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The barrier performance of CVD graphene films was determined using a poly(3-hexylthiophene) (P3HT) thin film optical
transmission test. P3HT is a semiconducting polymer that photo-oxidatively degrades upon exposure to oxygen and light. The
polymer is stable under ambient conditions and indoor lighting, enabling P3HT films to be deposited and encapsulated in air.
P3HT’s stability under ambient conditions makes it desirable for an initial evaluation of barrier materials as a complimentary
screening method in combination with conventional barrier tests. The P3HT test was used to demonstrate improved barrier
performance for polymer substrates after addition of CVD graphene films. A layer-by-layer transfermethodwas utilized to enhance
the barrier performance of monolayer graphene. Another set of absorption measurements were conducted to demonstrate the
barrier performance of graphene and the degradation mechanism of graphene/P3HT over multiple wavelengths from 400 to
800 nm. The absorption spectra for graphene/polymer composite were simulated by solving Fresnel equations. The simulation
results were found to be in good agreement with the measured absorption spectra. The P3HT degradation results qualitatively
indicate the potential of graphene films as a possible candidate for medium performance barriers.

1. Introduction

Graphene is considered for use in polymer barriers due to its
structural impermeability [1]. Graphene’s resolute hexagonal
lattice structure of carbon lends itself to barrier because
it has few defects and is impermeable to standard gases,
including helium [2]. Such an inclusion can significantly
hinder oxygen, gas, and water vapor transport, making it an
intriguing prospect for incorporation into packaging com-
posites. When incorporated appropriately, these atomically
thin carbon sheets can significantly improve the physical
properties of host polymers at extremely small loading.
Exfoliated graphite was used to reinforce the thermoplastic
polyurethane towards enhanced gas barrier performance [3].
Nitrogen permeation was remarkably reduced, demonstrat-
ing that exfoliated carbon sheets can be diffusion barriers
in polymeric membranes. The oxygen transmission rate was
decreasedwith increase in the volumepercentage of graphene
in graphene-based nanofiller [4]. Reduced graphene oxide
(RGO) dispersed in polymers enables large scale barrier

membranes with mechanical integrity [5]. The insulating
properties of graphene oxide (GO) are desirable for barrier
materials [6], but the hydrophilic nature of GO (compared
with graphene) may not be suitable for organic electronic
devices, for example, organic light-emitting diodes (OLEDs)
and organic photovoltaics (OPVs), which degrade readily
upon exposure to environmental oxygen and water vapor [7].
A sufficiently low free-volume for the graphene-based barrier
material will result in both low oxygen transmission rates
(OTRs) and low water vapor transmission rates (WVTRs).
However, it is not clear if a minimized free volume can
be obtained for a hydrophilic or hydrophobic graphene-
based material. It might therefore be interesting to use a
more hydrophobic insulating graphene-based material. The
advancement in synthesis of high quality graphene using the
chemical vapor deposition (CVD) technique may make it
more viable for barrier applications as it is large scale and
hydrophobic after being transferred to another substrate [8].

Major efforts have been made to develop high per-
formance, optically transparent, and flexible encapsulation
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solutions to seal OPVs and OLEDs [9–13]. OTR and WVTR
can be measured with the calcium thin film optical trans-
mission test [14, 15]. The calcium oxidative tests were
used to determine the barrier performances of laminated
graphene films [16], aluminum [17], and alumina [18]. This
test measures the degradation of opaque Ca films, which
transform into transparent and insulating Ca(OH)

