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Colorless polyimides (PIs) have been considered as potential substrates for flexible displays due to their excellent
transparency, thermal stability, mechanical strength and flexibility. However, high water vapor transmission rate
(WVTR) of PI films limits the lifetime of electronic devices using PI films as substrates. Two approaches were ap-
plied to reduce theWVTR of PI films. Graphene (RG), which is thermally reduced graphene oxide (GO), was blend-
ed with a nearly colorless PI solution synthesized from an alicyclic tetracarboxylic dianhydride and aromatic
diamine in cosolvent to obtain PI/RG nanocomposites. Subsequently, a barrier thin film was deposited on those
PI nanocomposites by radio frequency magnetron sputtering from a Si3N4 target. The deposited barrier layer
was amorphous and its composition along the thicknesswas homogeneous based on the X-ray diffraction patterns
and the depth profile by X-ray photoelectron spectroscopy. An optimumdeposition thickness of the barrier layer is
30 nm to obtain a close-packed, smooth and continuous barrier film on PI. The presence of a 30 nm-thick barrier
layer on PI/RG-0.1 nanocomposite film capably reduces the WVTR to 0.17 g/m2-day compared to 181 g/m2-day
for pure PI and 13 g/m2-day for PI/RG-0.1. The surface of PI/RG is more hydrophobic and the capacity of moisture
absorption by PI/RG is lower than PI/GO indicating thewater resistance byRG is superior to that byGO. Thisflexible
nanocomposite film remains high optical clarity and simultaneously shows excellent water barrier performance,
enhanced dimensional stability and sufficient mechanical strength for advanced electronic applications.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Polyimides (PIs) are considered as promising materials for flexible
displays due to their flexibility, light weight and robust [1–5]. However,
the orange-yellow color of traditional aromatic PIs limits their applica-
tions and the high water vapor transmission rate (WVTR) reduces
the lifetime of electronic devices using PIs as flexible substrates [1,3,5].
Hence, several approaches have been made to develop transparent poly-
mer substrates with improved barrier property [6,7]. The water or gas
permeability of polymers can be reduced by atomic layer deposition
or chemical vapor deposition of inorganic materials, such as Al2O3,
SiO2 and SiNx, on polymer substrates [5,8–10]. The WVTR of the
Langmuir–Blodgett-coated Kapton film (thickness: 75 μm) drops
from 168 g/m2-day to as low as 28 g/m2-day [11]. The PI films with
relatively rigid structure exhibit lower WVTR [12]. In addition, the rela-
tively rigid PI matrix leads to a denser packing of a barrier layer on PI,
and thus rigid PI exhibits lower moisture permeability than flexible PI
[13,14].
6; fax: +886 4 24510890.
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Recently, the graphene-related nanofillers have been considered as
promising gas barrier materials [15,16] for polymer matrix. An improved
barrier property of transparent PI by blending with graphene oxide (GO)
was observed from our preliminary result [17]. Thematrix of transparent
PI is not as rigid as that the WVTR of transparent PI is higher than tradi-
tional PI. Hence, an improved barrier property is essential before those
transparent PIs applied to electronic industry. Two approaches were ap-
plied to reduce the WVTR of transparent PI films in this study. Transpar-
ent PI solution was blended with small amount of graphene (RG) to
synthesize PI/RGnanocompositefilms in order to reduce itsWVTR and si-
multaneously retain its transparency. Subsequently, a barrier layer was
deposited on PI/RG nanocomposite films by a radio frequency (RF) mag-
netron sputtering process to further reduce the water permeation. A sili-
con nitride (Si3N4) target was selected to deposit a single barrier layer on
PI/RG nanocomposite film because it is transparent and has been consid-
ered as a superior moisture resistance material for semiconductor appli-
cations [8,18]. The deposition parameters were optimized to obtain the
best barrier property, i.e. the lowestWVTR value, of flexible and transpar-
ent PI/RG nanocomposite films. The composition and morphology of de-
posited barrier layer as well as the optical, thermal and mechanical
properties of PI/RG nanocomposites were comprehensively investigated
in this work.
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2. Experimental details

2.1. Materials

Bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BCDA)
and 3,4′-oxydianiline (3,4′-ODA) purchased from Aldrich were used
as-received. The solvents γ-butyrolactone (GBL) and dimethylacetamide
(DMAc) were provided by TEDIA. The catalyst isoquinoline for preparing
PI and chemicals HCl, H2SO4, H2O2 and KMnO4 for synthesizing GO or RG
were commercially obtained from TCI. Graphite powder (325 mesh) was
supplied by Alfa-Aesar.

