'a\
Me \Iiir'ﬁ

www.MaterialsViews.com

www.afm-journal.de

A Method for Fabricating an Ultrathin Multilayer Film
Composed of Poly(p-phenylenevinylene) and Reduced
Graphene Oxide on a Plastic Substrate for Flexible

Optoelectronic Applications

Boon-Hong Wee and Jong-Dal Hong*

The photoconductive properties of a uniform ultrathin multilayer film com-
posed of alternating poly(p-phenylene vinylene) (PPV) and reduced graphene
oxide (RGO) layers, fabricated on a poly(ethylene terephthalate) (PET) sheet
are reported. The assembly of the two electron-rich layer components on the
temperature-sensitive substrate is realized using a layer-by-layer-deposition
technique under mild conditions and HI/H,O vapor treatment at 100 °C.
This protocol is established to simultaneously convert the layer components
to their conjugated counterparts, PPV and RGO in the multilayer films,
whose total thicknesses shrinks to 50% of their original values due to lattice
contraction. Furthermore, the surface roughness decreases significantly, in
contrast to the results obtained from general chemical treatments. The PET
sheets coated with (PPV/RGO);s films exhibit a photocurrent of 115 LA at an
illumination intensity of 1.1 mW and a photoresponsivity of 111.1 mA W'

at an illumination intensity of 0.5 mW,; these are among the best values yet
achieved in carbon-based materials. The establishment of a method for fabri-
cating (PPV/RGO) films on a temperature-sensitive transparent flexible sheet
is crucial for the development of organic-based portable electronic devices.

properties.’! The optical absorption spec-
trum of graphene is independent of the
wavelength of incident light, particularly
at short wavelength regime (A < 3 um)
resulting in a universal optical conduct-
ance of ¢2/4#.1* Unlike group I1I-V semi-
conductors, monolayer graphene, which
acts as a zero band gap semiconductor,
has not been identified as relevant to opto-
electronic device applications due to its
limited optical absorption spectrum and
the short photocarrier lifetime.! Con-
certed efforts have been applied toward
improving the responsivity of graphene-
based photonic devices by combining
graphene with plasmonic nanostructures,
optical waveguides or stacked graphene
sheets.*#l A particularly intriguing con-
cept was introduced by Furchi et al., who
developed a Fabry-Pérot microcavity-
integrated graphene photodetector that

1. Introduction

Graphene-based optoelectronics has been a hotbed of research
since the experimental isolation and characterization of graphene
in 2004.1 Graphene exhibits high carrier density (>10'* cm™)
and a high carrier mobility (20 m? V! s71) at room temperature,
which render it interesting for both fundamental studies and
optoelectronic applications. Monolayer graphene was shown
to absorb 2.3% of incident white light, thereby exciting valence
band electrons into the conduction band to form photoin-
duced carriers.l?) The absorption profile of graphene depends
on the layer thickness, that is, the number of graphene layers
present, thereby providing a handle for tuning a film's optical
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exhibited a 26-fold enhancement in light

absorption to yield a responsivity of 21
mA W-LBl Other approaches to improving the responsivity
have attempted to absorb light-absorbing organic materials onto
the graphene layer surfaces. The noncovalent functionaliza-
tion of graphene with photon-absorbing molecules can exhibit
promising optoelectronic properties.” !l The donor-acceptor
complexes formed via m-7 interaction between the adsorbate
and graphene sheets favors the transfer of charges through the
extended 77 conjugation network.'!l' As such, coupling gra-
phene to molecules that include a long n—conjugated structure
could enhance the photoconductivity. Nevertheless, the fabrica-
tion of uniform graphene films for optical device applications
remains challenging due to the disappointingly inefficient
techniques currently available for the large scale production of
pristine graphene films.['? An alternative approach to graphene
synthesis involves the chemical exfoliation of graphene through
the formation of graphene oxide (GO), which, however, disrupt
the conjugated sp? network, and reduce the conductivity.'¥l GO
sheets may be reduced to the reduced form of GO (RGO) by
thermal annealing at high temperatures!'3! or submission to
chemical treatment!!*?3! both of which processes convert GO
from an insulator to an electrically conductive material due to
the partial restoration of sp? networks. The chemical exfoliation
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Figure 1. Schematic view of the chemical transformation from (PPV-pre/GO) to (PPV/RGO) in a multilayer film during HI/H,O vapor treatment

at 100 °C.

of graphene has offered a solution-processable route to the fab-
rication of thin films for optoelectronic devices.!

Poly(p-phenylene vinylene) (PPV), a type of m—conjugated
polymer, has been intensively investigated since the 1990s.1*%l
The low conductivity of pure PPV precludes its use in photo-
responsive material applications. Hence, the incorporation of a
conductive materials, such as fullerene Cg or viologen is neces-
sary to form an internal donor-acceptor composite system.[17:18]
Nonradiative charge transfer was observed in composite films
composed of PPV and carbon nanotubes (CNT).1%2% The dis-
sociation of a photoexcited charge at the PPV/CNT interface
prevented radiative recombination in the PPV layer, which
increased the photoconductivity.?”! Nonetheless, the conjuga-
tion length in PPV was apparently shortened due to nanoscale
structural disorder induced by the CNT.'%! As an alternative to
CNTs, 2D sheet-type graphene was found to improve the pho-
toconductivity of a hybrid material, including PPV, due to syn-
ergy between the highly conductive graphene and the highly
photoresponsive PPV.