2
as the

metal reacts with O
2
and H

2
O. The Ca test can be used to

obtain WVTR values as low as 10−6 g/m2/day, which is the
barrier requirement for OLEDs [12]. Ca has a very low Gibbs
free energy of formation for its oxide [9], so the Ca film
must be deposited under tightly controlled environmental
conditions. The thermal evaporator also must be placed in
a glove box filled with an inert gas to prevent degradation
of Ca films during removal from the evaporator (following
deposition), resulting in a high-cost test method with limited
throughput. A modified electrical calcium test has widely
been implemented for testing the barrier performances of
materials in recent researches [17, 18]. However, the time
constraints and the sensitivity of the tests to leakages, vari-
ation in temperatures, and calibration of the testing devices
give room for distortion in results. Su et al. [19] used the
glovebox technique to measure the water permeability by
monitoring the weight loss in the liquid-filled container over
time at normal temperature pressure. Direct gas permeation
methods (e.g., the standardized MOCON� test [20–22] and
mass spectrometry) [23] have limitations similar to those of
the Ca test. These methods are nonetheless very important
for barrier performance screening, as they are quantitative in
nature and enable the determination of OTR and/or WVTR
for barrier layers. However, a simple qualitative method for
initial barrier screening would be useful, especially if it would
complement the aforementioned quantitative test methods.

Poly(3-hexylthiophene) (P3HT) is an organic semicon-
ductor widely used for organic field-effect transistors [24, 25]
and in OPV devices [26]. P3HT degrades photo-oxidatively
if exposed to O

2
and light [26], resulting in an increase in

optical transparency of the initially translucent P3HT films.
Photolysis (film degradation due to light exposure in an inert
atmosphere) of P3HT occurs several orders of magnitude
slower than photo-oxidation [27]. No photolysis is expected
to occur during the first 1000 hours of light exposure, provid-
ing a sufficiently long test period for the initial screening of
barrier materials.

Herein, we performed an optical storage lifetime test
qualitatively analogous to the Ca test, by exposing P3HT film
covered with graphene to a light source, then taking light
transmission measurements with a photodetector. P3HT
films degrade very slowly in ambient conditions and typical
indoor lighting; this allows for less stringent sample prepara-
tion for barrier testing.The barrier performance of large-area
CVD-grown graphene was studied through transmission and
absorption spectra measurements where the results were
validated with the simulations. However, microscale cracks,
voids, and vacancies may occur during the transfer process
of CVD graphene films [28, 29]. Therefore, a layer-by-layer
transfer of CVD graphene films was utilized to enhance
the barrier performance. Although the degradation of P3HT
films occurs orders of magnitude slower than that of Ca

films [30], the method can still be used for initial screening
of barrier films in multilayer structures. The deposition
techniques used in this study may be useful towards medium
performance barrier systems, ranging from opaque food
packaging to transparent device encapsulation, for example,
for OLEDs and OPVs.

2. Experimental

2.1. Materials. P3HT was purchased from Sigma Aldrich
(CAS number: 156074-98-5) and used without further pro-
cessing. PMMA dissolved in 4% anisole and Cytop were
purchased from MicroChem and AGC Chemicals, respec-
tively. All films (P3HT, PMMA, and Cytop) are processed
via spin-casting. Multiple samples of each film are made and
characterized to ensure repeatability.

2.2. Preparation of Graphene-PMMA Substrate. Multilayer
graphene films were grown by chemical vapor deposition
(CVD) on a 25 𝜇m thick Cu foil at 1000∘C [8, 31–33], and
a layer of PMMA as an auxiliary supportive material was
spun-cast and cured on the as-grown graphene. Cu foil was
then acid-etched away in FeCl

3
solution overnight, and the

PMMA/graphene sample was washed in deionized water
several times in preparation for transfer onto the target
substrate. Finally, the auxiliary PMMA was removed in an
acetone bath.

2.3. Transfer of Mono and Multilayer Graphene. With PET
as our substrate, we spun-cast poly(methyl methacrylate)
(PMMA, purchased from MicroChem) dissolved in anisole
(4% volume) before transferring the graphene film on top of
the PET/PMMA bilayer.