2.2. Synthesis of PI solution

Organo-soluble PI with solid content of 20 wt.%was synthesized from
the reaction of equal molar BCDA and 3,4′-ODA in cosolvent via one-step
method. A typical batch containing 3,4′-ODA (3.5526 g) and BCDA
(4.4474 g) was completely dissolved in the co-solvent (GBL and DMAc,
16 g) and continuously mixed by a mechanical stirrer at room tempera-
ture under N2. After 2 h, the isoquinolinewasmixedwith the above solu-
tion and continuously refluxed at 170–180 °C for 18 h to complete the
imidization process. The resultant viscous and transparent PI solution
was cooled and slowly decanted into excess methanol to solidify PI. The
PI precipitate was continuously stirred in methanol to remove unreacted
monomers or low-molecular-weight PI segments. After drying in a vacu-
um oven at 150 °C, the collected PI precipitate can be stored or easily
re-dissolved in DMAc for casting pure PI films or preparing PI/GO or
PI/RG nanocomposites.

2.3. Preparation of GO and RG nanosheets

A modified Hummers method [17,19,20] was utilized to synthesize
GO nanosheets. The natural graphite (3 g) was mixed with NaNO3

(3 g) and concentrated H2SO4 (50 mL) in a 250 mL three-neck flask in
an ice bath, and followed by the slow addition of 15 g of KMnO4. The
mixture was continuously stirred for 48 h and then H2O2 (35 mL) was
slowly added into the mixture. The fully oxidized suspension was
poured into a large amount of distilled water. The solid products were
obtained after the washing process with 10% HCl solution to achieve a
pH value of 6. The precursor was dried at 60 °C in a vacuum oven for
one night to obtain GO. GO powders were calcinated in a furnace at a
heating rate of 2 °C/min, from room temperature to 1050 °C, isothermal
for 10 min, under Ar to obtain RG powder.

2.4. Preparation of PI/GO and PI/RG nanocomposites

The dried PI precipitate (1.5 g) was completely dissolved in DMAc
to obtain PI solution with the solid content of 20 wt.% at ambient con-
dition. For preparing PI containing 0.1 wt.% of RG, RG (0.0015 g)
suspended in DMAc (2 g) was ultrasonicated for at least 2 h and then
mixed with the above PI solution at room temperature. The degassed
PI/RG solution was cast on a clean glass substrate by a doctor-blade. A
reference pure PI sample was also cast by using the pure PI solution.
All the cast films were under heat treatment at a rate of 0.5 °C/min to
100, 140, 160 and 180 °C, isothermal at each temperature for 1 h, and
finally to 210 °C for 5 h to completely remove the solvents. The sample
code is denoted PI/RG-x, where x indicates theweight percentage of RG
in final hybrid film. The reference PI/GO samples denoted PI/GO-ywere
also prepared via the same procedure except blending certain amount
of GO (y wt.%) in PI solution.

2.5. Deposition of barrier film on PI films

The barrier filmwas deposited on pure PI or PI nanocomposite films
by a RFmagnetron sputtering system using a Si3N4 target under Ar. The
sputtering parameters including power (50, 80 or 100 W) and working
pressure (4, 6 or 8 mTorr)were adjusted to deposit barrierfilmwith the
thickness ranging from 20 to 100 nm on the surface of PI films. The bar-
rier layer-deposited PI films were denoted Si-z/PI, Si-z/PI/RG-x or Si-z/PI/
GO-y, respectively, indicating the thickness (z, in the unit of nm)of depos-
ited film on pure PI, PI/RG-x or PI/GO-y nanocomposite films.