Therefore, we developed a method for depositing a uni-
form hybrid film composed of the conjugated polymer PPV
and RGO on a poly(ethylene terephthalate) PET substrate.
The electron-rich planar RGO sheets sandwiched between
layers of conducting polymer provided a conductive network
that strengthens the 7m—7 interactions between the two mate-
rials, thereby enhancing the electron mobility. The deposition
of a photoconductive layer on a PET substrate is required for
the assembly of flexible optoelectronic devices. The substrate
coating was applied via layer-by-layer (LBL) deposition of the
positively charged PPV precursor (PPV-pre) and the nega-
tively charged graphene oxide (GO) via electrostatic interac-
tions between the layer components,?!l as shown in Figure 1.
Both layer components in the multilayer films, PPV-pre and
GO, were converted simultaneously to the conjugated PPV and
RGO by a mild chemical treatment involving hydroiodide HI/
H,0 vapor. This provided a relatively easy and cost-effective
approach to the fabrication of ultrathin films, thus affording
an intriguing opportunity for the preparation of organic-based
optoelectronic applications. The chemical conversions of PPV-
pre and GO to PPV and RGO, respectively, in the multilayer
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films were investigated using UV/visible, Raman, and X-ray
photoelectron spectroscopies. The optoelectric properties of the
multilayer films composed of PPV/RGO bilayers on PET sheets
were also assessed based on fluorescence spectroscopy and the
photocurrent measurement.

2. Results And Discussion

2.1. Preparation of Multilayer Films Composed of PPV/RGO
Bilayers

Solid substrates with multilayer films composed of the conju-
gated PPV polymer and RGO was fabricated using the LBL-
assembly technique, which enabled precise control over the
thickness and morphology of the nanoscale thin films. Film
fabrication began with the adsorption of the positively charged
PPV-pre layer bearing tetrahydrothiophenium groups (the
chemical structure of PPV-pre is shown in Figure 1) onto a neg-
atively-charged fused silica, Si/SiO, wafer or PET substrates.
Next, a layer of the negatively charged GO functionalized with
phenolic hydroxyl and carboxyl groups was adsorbed onto the
positively charged PPV-pre-coated surface. The alternating
sequential adsorption of PPV-pre and GO layers led to the fab-
rication of a multilayer film on the substrate. Adsorption was
monitored by collecting the UV/visible absorption spectra of the
respective layer components, as shown in Figure 2. The absorb-
ance of the multilayer films at 232 nm, corresponding to the
m—m+ transition of PPV-pre and GO, increased linearly with the
number of bilayers (n), where n varied from 1 to 15, as shown
in the inset of Figure 2. This indicated the regular uniform dep-
osition of PPV-pre/GO bilayers.

Previous methods for chemically or thermally treating the
layers (converting GO to RGO, or PPV-pre to PPVI'®)) were
found to damage the PET substrate by inducing hydrolysis
and degradation. PET substrates are sensitive to high temper-
atures (>255 °C) and strong acidic or basic condition. There-
fore, we sought to simultaneously optimize the conditions for
converting PPV-pre and GO into their respective conjugated
forms of PPV and RGO, respectively, after the initial process
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Figure 2. UV/visible absorbance spectra of multilayer films, (PPV-pre/
GO), with increasing number (n) of bilayers dip-coated onto a fused
silica. The inset shows the absorbance at 232 nm as a function of the
number of bilayers (n =1 to 15).

of assembling multilayer films on a PET substrate. The iden-
tification of mild conversion conditions was essential to the
preparation of damage-free PET substrates, which are essen-
tial components for the development of flexible photoconduc-
tive diode.

First, the (PPV-pre/GO);s films was treated at 200 °C
in vacuum, a temperature at which PPV-pre could be con-
verted to its conjugated form;?? however, the multilayer
films yielded a low conductivity that was mainly ascribed to
the incomplete reduction of GO to RGO at 200 °C (Table S1,
Supporting Information). The (PPV-pre/GO);s; films on a
PET substrate were treated with an aqueous HI acid solution
(55%) at 100 °C converted GO to RGO,I>) however, the PET
substrate surface formed several cracks, as observed by optical
microscopy (Figure S1, Supporting Information). Tran et al.
reported that the chemical treatment of poly(p-xylene-tetrahy-
drothiophenium chloride) films by using sulfuric acid resulted
in H,SO,-doped PPV.3] The electrical conductivity of the
H,SO,-doped PPV was unsatisfactory due to the shortening of
the m-conjugated segment in the PPV chains.l?*?* The treat-
ment of the multilayer films with HI/H,0 vapor at 100 °C
over 3 h converted PPV-pre and GO components simultane-
ously to their conjugated counterparts without damaging
either the films or the PET substrate. The conditions used to
convert GO and PPV-pre to RGO and PPV, respectively, were
relatively mild compared to the typical treatment conditions,
which involve high temperatures and strong acid solutions.
Mild conversion conditions constitute an important contribu-
tion to the development of optoelectronic devices based on flex-
ible plastic substrate. We next sought to identify whether the
vapor heat or the HI acid induced the bilateral conversion reac-
tions. Aqueous HI solution containing 55% HI and 45% water
forms an azeotrope boiling at 127 °C. HI was observed to cata-
lyze the conversion reaction, as confirmed by the UV/visible
absorption and Raman spectra of the PPV films (Figure S2a,b,
Supporting Information) treated with aqueous HI or pure
water vapor at 100 °C. The broad PPV absorption peak at
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432 nm, which indicated the presence of a fully conjugated
system, remained at a low intensity in the water vapor-treated
multilayer films, indicating an incomplete elimination reac-
tion. The water vapor-treated PPV also exhibited no Raman
active modes. These results supported an essential role of HI
in the elimination reaction of PPV-pre. The conversion of PPV-
pre to PPV appeared to have been accelerated by the attack of
a strong nucleophile, I on the polarized carbon tethered to
tetrahydrothiophenium (leaving) groups, resulting in the for-
mation of fully conjugated PPV.