To complete the polymer “sandwich,” a layer of Cytop
(AGC Chemicals) was spun-cast on top of the graphene film
to serve as both a protective and an insulating layer. The
polymer barrier was made from a spin-coated commercial
Cytop� perfluorinated polymer barrier deposited from solu-
tion [34].

A proprietary seal was used to encapsulate the PET/
multilayer film over the top of the P3HT sample. The gap
between the P3HT film and the multilayer was filled with air,
since the entire encapsulation process was performed under
ambient conditions, in order to demonstrate the simplicity of
the method.

2.4. Characterization of the Films. A J. A. Woollam variable
angle spectroscopic ellipsometer was used to measure the
thickness of spun-cast films (P3HT: ∼100 nm; Cytop: ∼
110 nm; PMMA: ∼150 nm) ensuring uniformity of the films/
processes. A HORIBA Scientific Raman spectrometer with
an excitation wavelength of 532 nm laser light was used to
verify presence of monolayer and multilayer graphene films.
Laser power was kept below 0.5mW to avoid laser-induced
heating. A 50x objective lens was used to focus the laser
on the graphene samples during the Raman measurements.
A compact UV-Vis 2600/2700 spectrometer was used to
measure transmittance of graphene films. An Ocean Optic
HR4000Cg-UV-NIR spectrometer was used to measure
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the absorption spectra of bare P3HT, P3HT/PMMA, and
P3HT/monolayer graphene/PMMA samples.

3. Results and Discussion

The viability of the P3HT test was investigated by preparing
spin-coated P3HT films with and without an encapsulating
polymer barrier layer (Cytop). Figure 1(a) shows schematics
of sample architectures. The samples were exposed to a
22W fluorescent lamp and their transmission was frequently
recorded using a photodetector until no further change
in visible light transmission is observed. For each set of
experimentsmultiple bare P3HT samples are tested as control
samples; once no further change in visible light transmission
is recorded for a sample it is assumed that the P3HT film
on that sample is fully degraded. Figure 1(b) shows P3HT
degradation (change in visible light transmission of P3HT
film) as a function of time under ambient conditions, for
P3HT films with and without a Cytop encapsulating layer. In
the beginning of the tests, samples experience no exposure to
the fluorescent lamp and therefore no change in P3HT trans-
mission (degradation of 0%) is present. P3HT degradation of
100% refers to fully degraded P3HT film in a given sample,
when no further change in P3HT transmission is observed
(both for bare P3HT and multilayer samples containing a
P3HT film). The degradation curves looked almost identical
between duplicates of each sample (not shown), suggesting
that any nonuniformity in intensity from the light source is
negligible. Test samples could also be exposed to light along
with elevated temperature and humidity to provide typical
accelerated testing conditions. Higher temperatures increase
the diffusion rates through the barriers and the degradation
rates of the underlying P3HT films.

If the P3HT thin film optical transmission test has the
potential to be used as a qualitative, comparative initial
screening method of barrier performance, then the barriers
with one or more additional layer(s) should provide mea-
surable increases in P3HT lifetime compared with barriers
having no additional layer(s). To further investigate the con-
sistency in the P3HT testmethod, the P3HT lifetimes of poly-
mer substrates were measured before and after addition of
multilayer graphene. Graphene’s barrier properties were eval-
uated through the fabrication of polymermulti-layered struc-
tures with and without graphene, schematically shown in
Figure 1(a)(i-ii) as bare P3HT and P3HT/Cytop and (iii-iv) as
P3HT/PMMA/Cytop and P3HT/Multilayer graphene/Cytop,
respectively. Figure 1(e) shows a photo of a multi-layer
graphene transferred onto a fully transparent PET substrate.
UV-Vis spectroscopy measurements were performed on
the multilayer graphene samples which exhibited around
84% light transmission at 550 nm wavelength (Figure 1(e)).
Raman spectroscopy measurement was also performed on
the multilayer graphene sample transferred on a Si-substrate,
indicating presence of graphitic peaks (G and 2D bands)
and lack of any defect (D) band (Figure 1(d)). As shown in
Figure 1(c), trapped O