2.6. Characterization

The crystalline structures of GO, RG and deposited films were identi-
fied by X-ray diffraction (XRD) using a Shimadzu XRD-6000 equipped
with a CuKα radiation (λ = 0.154 nm) at 40 kV and 30 mA. An X-ray
photoelectron spectrometer (XPS) (ESCA PHI-1600, Physical Electronics)
was used to determine the surface composition of nanofillers and the de-
posited film. The XPS depth profile was performed by using an Ar+ ion
gun at a sputtering rate of 14.3 nm/min on the barrier layer. The field
emission scanning electron microscope (FE-SEM, JEOL JSM-7401F) was
performed at an acceleration voltage of 15 kV to observe themorphology
of the fractured surface of PI/RG film and the surface of deposited thin
film. The atomic force microscope (AFM, Veeco, D5000) was also utilized
to analyze the surface roughness of deposited barrier layer. The transmis-
sion electron microscope (TEM, JEOL JEM-2100F) equipped with EDS
(OXFORD, X-MAX) was applied at an acceleration voltage of 200 kV to
observe the morphology of RG. The UV–vis spectra of PI nanocomposite
filmswere examinedby aUV–vis/color spectrophotometer (HUNTERLAB,
Ultrascan VIS). The WVTR of each sample with the size of 10 cm2

was measured using a permeation test system (MOCON, Permatran-W
3/61) at atmospheric pressure, 40 °C and 100% relative humidity (RH).
The WVTR (g/m2-day) of each sample multiplied by film thickness
(1 mil = 25 μm) is the water vapor permeation with the unit of
g-mil/m2-day. The dynamic mechanical analysis (DMA) was performed
with aDupontDMA-2980 at a frequency of 1 Hz, from60 to 400 °C and at
a heating rate of 3 °C/min. Thermogravimetric analysis (TGA)was carried
out with a TGA-Q500 from TA Instrument at a heating rate of 20 °C/min
under nitrogen. The thermal mechanical analyzer (TMA, TA Instrument,
Q-400) was conducted under an extension mode, with a tension force
of 0.05 N, at a heating rate of 10 °C/min, at a frequency of 1 Hz and
under nitrogen. The coefficient of thermal expansion (CTE) was de-
termined by the dimension change in the temperature range of
100 to 200 °C, which is the commonly applied testing condition in
manufacturers.

3. Results and discussion

3.1. Characteristics of GO and RG

The surface composition of RGwas examinedby the analysis of its XPS
spectra. Fig. 1(a) illustrates the raw data and deconvoluted results in C1s
region of RG. The graphitic C_C and C\C structureswere revealed at the
binding energy of 284.2 and 284.7 eV, respectively [21–23]. Compared
with previous XPS results of GO [17,24], the intensity of graphitic C_C
components on RG increased indicating the slight restoration process
during the thermal reduction of GO. In addition, the intense splitting of
the C1s peak at higher binding energy was negligible suggesting fewer
oxidized carbon functional groups, including C\OH (286.5 eV) and
C\O\C (286.8 eV), remained on RG [21,23,25] after the thermal treat-
ment on GO.

The XRD patterns of obtained RG nanosheets together with the pre-
cursor graphite and GO are displayed in Fig. 1(b). The XRD pattern of
natural graphite reveals the characteristic intense diffraction peak of
graphite at 2θ = 26.4°, which corresponds to the graphene interlayer
of (002)with the d spacing of 0.34 nm [17,21,24,26]. The disappearance
of the characteristic graphite peak at 26.4° and the formation of a broad
peak at 9.7° (d = 0.92 nm) of dried GO indicates the intercalation of
hydroxyl, carbonyl and epoxide groups in graphite interlayer during
the chemical oxidation process [17,21,27]. Abundant amounts of those
functional groups were removed from the surface of GO during the
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Fig. 1. (a) XPS spectra of RG. (b) XRD patterns of graphite, GO and RG. (c) TEM image of RG. Inset: High-magnified TEM image of RG edges. (d) SEM image of the fracture surface of PI/RG
composite film.
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Fig. 2. The XPS depth profile results of the deposited barrier layer (thickness = 100 nm) on
PI film. Note: the sputtering rate is 14.3 nm/min.
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thermal treatment to obtain RG as confirmed in the XPS results. The ab-
sence of significant diffraction peak in the XRD pattern of RG indicates
the exfoliated feature of RG after the thermal reduction of GO.