2.2. Morphological Studies of (PPV-pre/GO) and (PPV/RGO)
Multilayer Films

The thickness values of the multilayer films before and after
HI/H,0 vapor treatment were measured using a spectroscopic
ellipsometry. Lorentz model fits of the experimental parameters
(refractive index and extinction coefficient) obtained from the
ellipsometric measurement of the multilayer films allowed us
to estimate their thicknesses. The thickness of the (PPV-pre/
GO), films (n = 1 to 15) increased linearly with the bilayers
number (Figure 3a). A single PPV-pre/GO bilayer was meas-
ured to be 2.51 £ 0.07 nm. The thickness values of PPV-pre
and GO monolayers were estimated to be 1.08 £ 0.08 nm and
1.46 £ 0.04 nm, respectively. The ellipsometric thickness of a
GO monolayer agreed well with the values reported in the lit-
erature (1.1-1.6 nm), determined using AFM.[*>2°] Ag expected,
the GO monolayer was thicker than a pristine graphene layer
(0.35 nm) due to the presence of oxygenated functional groups,
structural defects, and physisorbed water molecules.*”] The
linear relationship between the thickness of the (PPV/RGO),
films (n = 1 to 15) and the number of bilayers persisted even
after HI/H,O vapor treatment, although the total thickness of
the multilayer films decreased by a factor of 0.5 (50%) after
the conversion of PPV-pre/GO to PPV/RGO. The significant
reduction in the thickness of the multilayer films after the HI/
H,0 vapor treatment was mainly attributed to the drastic lat-
tice contraction of the GO,28 the contraction of the PPV films
due to the elimination of pendant thiophene groups, and a
reduction in the amount of H,0 present within the layers. The
thickness values of the PPV/RGO bilayer, PPV monolayer, and
RGO monolayer were measured to be 1.26 £ 0.04, 0.54 + 0.08,
and 0.72 + 0.11 nm, respectively. The PPV layer thickness fell
within the range reported in the literature for thermally treated
PPV (d = 0.5 nm).?l The RGO monolayer thickness agreed well
with the reference value of a hydrazine-reduced GO monolayer
film (d = 0.8 nm),B% but was slightly greater than the thick-
ness of a thermally-treated GO films (d = 0.5-0.7 nm).2% In
general, the chemical reduction of GO to RGO involved the
breakage of C-O-C bonds (epoxy) and partial lattice relaxation
upon the out-gassing of CO, and CO. These effects together
give rise to a large portion of the structural defects.?®! Micro-
scopic folding has been observed in chemically-converted GO
(RGO) as a result of interlayer-coupling processes involving
partial chemical or hydrogen bonds.?®) The thickness of a
chemically reduced GO (RGO) monolayer, therefore, appeared
to exceed that of a thermally reduced GO layer. Note that the
ellipsometric thickness values of the PPV-pre/GO bilayer, the
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Figure 3. a) Ellipsometric thickness of (PPV-pre/GO), (®) and (PPV/RGO), films (m) (n =1 to 15) on silicon substrates, b) FESEM cross-sectional
images of (PPV-pre/GO); and (PPV/RGO);, films, c) AFM tapping mode images, and d) height profile measurements of (PPV-pre/GO);s and (PPV/
RGO);s films before (upper) and after (lower) HI/H,O vapor treatment at 100 °C over 3 h.

PPV-pre monolayer and GO monolayer, are listed in Table 1,
and are compared with the values of a PPV/RGO bilayer, PPV
monolayer, and RGO monolayer prepared by HI/H,0 vapor
treatment.

The fabrication of high-quality thin films for electronic
applications require stringent control over the thicknesses
and morphologies of the thin films to prevent leakage of elec-
trical current, which impairs device performance.?!! Cross-
sectional images of a multilayer film composed of 70 PPV-pre/
GO bilayers were obtained before and after HI/H,O vapor
treatment using field emission scanning electron microscopy
(FESEM). The FESEM images showed a pronounced decrease
in thickness, from 178.72 nm to 95.74 nm (Figure 3b). The
average thicknesses of PPV-pre/GO and PPV/RGO bilayers
were estimated to be 2.55 and 1.37 nm, in a good agreement
with the values (2.51 and 1.26 nm) determined by ellipsometry
(Table 1), respectively. The reduced film thickness arose from
the simultaneous elimination of oxygenated functional groups
in GO sheets and the tetrahydrothiophenium group of the PPV-
pre during HI/H,O vapor treatment.

AFM tapping-mode images of a PPV-pre/GO film revealed
the surface to be smooth (Figure 3c) with a corresponding
surface profile root-mean-square (rms) roughness of 2.52 +

0.28 nm (Figure 3d). This value was comparable with the value
obtained from CVD graphene (2.28 nm).?% After HI/H,0
vapor treatment, the film surface became much smoother, and
the rms roughness decreased from 2.52 + 0.28 nm to 1.46 +
0.21 nm (Figure 3d). This result contrasted with the results
obtained previously using general chemical treatment tech-
niques, which increased the surface roughness of a LBL-assem-
bled multilayer film composed of graphene oxide and a poly-
electrolyte.?3] Thus, we succeeded in establishing a versatile
and cost-effective approach that combined both the LBL tech-
nique and HI/H,0 vapor treatment in the fabrication of high-
quality conductive thin films.

2.3. Spectroscopic Studies of the Chemical Conversion
of (PPV-pre/GO), to (PPV/RGO),, Films

The simultaneous conversion of PPV-pre/GO to PPV/RGO
bilayers in a multilayer film during the HI/H,O vapor treatment
was investigated using UV/visible and Raman spectroscopy, as
shown in Figure 4a,b. The UV/visible spectra of a multilayer
film deposited onto a fused silica are shown in Figure 4a, with
reference to the PPV-pre and GO films characterized prior

Table 1. The effect of HI/H,O-vapor treatment on the ellipsometric thickness of (PPV-pre/GO), thin films deposited onto a silicon substrate. The
conductivity (S/cm) and photoresponsivity (mA/W) of multilayer (PPV/RGO),, films obtained after HI/H,O vapor treatment.

