hyyy of PMMA/graphene composites showed
a plateau in shallow indentation depth, Hyyy can be a more
accurate measure of the hardness than the Hgp for this case of
polymer on stiff substrate system. Hardness were extracted at
the displacement of 500 nm, which is 5% of the thickness of
PMMA/graphene composite film, are plotted against the gra-
phene content to clearly show the trend of increasing hardness
with increasing graphene content (Fig. 1d). The reinforcement
ability of graphene flakes in PMMA was better than other types

8188 | RSC Adv., 2017, 7, 8186-8191

of graphene, such as reduced graphene oxide (RGO) or gra-
phene oxide (GO), which was attributed to the larger defect
density of RGO or GO layers than that of graphene flakes (ESI 03
and 047).

Based on the volume fraction of graphene flakes in PMMA,
the predicted Young's modulus and hardness are stated in
Table 1 along with the experimentally measured values. Here,
the Young's modulus and hardness for a single graphene flake
was taken to be 0.92 TPa and 10 GPa, respectively from ref. 24
and 25. The modulus determined by nanoindentation revealed
that modulus of PMMA/graphene composites linearly increased
as the contents of graphene flakes increased, as shown in
Fig. 1d. Furthermore, it should be noted that the analytically
estimated modulus and hardness of PMMA/graphene compos-
ites showed similar values and tendency with those of experi-
mentally determined values. The consistency of experimentally
and analytically determined modulus and hardness confirmed
the effectiveness of graphene flakes uniformly distributed in the
PMMA as the strength enhancer. Since the analytical calcula-
tion used the modulus and hardness value of 2-D graphene
sheet measured under in-plane tensile straining condition,****
the anisotropic graphene flakes distributed in PMMA with
randomly varying orientations might be the cause for the small
discrepancies in modulus and hardness values between the
experimentally and analytically determined values.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Experimentally and analytically determined modulus and hardness values as a function of graphene flake content

Graphene flake

content (wt%) Eop (GPa) E (GPa) (calculation) Hop (MPa) Hyyv (MPa) H (MPa) (calculation)
0 2.9 3.1 110.5 136.6 187.0
0.2 3.8 4.7 144.0 154.9 190.8
0.4 5.7 6.3 162.9 183.9 194.0
0.6 6.1 7.9 178.1 201.1 198.7
0.8 7.3 9.4 190.8 218.4 202.5
1.0 7.7 11.0 197.3 224.3 206.4

The reported modulus variance with the inclusion of gra-
phene flakes is expected to be useful in designing a reliable
flexible device where the neutral plane can be shifted to the
desirable position by varying the modulus of the encapsulation
layer. The neutral plane is given by ¢ = y/R, where y and R are the
distance from neutral plane and the radius of bending curva-
ture, respectively. Therefore, modulus control of encapsulation
layer can be a simple yet effective methodology for controlling
the neutral plane in a flexible device with extremely thick layer
of encapsulation typically in the range of ~1.3 pm (Fig. S5). For
an organic light emitting diodes (OLEDs) that consist of
multilayers, the organic emissive layer is the most sensitive part
when subjected to bending strain. To minimize the damage on
the organic emissive layer under bending, the neutral plane
should therefore be located near the emissive layer. By
assuming a typical structure of flexible OLEDs as shown in
Fig. S6,1 the use of PMMA/graphene composites encapsulation
layer can shift the neutral plane to the desired position (here, to
organic emissive layer) due to the increased modulus as a result
of graphene addition. If PMMA with 1.0 wt% of graphene flakes
is used for encapsulation, a shift in the neutral plane to the
position to 105.84 pm from 103.64 pm is expected. For a hypo-
thetical bending radius of 10 mm, the shift in the neutral plane
of 2.2 pm is expected that can decrease the applied strain to the
organic layers from 5.9% to 5.0% as determined by ¢ = y/R. In
other words, the increase in the modulus by mixing the gra-
phene flakes with PMMA can result in the significant reduction
in the applied strain to the organic layers, thereby resulting in
enhancing the performance and reliability of the device under
cyclic bendings.

3.2. Gas permeability of PMMA/graphene flake composites

O, transmission rate (OTR) and water vapor transmission rate
(WVTR) of PMMA/graphene composites were measured by
using gas permeability tester to investigate the effect of gra-
phene flake contents on the gas transmission rate. The PMMA/
graphene composites with thickness of 3 pm on PC substrates
were prepared to have different contents of graphene flakes in
PMMA ranging from 0 to 1.0 wt% for the gas permeability tests.
Since gas transmission rates of polycarbonate are significantly
higher than those of PMMA, the PC substrates were selected to
minimize the substrate effects on the gas permeability results
for the PMMA/graphene composites. The results of OTR and
WVTR of PMMA/graphene composites as a function of the
graphene flake concentration are presented in Fig. 2. The

This journal is © The Royal Society of Chemistry 2017

PMMA without graphene showed OTR value of 769 g per m? per
day that decreased to 45 g per m” per day as the contents of
graphene flakes increased to 1.0 wt%, as shown in Fig. 2. The
lowest OTR value was achieved in the specimens with 1.0 wt% of
graphene flakes in PMMA, which showed ~90% lower value
compared to that of PMMA without graphene. The result of
WVTR showed a similar behavior with that of OTR where the
WVTR values decreased from 55.4 ¢ per m” per day to 12.6 g per
m” per day as contents of graphene flakes in PMMA increased
from 0 wt% to 1.0 wt%. ~80% decrease in WVTR value was
achieved in the PMMA with 1.0 wt% graphene flakes.