Fig. 1(c) displays the of RG nanosheets on lacey carbon-coated cop-
per grid. The ultra thin sheets with wrinkled, folded and silk-like mor-
phology were observed in this TEM image together with the layered
lattice structure of carbons in the edge or folding of RG from observed
from high-magnified TEM image. The dispersion of RG in PI matrix is
shown in Fig. 1(d). The interaction between PI and RG is strong that
the detachment of RG from PI was not significant in the SEM image. In
addition, the plastic deformation of PImatrix observed from the fracture
surface indicates the enhanced mechanical strength by RG.

3.2. Characteristics of deposited thin film on PI

The barrier thin filmwas deposited on the transparent PI/RG or PI/GO
films using an RF magnetron sputtering system with a Si3N4 target and
under Ar. No diffraction peaks onXRDpatternswere observed on the de-
posited thin film on each PI nanocomposite indicating the amorphous
structure of each deposited thin film. XPS depth-profilingwas conducted
to investigate the chemical binding state of films. The full-survey XPS
spectra of the deposited thin films confirm the presence of Si, O, N, and
C elements on each specimen. Fig. 2 shows the atomic composition of
the 100 nm-thick deposited film on pure PI film as a function of
sputtering time. Before sputtering, the relative composition of each ele-
ment in thin film was 22.1% (Si), 2.1% (N), 48.6% (O) and 27.2% (C). The
atomic ratio of O to Si is 2.2 and the ratio of N to Si is 0.095, which is
much lower than that of Si3N4 stoichiometry. Fig. 3(a) displays the
deconvolution results of Si2p XPS spectra at the topmost surface and
confirms the presence of SiO2, SiNxOy and SiNx [28,29]. The oxidation
process may continue on the topmost surface of deposited thin film
[30] that the atomic ratio of O to Si was as high as 2.2. The deconvoluted
N1s XPS peaks shown in Fig. 3(c) display the Si\N and Si\N\O bind-
ing states [19], which are in agreement with the Si2p results. Moreover,
the deconvolution of O1s XPS spectrum (Fig. 3(e)) confirms the domi-
nant Si\O\Si and Si\O\N peaks [29,31] on the surface of barrier
layer.
The atomic composition of deposited layer is uniform within the
100 nm thickness as shown in Fig. 2. After removal of the topmost surface
layer, the carbon content dramatically dropped to 2.9% and the atomic
composition of Si, O, and N is 30.3%, 64.5%, and 2.2%, respectively. The rel-
ative composition of O to Si within the deposited barrier layer is still
around 2.1. And the ratio of N to Si is 0.073, which is lower than the stoi-
chiometric N/Si ratio of Si3N4. Fig. 3(b, d) shows the deconvolution results
of Si2p and N1s photoelectrons from the PI film after 2-min Ar+

sputtering (i.e. about the depth of 30 nm below the surface). The Si2p
deconvoluted peaks demonstrate the signals with the binding energy of
SiO2 at 103.5 eV [28,29] as well as that of SiNxOy at 102.2 eV, which is
the intermediate state between silicon oxynitride and silica [29,32]. The
deconvolution result of N1s photoelectrons shown in Fig. 3(d) displays
the Si\N and Si\N\H binding states similar to Fig. 3(c). No characteris-
tic Si3N4 peak at 397.4 eV [33] is shown from the deconvoluted XPS
results. A lower binding energy of 396.1 eV is assigned to theN\O chem-
ical state in the deposited barrier layer. The high oxygen content in the
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Fig. 3. Deconvolution results of XPS spectra in (a, b) Si2p, (c, d) N1s, and (e, f) O1s regions of the barrier layer (thickness = 100 nm) deposited on PI film. (a, c, e) The results from
the surface of barrier layer (i.e. before Ar+-sputtering). (b, d, f) The results from the middle of barrier layer (i.e. Ar+-sputtering time = 2 min).
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barrier layer is due to the high affinity of silicon to oxygen. Very trace
amount of water or oxygen-containing impurity in the sputtering cham-
ber will induce the formation of silicon oxide [28,29,31]. The Si\O and
Si\O\N states at 532.8 and 531.6 eV, respectively, are deconvoluted
fromthebarrier layer as shown in Fig. 3(f). Besides, the carbonwithin bar-
rier layer comes from the trace amount of organic impurity in sputtering
chamber. The increase in carbon ratio was observed in Fig. 2 when the
depth profiling time is longer than 360 s, i.e. reaching the interface of bar-
rier layer and the organic polyimide film. The high composition of carbon
comes from the organic structure of PI film. A reactive sputtering condi-
tion, such as using H2/Ar gas mixture [28], or increasing the substrate
temperature [33], is suggested to ensure the formation of stoichiometric
silicon nitride.