Thin Films Thickness Multilayer Thin films Conductivity?) Photoresponsivity®
[nm] [S/em] [mA/W]
Virgin HI/H,0 vapor
(PPV-pre/GO) layer 2.51+0.07 1.26£0.04 (PPV/RGO)s 111.740.5 43.0+0.7
PPV-pre layer 1.08 +0.08 0.54+0.08 (PPV/RGO)1q 1414416 85.6+1.7
GO layer 1.46+0.04 0.72+0.11 (PPV/RGO);5 165.8+1.8 1111405

3)(PPV/RGO),, thin films deposited onto a silicon substrate; ® (PPV/RGO), thin films deposited onto a PET substrate.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) UV/visible absorption and b) Raman spectra (A, = 533 nm)
of (PPV-pre/GO);s, deposited onto fused silica before (mmm) and after
(=) HI/H,0 vapor treatment at 100 °C over 3 h. Insets in (a) show the
images of (PPV-pre/GO);s thin films dip-coated onto a fused silica before
and after HI/H,O vapor treatment. The black arrow in (b) indicates the
unresolved peak of D band at 1369 cm™ due to the overlap of RGO and
PPV peaks.

to or post-HI/H,0O vapor treatment (Figure S3a, Supporting
Information). The absorption peak at 232 nm, assigned to the
m—m+ transition of GO, was red-shifted to 272 nm, indicating
an increased 7-conjugation length due to the restoration of the
delocalized electron system through the elimination of oxygen-
ated functional groups, such as carbonyl, carboxyl, epoxide,
and hydroxyl on the GO upon exposure to HI/H,O vapor.*¥
The color change displayed by (PPV-pre/GO);s films, which
turned from a light brown to a dark brown immediately fol-
lowing HI/H,O vapor treatment, as shown in the digital images
in Figure 4a (insets), also indicated the reduction of GO to
RGO. The broad shoulder (280-330 nm) observed for GO was
ascribed to the n-m+ transition of epoxide (C-O-C) and peroxide
(R-O-O-R) in the GO.B’l This broad shoulder was typically
observed in solid state GO thin films, indicating the presence of
peroxide-like linkages. The appearance of a broad and intense
absorption at 490 nm (Figure 4a), red-shifted from the charac-
teristic absorbance of pure PPV, which normally appeared near
432 nm (Figure S3a, Supporting Information), also signaled the
chemical conversion of PPV-pre to PPV. The spectral shift was
ascribed to the formation of a charge-transfer complex between
the PPV and RGO electron-rich components. The number of
repeat units (phenylene vinylene) in the conjugated polymer
(effective conjugation segments) was estimated to be around
6 in the (PPV/RGO);5 films based on the reports of Mulazzi et
al.,l'%3% corresponding roughly to the value for pure PPV. The
broad absorbance of PPV with an absorbance edge centered
at 512 nm strongly indicated the effectiveness of the HI/H,0
vapor treatment not only on the reduction of GO to RGO, but
also on the formation of a highly conjugated PPV polymer.

The structural characteristics of the (PPV-pre/GO);; films that
were converted into (PPV/RGO);s by HI/H,O vapor treatment
were investigated using Raman spectrometer (A, = 533 nm)
and were compared with the spectra of pure PPV and RGO
films. The Raman spectrum of (PPV-pre/GO);s film (Figure 4Db)
was very similar to the spectrum obtained from pure GO,
because PPV-pre is Raman inactive (Figure S3b, Supporting
Information), however, six pronounced peaks characteristic of
the (PPV/RGO);s5 film appeared after vapor conversion, and
these peaks resembled those observed from the conversion
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of pure PPV-pre to PPV film (Figure S3b, Supporting Infor-
mation). The results of the study supported the formation
of m-conjugated PPV in the multilayer assemblies. Peaks at
1558 cm! and 1592 cm™! in the Raman spectra of Figure 4b
and Figure S3b (Supporting Information) were assigned to the
C=C and C-C stretches of the phenyl group; peaks at 1338 cm™!
and 1635 cm™! were assigned to the CC-H bending and C=C
stretching modes of the vinylene group; peaks at 1180 cm™!
and 1427 cm™ were assigned to the CC-H bending mode of
the phenyl group and the elongation of the symmetrical cycle,
respectively.?’]

In the multilayer films, labile oxygenated functional groups of
GO (carboxyl, epoxy and hydroxyl) were eliminated in the forms
of carbon dioxide, carbon monoxide, and water during the con-
version to RGO during the vapor treatment. The extent of GO to
RGO reduction reaction was characterized based on the change
in the relative intensities of the D-band to G-band (the Ip/I;
ratio),13® however, the reduction of GO to RGO in the multilayer
film could not be clearly identified from the Raman spectra of
the (PPV/RGO)5 films (Figure 4b) mainly due to the overlap
between the PPV and RGO peaks (Figure S3b, Supporting
Information). The conversion of GO to RGO in the multilayer
films was therefore confirmed using UV/visible spectrometry
(Figure 4a) and X-ray photoelectron spectrometry. Note that
the GO crystallite size was estimated from the relative inten-
sity ratio (Ip/Ig) obtained from the Raman spectra (Figure S3b,
Supporting Information).’¥ The average GO crystallite sizes
before and after the vapor treatment were estimated to be 18.8 nm
and 14.2 nm, respectively, in good agreement with the reference
values reported for chemically-reduced GO (10-30 nm).[4041l
Ultimately, the slightly smaller RGO crystallite size compared
to the GO crystallite size, confirmed the formation of smaller
sp? domains during HI/H,O vapor treatment of the multilayer
films.