2
resulted in ∼10% P3HT degradation

during the first 62 hours of light exposure for the poly-
mer structure with multilayer graphene (P3HT/multilayer
graphene/Cytop), while the structure without graphene and

instead with a layer of PMMA (P3HT/PMMA/Cytop) had
degraded 2.5 times more during the first 62 hours of light
exposure. It has been shown that the photo-induced charge
transfer phenomena of graphene in contact with P3HT can
be neglected due to a limited lifetime of the separated
carriers and quenching effect of P3HT in the presence of
carbon based materials such as SWCNTs [35]. It has also
been shown that the light absorption of graphene films
between di-electric layers can be enhanced [36, 37], resulting
in a significant delay in build-up of steady-state regime in
the light source. Therefore, reduced power of light initially
incident onto the P3HT film can lead to initially slower P3HT
degradation in structures with the graphene film. The full
P3HT degradation occurred after ∼500 hours of fluorescent
light exposure in structures with PMMA, whereas it took
∼680 hours for P3HT to fully degrade in structures with
multilayer graphene. Graphene is composed of closely packed
carbon atoms in a two-dimensional structure, giving rise to
its barrier functionality. Therefore, the addition of relatively
thin multilayer graphene (between 10 and 20 nm thick)
resulted in an approximately 25% longer P3HT lifetime,
when replaced with a relatively thick PMMA layer. However,
after initially delayed P3HT degradation in structures with
graphene when compared to structures with PMMA, both
structures experienced close P3HT degradation rate. While
no considerable voids were observed in graphene layers,
micro size cracks can occur during the transfer process of
graphene. Therefore, less significant improvement in barrier
functionality observed in the apparent steady-state ratemight
be attributed to defects, which occur during the transfer of the
multilayer graphene from the copper substrate. Accordingly,
a new strategy utilizingmonolayer graphenewill be employed
to qualitatively examine P3HT as a barrier-screening thin
film.

To this end, barrier performance of amonolayer graphene
is tested using new structures without a proprietary seal
and encapsulating Cytop as shown in Figure 2. Mono-
layer graphene was synthesized thorough a similar method
explained earlier except with different precursor gases and
under vacuum pressure. Raman spectroscopy was performed
on transferred graphene samples and indicated presence of
graphitic bands (G and 2D bands) and lack of defect band
(D band). The 2D to G band intensity ratios, 𝐼

2D/𝐼G, of the
samples synthesized and transferred were higher than 2.3,
and the full width at half maximum (FWHM) of the 2D
band was around 30 cm−1, which is indicative of monolayer
CVD graphene (Figure 2(c)). Figure 2(d) shows UV-Vis
spectroscopy performed on graphene samples with around
97% transparency measured at 550 nm wavelength, which is
another indicative of a single-layer graphene [38]. Supportive
PMMA used in the transfer process was not removed to min-
imize the defects in the barrier film in order to obtain better
performance. Figure 2(a) shows different structures tested to
verify this improvement. The same thickness of PMMA was
used or deposited for the graphene transfer or spin-casting
process, respectively. As expected, the structures with PMMA
films show a generally higher degradation time for P3HT. Fig-
ure 2(b) shows the P3HT degradation in various structures,
indicating barrier performance of a thinmonolayer graphene



4 Journal of Nanomaterials

(iii)

(iv)

Glass
P3HT

S S
PMMA

SS

CYTOPTM
SS

CYTOP

Glass
P3HT

Multilayer graphene
CYTOP

(i)

(ii)

Glass

Glass

P3HT

P3HT

CYTOP

(a)

0

20

40

60

80

100

0 50 100 150

P3
H

T 
de

gr
ad

at
io

n 
(%

)

Time (hours)

Bare P3HT
P3HT/CYTOP

(b)

0
10
20
30
40
50
60
70
80
90

100

0 100 200 300 400 500 600 700

P3
H

T 
de

gr
ad

at
io

n 
(%

)

Time (hours)

P3HT/multilayer
graphene/Cytop
P3HT/PMMA/CYTOP

(c)

1200 1600 2000 2400 2800 3200

In
te

ns
ity

Wavenumber (cm−1)
(d)

0

20

40

60

80

100

370 470 570 670 770 870

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

Graphene on PET film.