The enhancement of barrier properties of PMMA with the
addition of graphene flakes is attributed to the blocking the gas
or water molecule transmission through PMMA by the gra-
phene. In the PMMA without graphene, gas or water molecules
are able to transit through PMMA without significant distur-
bance, which leads to the high OTR and WVTR (Fig. S7at). Since
graphene flakes have a low permeability to gas or water mole-
cules, however, the paths for the gas transmission through
PMMA are efficiently blocked by graphene flakes after the
distribution of graphene flakes in PMMA (Fig. S7bt). The high
contents of graphene will cause the increased probability of the
blocking gas or water transmission through PMMA, and thus,
the lowest values of OTR and WVTR were observed in the
maximum content of graphene flakes, 1.0 wt%.

Although both OTR and WVTR were significantly higher in
the PMMA/graphene composite than in some of the standard

500 60
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3 300} o
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Fig. 2 Oxygen transmission rate and water vapor transmission rate of
PMMA with different contents of graphene flake.
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encapsulation materials for OLEDs such as the SiN,, Al,03, ZrO,
or SiO, (ref. 26-28) due to the limited barrier properties of
PMMA, the addition of graphene flake into PMMA clearly
showed remarkably reduction in the OTR and WVTR. With
further development of other polymer/graphene composites,
the gas transmission rate has a great potential for enhance-
ment. In comparison to the inorganic barriers such as SiN,,
Al, O3, ZrO, or Si0,,”*** the polymer/graphene composites are
expected to be cost effective in terms of material cost and pro-
cessing as well as allowing for the needed mechanical flexibility
that would be well suited for the flexible display application.

3.3. Optical transmittance of PMMA/graphene flake
composites

Optical transmittance was measured for the PMMA with varying
concentration of graphene flakes to confirm the transparency
of the PMMA/graphene composites. The PMMA/graphene
composites with the thickness of 3 pm were deposited on
glass substrates for the transmittance measurement. Fig. 3
shows the optical transmittance across the visible wave length
spectrum for PMMA with different wt% of graphene flakes. The
total transmittance decreased as the contents of graphene
flakes increased, as expected. The optical transmittance at
a wave length of 550 nm was 94% for the PMMA with 1.0 wt% of
graphene flakes while 99% transmittance was observed for the
PMMA without graphene. A mono layer graphene is known to
decrease the optical transmittance by ~2.7%,* and thus, an
increase in the graphene flake concentration in PMMA is
expected to decrease the optical SSS transmittance as experi-
mentally observed. However, the lowest value of optical trans-
mittance of present study, i.e. the result of the PMMA/graphene
composites with 1.0 wt% of graphene flakes, was highly trans-
parent (Fig. S81), and still above the requirement for the optical
transmittance of encapsulation materials for OLEDs, ~90%.*"
Therefore, the loss of optical properties will not limit the
application of graphene flakes for the encapsulation material
for flexible displays.

S
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g o 0.2wt%
‘e o 0.4wt%
2 80l o 0.6Wwt%
o o 0.8wt%
= o 1.0wt%
70 1 Il
400 500 600 700
Wavelength (nm)

Fig. 3 Optical transmittance of PMMA with different contents of
graphene flake as a function of wavelength.
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4. Conclusion

In this study, the effect of varying the graphene flake content in
the mechanical properties of PMMA/graphene composite was
explored with the focus of controlling the neutral plane for
strain engineering of a flexible display by potentially replacing
the encapsulation layer with the proposed PMMA/graphene
composite. Excellent mechanical properties of graphene resul-
ted in the increase in hardness from 137 MPa to 224 MPa and
Young's modulus from 2.9 GPa to 7.7 GPa for the PMMA/
graphene composite as the graphene content increased from
0 to 1.0 wt%. The calculation of neutral plane based on the
measured mechanical properties of PMMA/graphene compos-
ites indicated that the neutral plane in OLEDs with the PMMA/
graphene composites used as the encapsulation layer can be
shifted towards the organic layers; 1.0 wt% graphene flake
inclusion with modulus of 7.7 GPa results in a shift in the
neutral plane by 2.2 pm that translates to a reduction in the
bending strain in the organic emissive layer from 5.9% to 5.0%
for a typical OLED multilayer structure. Furthermore, PMMA/
graphene composites showed lower O, and water molecule
gas transmission rates compared to those of PMMA without
graphene as the randomly distributed graphene flakes in the
PMMA act as an efficient barrier. Our findings indicate that the
polymer/graphene composites can enhance not only the barrier
properties, but also contribute to the enhancement in the reli-
ability of flexible displays by controlling the neutral plane of the
multilayer structure such that the strain imposed on the emis-
sive organic layer is minimized.
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