The chemical compositions of a (PPV-pre/GO);s film before
and after HI/H,O vapor treatment were analyzed using XPS.
Surface analysis was performed by fitting the XPS curve to a
Gaussian-Lorentzian function after correction for Shirley back-
ground.*?l A high-resolution XPS survey scan of the (PPV-pre/
GO)ys film (Figure 5a) before HI/H,O vapor treatment showed
three distinct peaks corresponded to O 1s (532 eV), C 1s (284 eV),
and S 2p (163 eV). Deconvolution of C 1s peak (Figure S4a,
Supporting Information) revealed four characteristic peaks of
C-C/C=C (284.9 eV), C-O/C-S (286.6 eV), C=0 (288.3 eV), and
0-C=0 (290.5 eV), indicating the presence of oxygenated func-
tional groups on the GO sheets.?Zl Deconvolution of O 1s peak
(Figure S4b, Supporting Information) showed three peaks cor-
responding to C=0/0-C=0 (530.7 eV), C-O (531.9 eV), and H,0
(533.3 eV), which corresponded to various oxygenated GO func-
tional groups.*?l Deconvolution of S 2p peak (Figure S4c, Sup-
porting Information) revealed two peaks at S 2p;/, (162.8 eV)
and S 2p;; (165.5 eV), which were ascribed to peaks character-
istic of tetrahydrothiophenium group.*’l

After HI/H,O vapor treatment, a high-resolution XPS survey
scan of the (PPV/RGO);s film (Figure 5a) showed four peaks
at 1 3d;, (630 eV), 1 3ds, (619 eV), O 1s (532 eV), and C 1s
(284 eV). A pronounced reduction in the peak intensities of
C-O/C-S (286.6 eV) and C=0O (288.3 eV) was observed based
on the deconvoluted C 1s peak (Figure 5b), indicating partial
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Figure 5. a) XPS survey scan of (PPV-pre/GO);s thin films before and
after HI/H,O vapor treatment at 100 °C over 3 h, and high resolution
XPS scan of b) C 1s, ¢) O 1s, and d) | 3ds, after treatment. (O) rep-
resents experimental XPS curve, where (mmm) represents the fitted XPS
curve by using Gaussian-Lorentzian function after performing a Shirley
background correction.

removal of the oxygenated functional groups, such as hydroxyl,
epoxy, and carbonyl.l"®] The absence of a O-C=0 peak (290.5 eV)
implied the complete removal of carboxyl groups after the vapor
treatment." The disappearance of H,0 (533.3 eV) was con-
firmed based on the deconvolution of the O1s peak (Figure 5c),
supporting the conclusion that physisorbed H,0O was com-
pletely removed from the multilayer films after conversion to
hydrophobic PPV and RGO films. The absence of S 2p peak at
163 eV was due to the elimination of tetrahydrothiophenium
groups from PPV-pre, as expected. The iodine anions were
expected to play two essential roles: A reducing agent during
the formation of conjugated RGO,[** or as a strong nucleophile
that induced the elemination of tetrahydrothiophenium groups
of PPV-pre. Two new peaks, assigned to I 3d3/2 and I 3d; 12 Were
attributed to residual iodine anion (I") and neutral iodine (I,),
which acted as dopants in the conjugated PPV and RGO layers
(Figure 5d).[1>44]

2.4. Sheet Resistance of the Multilayer (PPV/RGO) Films

The sheet resistance of the (PPV/RGO), films obtained after
HI/H,0 vapor treatment was assessed as the function of the
number of bilayers (1) using a four-point probe technique. Their
sheet resistance decreased exponentially, as the bilayer number
increased (as shown in Figure S5, Supporting Information), and
reached the lowest value of 2.63 + 0.03 kQ sq~! at n = 15, which
was converted to the conductivity of o = 165.8 + 1.8 S cm™!

wileyonlinelibrary.com
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(Table 1). For comparisons, we prepared multilayer
films composed of GO and non-conducting component;
poly(diallydimethylamonium chloride) PDADMAC, instead of
PPV-pre. The sheet resistance value of (PDADMAC/RGO);;s
films increased by a factor of 2 higher than the values obtained
from the (PPV/RGO);s films (Table S1, Supporting Infor-
mation). The high (PPV/RGO);s film conductivity strongly
supported the notion that the PPV polymers doped with
polyiodides interacted with RGO layers via n—r interactions. In
addition, the interaction between PPV and polyiodides contrib-
uted to the high conductivity of the multilayer films. A similar
observation was made for a composite film comprising a con-
ducting polymer polyacetylene and polyiodide (I5;~ and I57).11>*
The resistivity of a carbon-based material is mainly governed
by the mobility of the carriers between crystallites and could
be reduced by increasing the in-plane crystallite size.?23% The
resistivity could also be reduced significantly if the isolated
crystallites were electronically connected via a m-conjugation
network. The electron-rich planar RGO sheets sandwiched
between layers of conducting polymer provided a conduc-
tive network that strengthens the m—r interactions between
the two materials, thereby enhancing the electron mobility.
The conductivities of (PPV/RGO);s films (165.8 S cm™)
was significantly higher than the values for a conducting film
that included RGO prepared by mechanical compression
(3.3 S cm™),* poly(aniline)/MWNT layers (4.1 S cm™),*]
and graphene/azo polyelectrolyte layers (1 x 10° Q sq7!),8
deposited by LBL-technique, RGO deposited using a Lang-
muir-Blodgett technique (1.9 x 107 Q),* or graphene/MEH-
PPV layers by nonsolvent-induced precipitation techniques
(3.8 S cm™).5% Table S1 (Supporting Information) indicates
that the conductivity of the (PPV/RGO);s film was higher than
those reported in the literature and was comparable with that
reported by Pei et al.['”]

2.5. Optoelectronic Characteristics of the (PPV/RGO),, Films
Deposited on a Flexible Plastic Substrate

The photoluminescence (PL) properties of the (PPV/RGO),
films prepared by HI/H,O vapor treatment at 100 °C over 3
h was investigated using a photospectrometer (A, = 420 nm).
The PL of the multilayer films was strongly quenched by gra-
phene, in contrast to the PL of the pure PPV film (Figure S6,
Supporting Information).’!! The dynamic quenching process
involved electron transfer from the excited PPV fluorophore to
electron acceptor (RGO).[*