(e)

Figure 1: (a) Sample architectures for P3HT film (i), P3HT encapsulated with Cytop� (ii), P3HT/PMMA (spin-cast) encapsulated with Cytop
(iii), and P3HT with transferred multilayer graphene encapsulated with Cytop (iv). All structures were prepared using a proprietary seal.
(b) Degradation rate of the P3HT film as a function of time with encapsulating Cytop (P3HT/Cytop, squares) and without encapsulating
Cytop (Bare P3HT, circles). P3HT degradation of 100% refers to fully degraded P3HT film in a given sample, when no further change
in P3HT transmission is observed (both for bare P3HT and P3HT/Cytop). Bare P3HT film as a control sample is used in each set of
measurements during photodegradation under the fluorescent lamp. (c) P3HT degradation as a function of time for P3HT with spun-cast
PMMAand encapsulatedwithCytop (P3HT/PMMA/Cytop, circles) and P3HTwith transferredmultilayer graphene encapsulatedwithCytop
(P3HT/multilayer graphene/Cytop, squares). The tests and sample storage were done under ambient conditions ensuring uniformity in the
intensity of the light source. (d) Raman spectra of multilayer graphene transferred on a Si-substrate which indicates presence of G and 2D
bands and lack of any defect (D) band.The 𝐼

2D/𝐼G ratio is ∼0.83; full width at half maximum (FWHM) of the 2D band is ∼55 cm−1 indicative
of multilayer graphene. (e) UV-Vis spectroscopy of the multilayer graphene shows approximately 84% transmittance at 550 nm wavelength,
suggesting presence of multilayer graphene film. Multilayer graphene film transferred to a PET substrate (insert).
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Figure 2: (a) Sample architectures for P3HT films spun-cast on glass without any proprietary seal. (i) Bare P3HT, (ii) with PMMA spun-cast
from anisole, (iii) P3HT with PMMA (spun-cast) and monolayer graphene (supportive PMMA removed), and (iv) P3HT with monolayer
graphene and PMMA (transferred with graphene). (b) P3HT degradation as a function of time for structures i–iv. The removal of PMMA
from monolayer graphene during its transfer generates cracks in the film, which results in depleted barrier performance of monolayer
graphene, when comparing PMMA/graphene (structure iii) with graphene/PMMA (structure iv). Twofold reduction in P3HT degradation
rate is attributed to minimized cracks in graphene film, which can be typically induced by removing the supportive PMMA layer. (c)
Raman spectroscopy of graphene with 𝐼

2D/𝐼G = 2.3 and full width at half maximum (FWHM) of the 2D band around 30 cm−1, indicative
of monolayer CVD graphene. (d) shows UV-Vis spectroscopy performed on graphene samples with around 97% transparency measured at
550 nm wavelength, which is another indicative of a monolayer graphene.

when comparing structures (iii) and (iv) with (i) and (ii). It is
to be noted that the slight enhancement in degradation of the
bare P3HT film in Figure 2(a) when compared to Figure 1(a)
is due to elimination of the proprietary seal in the new sample
architectures. It is observed that the P3HT degradation time
is doubled for structure (iv) where PMMA is transferred

with graphene, compared to structure (iii) where it is spun-
cast.This indicates the contribution of defects during transfer
process of graphene towards its reduced barrier performance.
On the other hand, an addition of the monolayer graphene
composed of closely packed carbon atoms without any cracks
resulted in an approximately threefold longer P3HT lifetime
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Figure 3: (a) Schematic of a layer-by-layer transfer of monolayer graphene for enhanced barrier performance (i) P3HT/PMMA (spun-
cast)/monolayer graphene, (ii) P3HT/PMMA (spun-cast)/monolayer graphene (2 layers), (iii) P3HT/PMMA (spun-cast)/monolayer
graphene (3 layers), (b) P3HT degradation as a function of time indicating enhanced barrier performance by addingmore layers ofmonolayer
graphene which covers possible cracks in the monolayer graphene resulting in lower slope for the 3-layer graphene structure.