Themorphology of the deposited layer on the transparent PI filmwas
investigated by SEM images. The differences in the morphology between
the barrier layer on pure PI or PI nanocomposite films are negligible. A
similar average grain size of barrier layer particles is observed previously
ondifferent PImatrices [14] using identical RF sputtering system.Howev-
er, as shown in a series of SEM images, the morphology of barrier layer is
significantly affected by the sputtering conditions, especially the working
pressure. Fig. 4 shows the SEM images of barrier layer deposited on pure
PI under the same working pressure (4 mTorr) and various sputtering
powers (50, 80, and 100 W). When the sputtering power is 50 W, the
atoms ejected from the target have insufficient energy to allow the sur-
face diffusion or clustering on the surface of PI film. Hence, a smaller
grain size of the particles was observed from the deposition layer
(Fig. 4(a)). In contrast, the ejected atoms possessed sufficient energy
to diffuse on the substrate and to cluster with other atoms when the
sputtering power is as high as 100 W. The migration and aggregation of
atoms are so fast that the surface of deposited layerwas relatively hetero-
geneous as shown in Fig. 4(c). The sputtering power of 80 W is the best
condition to balance the rates of diffusion and clustering of atoms on
the PI substrates that a uniform barrier layer is obtained as shown in
Fig. 4(b). The deposition thickness of barrier layers shown in Fig. 4(a–c)
is 30 nm, which is the optimum deposition thickness to obtain continu-
ous thin films without the formation of cracks. Surface cracks were ob-
served from the thicker barrier films (thickness > 50 nm) because of
the accumulated internal stress in the barrier layer [9]. Fig. 4(d) illustrates
the cracks on the barrier thin films with the thickness of 50 nm using the
sputtering conditions identical to Fig. 4(b). At the same sputtering power
of 80 W, the increasing working pressure from 4 to 8 mTorr leads to the
increasing of mean free path of ejected atoms from the target; conse-
quently, those atoms that arrive on the PI substrate will have lower ener-
gy that the barrier layer is loosely packed or crakes are easily produced.



Fig. 4. SEM images of the surface of deposited barrier thin films (thickness = 30 nm) on PI
films under the working pressure of 4 mTorr and the sputtering power of (a) 50 W,
(b) 80 W, and (c) 100 W. (d) SEM image of the surface of deposited barrier thin film with
the thickness of 50 nm under working pressure of 4 mTorr and the sputtering power of
80 W.

10 20 30 40 50 90 100
0

1

2

3

4

5

6

7

8

 50W/4mTorr 80W/4mTorr 100W/4mTorr
 50W/6mTorr 80W/6mTorr 100W/6mTorr
 50W/8mTorr 80W/8mTorr 100W/8mTorr

W
V

T
R

 (
g/

m
2 -d

ay
)

Thickness of barrier layer (nm)

Fig. 5. Effects of the thickness of barrier layer and the sputtering parameters on the
WVTR of pure PI. The WVTR of pure PI before sputtering is 181 g/m2-day.

0 10 20 30 40 50
0.1

1

10

100

1000

 pure PI
 PI/GO-0.05
 PI/RG-0.05
 PI/GO-0.10
 PI/RG-0.10

W
V

T
R

 (
g/

m
2 -d

ay
)

Thickness of barrier layer (nm)

Fig. 6. Effects of filler content and thickness of barrier layer on the WVTR of pure PI, PI/GO
and PI/RG nanocomposite films. The barrier layerwas deposited under theworking pressure
of 4 mTorr and the sputtering power of 80 W.

328 M.-H. Tsai et al. / Thin Solid Films 544 (2013) 324–330
Those differences in the morphology of deposited thin films signifi-
cantly affect the water barrier properties of each deposited PI or PI
nanocomposite films.