The photocurrents of the conducting (PPV/RGO),, films pre-
pared on a flexible and highly transparent PET sheet (d=0.1 mm)
were determined as a function of the white light intensity (A4
> 460 nm). The photocurrent (Vy;,s = 1 V) of the (PPV/RGO),
films (n =75, 10, and 15) was plotted as a function of the intensity
of incident white light, respectively, as shown in Figure 6a. The
photocurrents of the (PPV/RGO), films increased linearly with
the incident light intensity, which was varied from 0 to 1.1 mW.
The magnitude of the photocurrent generated from the multi-
layer films also depended on the number of PPV/RGO bilayers.
For instance, the photocurrent generated from the (PPV/
RGO)ys5 film (115 pnA) was 3 times the value of the (PPV/RGO)s
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120 source (A > 460 nm, 0.5 mW) on an effec-
<1 (a) §_ 80 tive device area of 0.3 mm? that could be
~ 100 ~ switched on and off at an interval of 270 s,
S 80 S 60 as shown in Figure 6b. The thin film opto-
L o electronic device performed reliably, as
S 60 S 40 evidenced by the reversible rise and fall of
8 40 8 the photocurrent in response to the on/off
b ° 20 switching of the irradiating light. The (PPV/
< 20 < 0 RGO);5 film yielded the photoresponsivity
Q 0 Q 0! of 111.1 mA W', which showed an excel-

lent photoresponsivity compared with other

00 03 06 09 1.2 0 800 1600 2400 carbon-based materials (Table S2, Supporting

, . Information). The magnitude of the photore-

Intensity ImW Time Is sponsivity was twice the value obtained from

15 g LUMO a slimilarﬁfystem comprifir[llgn ahblend PPV-

c On/ viologen film (50 mA W~)."/! The poor per-

< 1.0 ( ) 4 ( ) LUMO e‘3'0 eV formance of the PPV-viologen photodetector
£ 0.5 Off 42ev)— was ascribed to the low rate of charge sepa-
- ' On 45eV :L 45eV ration via photoexcited electron transfer from
% 0.0 HOMOF— the PPV to the viologen groups. This low
s Off RGO HOMO 50ev bt RGO rate may have been due to the high barrier to
5 05 5.5 eVl‘:_ intermolecular charge-transfer (CT) complex
o 1.0 V. Saen PPV formation between the charge donors and
V4 artially charge acceptors, which were scattered ran-

-1.5 RGO domly in the blend system. By contrast, CT-

-1.0 -0.5 0.0 0.5 1.0
Voltage IV

Figure 6. a) Photocurrent (at V;,s of 1V) of the (PPV/RGO), films with n =5 (a), 10 (m), and
15 () being deposited onto a PET substrate was measured as a function of the intensity of
white light source (A > 460 nm, intensity = 0-1.1 mW). b) Photocurrents of the (PPV/RGO),
films (effective device area = 0.3 mm?) with 1 =5 (mmmm), 10 (smm), and 15 (wemmm) 0N PET were
measured at Vs of 1V using a white light (A > 460 nm, intensity = 0.5 mW), which was being
switched on and off at an interval of 270 s. Insets of (b) show digital photographs of the (PPV/
GO);5 films on PET substrate displayed the high transparency (left) and high flexibility (right)
of the optoelectronic device. ¢) Current-voltage (I-V) characteristics of (PPV-pre/GO);s (red)
and (PPV/RGO);;s (black) films measured at Vy,;,s ranged from —1.0 to 1.0 V using a white light
(A > 460 nm, intensity = 1.1 mW), which was being switched on (solid curve) and off (dash
curve). d) Schematic energy diagram of PPV, RGO and partially reduced GO (partially RGO).

film (41 pA) illuminated at an intensity of 1.1 mW, indicating
a proportional relationship between the photocurrent and the
bilayer number at a given constant light intensity.

RGO layers in the multilayer films appeared to perform two
functions: 1) they generated a photocurrent upon light irradia-
tion;'] and 2) they acted as a continuous electron-accepting
platform through cross-surface charge percolation.''52] The
photocurrent properties of the multilayer films were ascribed
mainly to the presence of PPV-iodine complexes. The exciton
diffusion length in PPV has been reported to vary between 7
and 12 nm.’>>3 Given that the thickness of a PPV layer formed
using the LBL-technique barely exceeded 1 nm, excitons gener-
ated in PPV upon photon absorption diffused and dissociated
easily via the mechanism described by the Onsager theory to
produce free photocarriers (electrons and holes) in the presence
of an applied electric field.l'”!