(see Figure 2(b); compare results for structures (ii) and (iv)).
It must be noted that removing PMMA during graphene
transfer process can introduce micron size cracks in the
film, negatively influencing its barrier performance. This
can be seen from the twofold decrease in the slope of
P3HT degradation curve, when comparing structures (iii)
and (iv) in Figure 2(a) or from approximately similar P3HT
degradation rate, observed in samples of structures (ii) and
(iii).

A layer-by-layer transfer of monolayer graphene was
utilized to mask the cracks in the monolayer graphene.
Figure 3(a) shows different structures tested using different
numbers of monolayer graphene as barrier. Structures in
Figure 3(a) (i, ii, and iii) contain identical layers of spun-
cast and cured PMMA. Therefore, the longer full P3HT
degradation time and decrease in P3HT degradation rate in
structure (ii) compared to structure (i) are due to the presence
of another monolayer of graphene, with 30% longer P3HT
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lifetime. Addition of another monolayer graphene as shown
in structure (iii) results in almost three times longer degrada-
tion for the P3HTfilm.This indicates a significantly enhanced
barrier performance through the layer-by-layer approach,
without using a seal and/or encapsulation with Cytop, where
possible cracks and wrinkles in the monolayer graphene
were covered by addition of two monolayer graphene films.
Presence of a monolayer graphene without any cracks results
in almost threefold enhancement in P3HT lifetime (Figure 2,
compare results for structures ii and iv). However, presence of
potential cracks due to PMMA removal negatively influences
barrier performance of monolayer graphene. Nevertheless,
three layers of monolayer graphene obtained from the layer-
by-layer transfer method enable covering of potential cracks
in each layer and result in improved barrier functionality of
stacked layers. This barrier functionality is not observed in
a graphene film that is synthesized as a multilayer and then
transferred in a single step (see results of Figure 1).

To further understand both the degradation process of
P3HT coated with a thin layer PMMA and graphene and the
barrier performance of graphene, the absorption spectra of
bare P3HT, P3HT/PMMA, and P3HT/monolayer graphene/
PMMA were measured. An Ocean Optic HR4000Cg-UV-
NIR spectrometer was used for this purpose. It must be noted
that the measured values are in fact absorbance (𝐴) and
reflectance (𝑅) which is 1-transmittance (1-𝑇). Samples were
prepared with the same method explained earlier to ensure
consistency.The structures of the samples are as summarized
in Figure 2(a). Figure 4(a) shows the UV-Vis absorption
spectra measured for bare P3HT after being exposed to
light. Two peaks at 525 nm and 550 nm and one shoulder at
600 nm can be observed.These three bands can be attributed
to the 𝜋 − 𝜋∗ transition. The shoulder comes from highly
ordered domains [26, 27, 39]. During photodegradation, a
decay in the intensity of the peaks accompanied by a shift
to lower wavelengths can be observed. In addition, a change
in the interchain order occurs, which results in a disappear-
ance of the shoulder. The former change is indicative of a
reduction in the conjugation length of the macromolecular
backbone; this leads to photo bleaching of the polymer, as
no peak was observed after 128-hour exposure to direct light
[26].