3.3. Water barrier properties of deposited PI, PI/RG and PI/GO films

The water barrier property of each film was determined by using the
commercial MOCON instrument. The WVTR of pure PI film with the
thickness of 25 μm (i.e. 1 mil) is as high as 181 g/m2-day. The barrier
layer was deposited on pure PI to improve its water barrier property. As
discussed in the previous section, the sputtering conditions affect the
morphology of barrier layer, and thus influence thewater barrier proper-
ties of films. Fig. 5 illustrates the WVTR of pure PI films deposited with
barrier layers with various thicknesses under different sputtering condi-
tions. At the working pressure of 4 mTorr, the deposited thin film
shows a better water barrier property than those using a higher working
pressure. The lowest WVTR ranging from 1 to 3 g/m2-day is obtained
from the PI film deposited with a 30 nm-thick barrier layer regardless
of the sputtering conditions. As confirmed by the SEM images, the
close-packing of particles on PI effectively reduce the water diffusion
rate through the barrier layer.

Fig. 6 shows the WVTR values of as-prepared pure PI and PI
nanocomposite films containing GO or RG not higher than 0.1 wt.%. Be-
fore barrier layer deposition, a dramatic decrease in WVTR by 92.8%, i.e.
13 g/m2-day, is achieved upon the addition of only 0.1 wt.% of RG in
transparent PI matrix. TheWVTR of PI/GO-0.1 is 32 g/m2-day. A continu-
ous decrease in WVTR with the increasing RG or GO content was ob-
served. However, the optical transparency of PI/RG with the RG content
higher than 0.3 wt.% is less than 80% in the visible light region. The de-
crease in WVTR by GO is not as remarkable as RG because the moisture
absorption capacity of PI/RG is found lower than that of PI/GO and pure
PI. Graphene nanosheets have been considered being impermeable to
gases and can support pressure differences larger than 1 atm [34]. Fur-
thermore, the distribution of those nanosheets with the features of high
aspect ratio and high specific surface area in PI matrix can effectively ex-
tend the path of the water vapor passing through the thin film [15,16,20]
and thus significantly improve water vapor barrier property. At the same
weight content of filler, the volume of RG was larger than that of GO be-
cause RG has smaller density than GO.Moreover, the surface of PI/RG-0.1
was more hydrophobic than that of PI/GO-0.1 [17]. Consequently, the
water barrier property of RG is superior to that of GO in PI nanocomposite
films with identical weight percentage of filler.

The optimum sputtering condition, i.e. the sputtering power of 80 W
and theworking pressure of 4 mTorr, obtained frompure PI also produce
close-packed barrier layers on other PI nanocomposites. Fig. 6 plots the
WVTR of PI and PI nanocomposites as a function of the thickness of the
barrier layer sputtered using the above condition. The WVTR of each
film decreases with the barrier layer thickness up to 30 nm. An increase
in WVTR was observed for films deposited with a barrier layer thicker
than 30 nm because of the formation of cracks on the thick barrier film
as evidenced in the SEM images. Recall that, the WVTR of pure PI is
181 g/m2 day. After deposited with a 30-nm thick barrier layer on pure
PI, the WVTR of 30Si-PI is 0.9 g/m2day, which is only 0.5% of as-
prepared pure PI. Under the same deposition condition, the WVTR of
Si-30/PI/RG-0.1 further decreases to 0.17 g/m2day, which is 1.3% of
un-deposited PI/RG-0.1. The reduction in the WVTR of PI by 0.1 wt.%

image of Fig.�5


Table 1
Properties of pure PI, PI/GO and PI/RG films before barrier layer deposition.