The reversible photoresponsivity of a flexible optoelectronic
device (Vs = 1 V) fabricated using (PPV/RGO), films (n =
5, 10, and 15) was demonstrated by applying a white light
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complex formation was favored in the LBL-
deposited multilayer films, in which PPV and
2D-type RGO sheets were uniformly aligned
in close proximity to allow the -effective
overlap between the wave functions of PPV
and RGO. Rapid transfer of photocarriers
from PPV to RGO via the overlapping wave
functions permitted the formation of bound
polarons. Only those polarons with sufficient
thermal energy could dissociate and subse-
quently form free carriers. Some polarons
remained trapped and recombined to form
excitons, resulting in radiative and nonra-
diative emission.l'”>3] The photoresponsivity
of the optoelectronice device was linearly
proportional to the bilayer numbers. In fact, the device coated
with multilayer films yielded excellent photoresponsivities. For
instance, the photoresponsivity of the flexible (PPV/RGO);s
films (d = 23 nm) was five times the value of a Fabry-Pérot
microcavity-integrated graphene photodetector® and twice the
value of a PPV/viologen-based photodetector.'”l The relatively
high photoresponsivities of the (PPV/RGO);5 films arose from
the synergistic effects of the PPV and RGO, two electron-rich
conjugated layer components. The structural uniformity of the
LBL-assembled optoelectronic thin films tended to favor rapid
interfacial charge transfer; however, the (PPV/RGO);s films
yielded a very poor photoresponsivity of 3 mA W1, when pre-
pared under thermal treatment at 200 °C (Table S2, Supporting
Information). The low photoresponsivity was attributed to
the partial reduction of GO to RGO at a slightly low thermal
treatment temperature, which also produce a poor electrical
conductivity through the multilayer films (6 S cm™). Detailed
measurement of the sheet resistance of the multilayer (PPV/
RGO) films is provided in the SI (Table S1 and Figure S5 in
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the SI). PPV absorbed a broad range of the white light spec-
trum to photogenerate excitons that were then transferred to
the RGO as a photocurrent via cross-surface charge percola-
tion. Digital images of the PET films coated with 15 PPV/
RGO bilayers (Figure 6D, insets) displayed a high flexibility and
transparency, which are essential requirements for flexible thin
film optoelectronic applications. The transmittance of the bare
PET substrate at 550 nm decreased from 87% to 54%, when
the substrate was coated with 15 PPV/RGO bilayers (Figure S7,
Supporting Information). The corresponding photoresponsivi-
ties of the multilayer (PPV/RGO), films prepared by HI/H,0
vapor treatment are summarized in Table 1. Our results are
compared with the reference values for the carbon- or polymer-
based thin films in Table S2 (Supporting Information). The cur-
rent-voltage (I-V) characteristics of (PPV-pre/GO);5 and (PPV/
RGO) s films were measured at V};,s ranged from -1.0 to 1.0 V
under white light irradiation (A > 460 nm, intensity = 1.1 mW),
which was being switched on and off. (PPV/RGO);s films
exhibited Ohmic conduction within the Vi, of -1.0 to 1.0 V,
and showed an increased photocurrent during light irradia-
tion, in strong contrast to (PPV-pre/GO);s (Figure 6¢). A con-
ductivity (3.8 x 107* S cm™) of (PPV-pre/GO);5 films, obtained
from the I-V curve, was increased by a factor of 4.5 x 10° to
170 S cm™! upon the HI/H,O-vapor treatment. Figure 6d shows
a band energy diagram of (PPV/RGO);5 films, which was con-
structed based on the energy levels of PPV, partially RGO, and
RGO.P*> [t is worth noting that we also need to consider the
presence of partially reduced RGO with work function varying
between 5.5 and 4.2 eV depending upon the degree of reduc-
tion, due to chemical conversion of GO to RGO.® Upon the
absorption of photon energy, the photoinduced holes and elec-
trons in PPV and partially RGO layers dissociated quickly and
moved to the opposite electrodes through RGO layer, resulting
in the improved photoresponsivity. The 2D-m-conjugated sheet
of RGO seems to effectively facilitate interfacial interaction
with PPV and thus improve exciton dissociation and charge
transport.

3. Conclusion

The fabrication of uniform hybrid films composed of reduced
graphene RGO and conjugated polymer PPV on flexible and
transparent PET substrates using the ESA technique has been
described. Optimal conditions were identified for the simulta-
neous conversion of the PPV-pre and GO layer components in
the multilayer films to their corresponding conjugated states
via HI/H,O vapor treatment at 100 °C. The total thicknesses of
the (PPV-pre/GO), films shrank to 50% of their original values
after vapor treatment due to the dramatic lattice contraction in
the GO and PPV during conversion to (PPV/RGO), and to the
release of H,O from the layers. The surface roughness values of
the multilayer films was significantly improved, as determined
by AFM, showing a decrease from 2.52 £ 0.28 to 1.46 £ 0.21 nm.
The thicknesses of the PPV and RGO monolayers (0.54 +
0.08 and 0.72 + 0.11 nm, respectively) agreed well with the
values obtained from thermally treated PPV (d = 0.5 nm)?’! or
hydrazine-reduced RGO monolayer film (d = 0.8 nm).*% Inter-
estingly, the maximum absorbance of the PPV in the multilayer
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films at 490 nm was strongly red-shifted relative to the absorb-
ance of the pure PPV appeared (432 nm). The spectral shift was
ascribed mainly to the formation of charge-transfer complexes
between the PPV and RGO electron-rich components.

The conversion of GO to RGO in the multilayer films was
confirmed based on UV/visible spectrometry and XPS patterns.
XPS analysis of the (PPV-pre/GO);s films before or after HI/
H,0 vapor treatment showed a pronounced reduction in C-O/C-
S (286.6 eV) and C=0 (288.3 eV) peak intensities, indicating the
partial removal of the oxygenated functional groups.' The
absence of an O-C=0 peak (290.5 eV) implied the complete
removal of carboxyl groups after vapor treatment.[> The disap-
pearance of H,O (533.3 eV) supported the conclusion that phys-
isorbed H,0 was completely removed from the multilayer films
upon formation of the hydrophobic PPV and RGO.

The PET sheets coated with (PPV/RGO);s films (d = 23 nm)
exhibited excellent photoresponsivity with a photocurrent of
115 pA under 1.1 mW of light illumination, constituting nearly
a five-fold value than the photocurrent obtained from Fabry-
Pérot microcavity-integrated graphene photodetectorl® and a
two-fold value than that obtained from PPV/viologen-based
photodetector.'’”) The high photoresponsivity in the multi-
layer films was ascribed to CT-complex formation among the
iodine-doped PPV and RGO electron-rich conjugated layer
components, as well as to the structural uniformity of the LBL-
assembled optoelectronic thin films, which tended to favor the
rapid interfacial charge transfer to the electrodes. The fabrica-
tion method described here, which combines ESA with a mild
conversion treatment, provides a relatively easy and cost-effec-
tive approach for the fabrication of multilayer films composed
of PPV/RGO bilayers on temperature-sensitive substrates. This
process may play a crucial role in the development of flexible
organic-based portable electronic devices.