The interaction between P3HT and other polymers dur-
ing photo-oxidation has previously been investigated [39].
The absorption spectra of thin films obtained by spin-
coating a blend of P3HT:PCBM from solution showed a
significant blue shift. This change is attributed to both the
destruction of ordering of P3HT chains and a non-photo-
induced charge transfer between P3HT and PCBM [40, 41].
Wu et al. developed a high-resolution photoluminescent
electron beam resist using polymer blends consisting of
P3HT and PMMA, where they studied the optical properties
by incorporating different polymer ratios [41]. However, the
authors are not aware of any study of absorption spectra in
PMMA/P3HT bilayers. In the present work, we investigated
the effect of a graphene layer on the absorption spectra of
bilayer P3HT/PMMA to correlate performance of the barrier
layer(s) with any changes in the absorption properties of
P3HT. Figure 4(b) shows the absorption spectra for bilayer

P3HT/PMMA. The photo-oxidation process was consider-
ably slowed down when a PMMA layer was spin-coated on
P3HT, resulting in full degradation of P3HT after approx-
imately 300 hours (not shown). The comparison with the
behavior of bare P3HT demonstrates that the polymer degra-
dation rate is slower with a spin-cast PMMAovercoat barrier,
resulting in around three times longer P3HT lifetime. The
wave patterns observed in the absorption spectra of P3HT/
PMMA are believed to be due to an interface effect between
the P3HT and PMMA layers and will be discussed in further
details later in this paper. Figure 4(c) shows the absorption
spectra for P3HT/graphene/PMMA. The wave patterns were
not observed in this sample, which comprised a bilayer
graphene/PMMA transferred on P3HT without allowing a
direct contact between P3HT and PMMA. Conjugated poly-
mers like P3HT show anisotropic light scattering due to the
presence of crystalline and amorphous domains in thin films
[42] which effect their net absorption in sandwiched struc-
tures, causing variable absorption of graphene plus P3HT
bilayer films as seen in Figure 4(c). Comparison of the spectra
for different structures confirm the expected behavior that
the sample covered with a monolayer of graphene has higher
absorption (see Figure 4(d)). The change in the absorption
spectra after being exposed to direct light for 128 hours was
less pronounced for P3HT/graphene/PMMA. The observed
blue shift in P3HT spectra after degradation was smaller and
the shoulder did not disappear after 128 hours. This indicates
the presence of P3HT as well as the effect of the barrier
performance of PMMA and PMMA/graphene. When the
P3HT degradation is low, the absorption of the films exhibits
a small blue shift to 515 nm. As the P3HT degrades more,
the absorption spectra show a significant blue shift. Mea-
surements were repeated up until P3HT was fully degraded,
which occurred after almost 600 hours. The comparison of
the measurements obtained from Ocean Optic with trans-
mittance results gives more insight into performance of the
graphene film. While for the same structure (Figure 2(d))
transmittance measurements indicate fully degraded P3HT,
absorption data are not indicative of fully degradedP3HT. It is
to be noted that the transmittance values are relative while the
absorption values are absolute.While a 100% degraded P3HT
sample was assumed completely transparent with respect
to its initial state, the absorption values are not relative.
Differences in light sources and detection mechanisms of
two methods have to be noted as well. Transmittance values
are obtained using a simple in-house photodetector while
absorption Ocean Optic measurements are conducted in a
black box with an InGaAs photodiode for detection and a
variable blazed grating of 50 micron slit size and optical
resolution of 1.5microns (range 250–1050 nm).Therefore, the
transmittance values are used to determine the rate of P3HT
degradation (%) qualitatively, while the absorbance values are
used to understand the photodegradation mechanism of the
P3HT film.