Sample DMA TMA TGA WVTRg

(g/m2-day)
E′a Tgb Ec TSd CTEe Td f
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of RG is 92.8% and by 30 nm-thick-barrier-layer is 99.5%, respectively.
The WVTRs of PI films deposited with a 30-nm thick barrier layer are
lower than 1 g/m2-day. Notably, those PI films deposited with a barrier
layer show excellent optical, thermal and thermal properties.
(MPa) (°C) (GPa) (MPa) (ppm/°C)
5

(°C)

Pure PI 1487 349 1.1 85 59 427 181
PI/RG-0.1 2278 346 1.1 95 48 431 13
PI/GO-0.1 1637 347 1.1 90 41 422 32

a Storage modulus at 60 °C.
b The temperature at the maximum of Tan δ curve was designated as Tg.
c Modulus at 2% elongation.
d Tensile strength.
e The coefficient of thermal expansion (CTE) determined over the range of 100–200 °C.
f The thermal decomposition temperature at 5% weight loss.
g Water vapor transmission rate (WVTR) measured at 40 °C and 100% RH.
3.4. Optical, thermal and mechanical properties of PI nanocomposites

The UV–vis spectra of pure PI and PI/RG-0.1 before barrier layer depo-
sition are shown in the inset in Fig. 7. The transparency of PI/RG-0.1
is lower than that of pure PI. Moreover, the optical transmittance of
PI/GO-0.1 is higher than that of PI/RG-0.1 due to the better disper-
sion of GO than that of RG in PI matrix. The overlapping of RG
nanosheets in PI matrix results in the reduction in the optical transmit-
tance; however, it improves the water barrier property of PI film. The
transmission at the wavelength of 550 nm is chosen as an indicator of
the optical transparency of each film and plotted as a function of barrier
layer thickness in Fig. 7. The optical transparency remains at least 80%
when the PI films are deposited with a barrier layer less than 50 nm.
Notably, the surface roughness of deposited barrier layer on PI is less
than 5 nm as confirmed by AFM indicating its potential application as a
transparent substrate in flexible electronics.

Table 1 summarizes the properties of pure PI and PI nanocomposite
films with the thickness of 25 μm. The storage modulus (E′) of PI nano-
composite films increase remarkably with the increasing RG content.
The E′ value at 60 °C is 1487 MPa for pure PI and increases to
2278 MPa for PI/RG-0.1. The glass transition temperature (Tg) of PI
films is determined from the peak of tan delta curve of each sample.
The Tg values of PI andPI/RGare around349 °C suggesting their sufficient
thermal stability for industry application. The simple solution-blending
process of RG with PI did not change the imidization degree or the
chain configuration of PI. For pure PI, themodulus at initial 2% elongation
is as high as 1 GPa and the elongation at break is more than 100%. The PI
films containing 0.1 wt.% RG or GO exhibit similar strength. In addition,
the tensile strength of PI/RG was slightly higher than that of pure PI indi-
cating the non-covalent interaction between PI and RG phases [35]. The
thermal decomposition temperature (Td5) at 5% weight loss is 431 °C
for PI/RG-0.1 compared to 427 °C for pure PI. The thermal stability of PI
is enhanced by the blending of thermally stable RG in PI solution. The
incorporation of tiny amount of RG significantly drops the CTE to
48 ppm/°C for PI/RG-0.1 compared to 59 ppm/°C for pure PI. The reduc-
tion in CTE by almost a factor of 20% at 0.1 wt.% RG loading is significant.
The addition of those nearly one-dimensional RG nanosheets is believed
to enhance the chain orientation of PI and thus a lower CTEwas observed
[36].
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Fig. 7. Effect of barrier layer thickness on the optical transmittance (at 550 nm) of various
PI films. Inset: UV–vis spectra of as-prepared PI and PI/RG-0.1.
4. Conclusions

Combining solution-blending nanofillers RG or GO in transparent
PI matrix and depositing a single layer of barrier film on the surface
of PI efficiently enhanced the moisture resistance of transparent PI
films. The WVTR decreases from 181 g/m2-day of the transparent
PI to 13 g/m2-day of PI containing 0.1 wt.% of RG. The close-packed
and continuous barrier film on PI/RG-0.1 together with the improved
hydrophobicity of PI/RG further reduce the WVTR to 0.17 g/m2-day
by a factor of 99.5%. The optimum deposition thickness of the moisture
barrierfilm for theminimizing theWVTR is 30 nm regardless of the types
of PI substrates or the sputtering conditions. The flexible Si-30/PI/RG-0.1
film remainswithhighoptical clarity and simultaneously shows excellent
water barrier performance, enhanced dimensional stability and sufficient
mechanical strength for advanced electronic applications.
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