4. Experimental Section

Materials:  o,0/-Dichloro-p-xylene,  tetrahydrothiophene, natural
graphite powder (particle size > 150 um, 99.99%), potassium
permanganate, methanol, and hydroiodic acid (55%) were purchased
from Sigma Aldrich, sodium hydroxide and hydrochloric acid (35%) were
purchased from Daejung Chemicals (South Korea), hydrogen peroxide
(30%) from OClI Company Ltd. (South Korea), sodium nitrate from
Shinyo Pure Chemicals (Japan), sulfuric acid (97%) from PFP Osaka
(Japan), and ammonium hydroxide (29%) from Mallinckrodt Baker Inc.
(NJ, USA), and were used as received. Transparency PET films were
purchased from Saehan Industries (South Korea), silicon wafers (SiO,
thickness = 108 nm, diameter = 100 mm) were purchased from MEMC
Electronic Materials Inc. (Malaysia), and fused silica was purchased
from Maicom Quartz GmbH (Germany). All experiments and cleaning
steps used the water from a Milli-Q Plus purification system (Millipore)
with a resistivity of 18.2 MQ-cm. The synthesis of PPV-pre and GO were
described in detail in the Supporting Information.

Fabrication of Multilayer (PPV/RGO) Films on Various Substrates:
Fused silica (12 x 45 mm?), silicon wafer (2 x 2 cm?), and PET (15 x
50 mm?) were used for LBL-assembly of the multilayer films composed
of PPV-pre/GO bilayers. Fused silica and silicon wafer were cleaned by
sonication in Piranha solution (sulfuric acid and hydrogen peroxide in
7:3 ratio) at 70 °C for 1 h, and followed by sonication in RCA solution
(water, hydrogen peroxide, and ammonium hydroxide in 5:1:1 ratio)
at 70 °C for 1 h. PET substrates were cleaned using Digital UV ozone
system (PSD Series, Novascan) for 1 h for the removal of molecular
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organic contaminations and also the oxygenated functionalization of the
surface by the irradiation of intense ultraviolet light; thereby, the cleaned
PET substrates were negatively-charged.’’]

For LBL-assembly of multilayer films based on dip-coating
technique,?'! freshly cleaned substrates (fused silica, PET, and silicon
wafer) were first immersed into a solution of positively charged PPV-pre
(4 mM, pH 4.8) for 15 min, and then washed in deionized water for
1 min. The washing step was repeated for three times. Subsequently, the
substrates were dried under a gentle stream of nitrogen gas. Again, the
PPV-pre coated substrates were immersed into a solution of negatively-
charged GO (1.6 mg mL™", pH 4.0) for 5 min to allow the deposition of
the GO layer. The washing and drying steps as described above were
followed. The LBL-assembly of PPV-pre/GO bilayer on the substrate was
repeated in a successive manner, until desired thickness of multilayer
(PPV-pre/GO) films was attained. The conversion of PPV-pre/GO to
PPV/RGO layer pairs in the multilayer films was achieved during being
exposed to HI/H,O vapor at 100 °C over 3 h.

Methods: The LBL-assembly of PPV-pre and GO onto a fused silica
substrate was monitored using UV/visible spectrometer (Perkin Elmer,
Lambda 40). The thickness of the multilayer films deposited onto a
silicon wafer was determined using real-time spectroscopic ellipsometer
(Elli-SE-F Ellipso Technology) equipped with a Xe arc lamp (350-820 nm),
a rotating polarizer, a liquid cell with optical access at an incidence
angle of 60° an analyzer, and a multichannel detection system.’l
The experimental data including optical functions of refractive index,
n and extinction coefficient, k were fitted to Lorentz model. The cross
section of multilayer films were prepared using cross section polisher
(JEOL, Model 1B-09020CP) prior to the characterization using SUPRA
55VP field emission scanning electron microscope (FESEM) (Carl
Zeiss, Germany). Surface topographic images of multilayer films were
recorded in tapping mode at scan rate of 0.5 Hz using Nanoscope IV
multimode atomic force microscope (Veeco) equipped with a 125 mm
long Si cantilever. The structural characteristics of the multilayer films
were investigated using Raman spectrometer (Raman-LTPL) at A, of
533 nm. The corresponding Raman spectra were used to determine the
in-plane crystallite (L,) size of the multilayer films based on equation; L,
(hm) = (2.4 x 1079 A%(Ip/I5)~", where A is the wavelength (nm) of the
excitation laser and Ip/lg is the relative ratio of D-band to G-band.F®
Elemental compositions of the multilayer films were analyzed using
X-ray photoelectron spectroscopy microprobe (PHI 5000 VersaProbe II,
monochromatic AlKow X-ray source).

Sheet resistivity, ps of the multilayer films with finite thickness, w were
measured using four-point probe head (1 mm probe spacing) connected
to Keithley 2400 source meter and the body resistivity, p were determined
based on equation, p = pw = (V/I)wCF, where V is the voltage, | is
the current, and both C and F are the correction factors according to
the dimension of the thin films.’¥ The electrical conductivity, o, was
obtained by simply inverting the corresponding value of the body
resistivity, p~'. The photoluminescence (PL) properties of the multilayer
films were investigated using fluorescence spectrometer (Scinco FS-2)
at an excitation wavelength (A,, = 420 nm). Photocurrent (at Vi s =
1 V) of multilayer films was measured at different intensity ranged from
0 to 1.1 mW of white light (A > 460 nm) using Keithley 2400 source
meter. The light intensity was calibrated using Melles Griot broadband
power/energy meter and the irradiated light was absorbed by the thin
films with effective device area of 0.3 mm?2. The photoresponsivity
(at Vpias = 1V) of multilayer films was measured at a light intensity of
0.5 mW, whereby the light was being switched on and off at interval of
270 s. The photoresponsivity (R) of the multilayer films were determined
based on the equation, R (mA W) = I,,/P, where I,, and P is the
photocurrent (mA) and intensity of light (W) absorbed by the thin films,
respectively.]]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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