The wave patterns in the absorption spectra of P3HT/
PMMA may be explained by a lower reflection of light
from the PMMA film, which can be partially attributed to
a difference in the refractive index between PMMA and
P3HT. To this end, the refractive indexes for P3HT, PMMA,
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Figure 4: Absorption spectra measured at different time interval. (a) Bare P3HT, (b) P3HT/PMMA (spun-cast), (c) P3HT/graphene/PMMA
(PMMAtransferredwith graphene).Thephotooxidation process slowed after addition of a PMMA layer (b), resulting in complete degradation
after 300 hours of exposure, 3 times the life of bare P3HT. Wave patterns are not observed in (c) as the P3HT and PMMAwere separated and
not in direct contact. (d) Comparison of absorption spectra of structures in (a), (b), and (c) (as-made, after 128 hours of exposure to light,
and fully degraded at ∼300 hours). It is observed that the sample covered with monolayer graphene has higher absorption in comparison to
other tested structures. The schematic of the samples tested is shown in Figure 2.

and graphene were measured and the absorption curve was
calculated by solving Fresnel equations. The film thickness
and refractive index (𝑁 = 𝑛 + 𝑖𝑘) were obtained from
recently published data [43]. These data were used to obtain
absorption through solving Fresnel equations. Figure 5 shows
the simulation results and its comparison with the measure-
ments. It is observed that the simulation results for bare P3HT
and bilayer P3HT/PMMA were in good agreement with the
experimental measurements (see Figures 5(a) and 5(b)). The
disappearance of the wave patterns in absorption spectra of

P3HT/graphene/PMMA (Figure 5(c)) is due to a different
roughness of the PMMA film in this structure. As explained
earlier, PMMA was transferred with graphene that has been
spin-coated on copper foil, which has a rougher substrate.
This effect has not been considered in the simulations.

As already mentioned, photolysis (film degradation due
to light exposure in an inert atmosphere) of P3HT occurs at a
rate which is several orders of magnitude slower than photo-
oxidation [26]. No significant change in P3HT absorbance
can be expected within 1000 hours of light exposure (in an
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Figure 5: Absorption spectra measurements versus simulation results for (a) bare P3HT, (b) P3HT/PMMA (spin-cast), and (c)
P3HT/graphene/PMMA (PMMA transferred with graphene). The plots for bare P3HT and P3HT/PMMA are in good agreement with the
simulation results. It is observed that the wave patterns disappear in the absorption spectra of (c) P3HT/graphene/PMMA, due to the variable
roughness of the PMMA layer. The simulations were performed assuming negligible roughness factor.

inert atmosphere), so photolysis did not contribute to P3HT
degradation in this study. Lowpermeability and light resistant
barriers, with a barrier performance that is not reduced due
to photooxidative reactions in air, should exhibit negligible
P3HT degradation after 1000 hours of light exposure for
possible use in commercial OLED and/or OPV applications.

4. Conclusions

In summary, we have demonstrated a P3HT thin film optical
transmission test which can be used to qualitatively screen
the barrier performance of thin films. The deposition of

P3HT films can be done in air unlike the analogous calcium
thin film optical transmission test, allowing a simplified
fabrication process for the P3HT test. The reproducibility
of the P3HT test was confirmed by comparing unencap-
sulated P3HT films with those having been encapsulated
with Cytop. The P3HT test was used to screen the barrier
performance of multilayers and monolayer graphene, which
indicates that it was still sensitive enough to discern the
barrier performance of a monolayer of carbon atoms. The
influence of defects introduced in the transfer process of
CVD graphene was shown to be critical for the tested
structures with and without removing supportive PMMA.
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Another set of layer-by-layer polymer/graphene structures
was made towards better barrier performance, showing
almost three times longer P3HT lifetime with the addition
of three monolayers of graphene. Absorption measurements
revealed wave patterns for P3HT/PMMA bilayers, indicating
an interface effect for P3HT/PMMAwhich was not found for
P3HT/graphene/PMMA. Simulation results confirmed the
wave patterns obtained in the absorption measurements for
P3HT/PMMA. The P3HT may be used as a simple way to
screen the improvements of simple barrier structures prior
to more detailed Ca or other permeation rate tests, which are
costly and take more time for sample preparation.
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