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ABSTRACT: Layer-by-layer assembly from aqueous solutions was used to
construct multilayer thin films (<200 nm) comprising polyethylenimine and
graphene oxide. Low-temperature (175 °C) thermal reduction of these films
improved gas barrier properties (e.g., lower permeability than SiO,), even under
high humidity conditions, and enhanced their electrical conductivity to 1750 S/m.
The flexible nature of the aforementioned thin films, along with their excellent
combination of transport properties, make them ideal candidates for use in a

broad range of electronics and packaging applications.
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S trong interest in traditional (and flexible) organic
electronics is driving the need for electrically conductive
layers with high oxygen barrier properties that can be applied
using low-cost methods.”> Commercially available options for
surface coatings that meet these requirements rely on expensive
vapor phase application under vacuum,” such as SiO,, ALO,,
and metallized films, which are subject to cracking and pinhole
defects.”> Although graphene, a single layer flake of sp? carbon
atoms, can be difficult to work with because of high van der
Waals interactions,’ graphene oxide (GO, a graphene-like
material functionalized with epoxide, hydroxyl, carboxyl
groups) is amenable to aqueous processing.” Although both
graphene and GO have been found suitable for their
impermeability to a variety of gases,®’ the latter is an electrical
insulator. Electrical conductivity can be enhanced by chemical
or thermal reduction to form reduced graphene oxide (rGO),
which often displays properties necessary for flexible
electronics.'”'" The multipurpose nature of graphene oxide,
combined with the straightforward layer-by-layer process,
creates an opportunity for inexpensive application for
electronics packaging and other types of encapsulation.
Layer-by-layer (LbL) assembly is a thin film deposition
technique that relies on exposing a substrate to alternating
aqueous solutions of oppositely charged polyelectrolytes.'>"
This technique has been used to prepare films that display a
range of applications, including drug delivery,'*'® sensing,'®
self-cleaning,'” and flame retardancy.'® The thickness and
morphology of the deposited layers may be tuned by varying
processing conditions (e.g, pH'"® and concentration®’) of the
requisite solutions, which ultimately influences macroscopic
properties such as gas permeability.”*> Graphene oxide has
been shown to display gas barrier” and electrical conductivity
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(upon reduction),”*** when applied using LbL processing, but

the barrier properties were not retained under humid
conditions and electrical conductivity required exposure to
toxic chemicals (e.g., hydrazine). When heated to 175 °C in air
for 90 min, graphene oxide undergoes reduction and, in a
multilayer assembly with polyethylenimine, displays both low
sheet resistance (<5 kQ/[) and oxygen permeability (e.g., the
oxygen transmission rate is 3—4 orders of magnitude lower
than uncoated poly(ethylene terephthalate)) under dry as well
as humid conditions. The extent of GO reduction, and hence
electrical resistance and gas permeability, may be tuned by
varying the temperature and exposure time.

Thin film growth was achieved with an aqueous poly-
ethylenimine (PEI) solution (0.1 wt % at pH 10) and aqueous
graphene oxide (GO) suspension (0.1 wt % at pH 3.3) through
an alternating deposition sequence on 175 ym PET film. As
illustrated in Figure la, this layer-by-layer process resulted in
anion—cation bilayers on the substrate through the formation
of electrostatic interactions. Profilometry was used to monitor
the thickness of these films, both as-prepared and after
thermally reducing the films at 175 °C for 90 min, as shown
in Figure 1b.

At 20 bilayers, the film thickness was approximately 173 nm,
as measured on silicon, although thermal reduction reduces this
value to 120 nm (i.e,, 70% of original thickness). Additionally,
the coverage of GO was uniform across the assembly, and the
observed wrinkling of GO platelets diminished upon reduction
(Figure 2a, b). The TEM images indicated that GO platelets
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Figure 1. (a) Schematic of layer-by-layer deposition of polyethyleni-
mine and graphene oxide bilayers onto a substrate and (b)
profilometer thickness of PEI/GO assemblies grown on silicon before
and after reduction at 175 °C for 90 min.

Figure 2. SEM micrographs of 20 bilayer PEI/GO assemblies (a)
before and (b) after 90 min thermal reduction at 175 °C. TEM
micrograph of the same thin film before reduction (c), showing GO
oriented parallel to the film. Thermal reduction of a 10-bilayer
assembly results in the originally transparent film (d, top) becoming
opaque, with a graphitic luster (d, bottom).
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were aligned parallel to the direction of the substrate and
packed closely together (Figure 2c). Although the density of
graphene oxide appeared to be high, the film was optically
transparent until it was thermally reduced (Figure 2d), at which
point the film obtains a metallic luster similar to that of
graphite. A more detailed description of materials, procedures,
and characterization used in this study can be found in the
Supporting Information.

Thermal reduction of GO was monitored by electrical
conductivity and X-ray photoelectron spectroscopy (XPS)
measurements. In the most reduced state, the PEI/GO films
exhibited a decrease in electrical sheet resistance by more than
4 orders of magnitude. Four-point probe resistivity measure-
ments indicated that electrical sheet resistance decreased from
>1 x 107 Q/[] to 4760 Q/[] following a 90 min reduction at
175 °C (in an ambient atmosphere), corresponding to a
conductivity of 1750 S/m. Increased electrical conductivity was
the result of partial restoration of sp> carbon bonds in the
reduced GO. XPS revealed a decrease in C 1s peak intensity at
286.5 €V, relative to 284.5 eV (Figure 3), indicative of fewer
C—O bonds and higher sp* carbon content characteristic of
graphite.”®
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Figure 3. C 1s XPS spectrum of graphene oxide before and after a 90
min reduction at 175 °C. The increase in peak intensity at 284 eV,
relative to 286 eV, after reduction reflects partial restoration of the
graphitic character of GO.

It is important to note that the reduction conditions used for
these PEI/GO assemblies on 175 um thick, commercial-grade
PET were mild, and no loss of film or substrate integrity was
observed by SEM. Because these assemblies displayed a
continuum of electrical resistivities between their prereduced
and maximally reduced states (Figure 4), it is apparent that the
degree of reduction may be tailored, along with the associated
properties.

Table 1 summarizes the oxygen barrier properties of these
assemblies, which were measured with oxygen transmission rate
(OTR) testing of coated PET samples, in both 0% (dry) and
100% (humid) relative humidity conditions. Prior to thermal
reduction, the GO/PEI multilayer thin films displayed excellent
barrier properties to oxygen under dry conditions; indeed, with
as few as 10 bilayers, dry OTR decreased from 8.6 to 0.0078 cc
m~? day~" atm™'. Depositing 20 PEI/GO bilayers caused the
OTR to drop below the detection limit of commercial
instrumentation (<0.005 cc m™ day™! atm™).>* When a 90
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Figure 4. Sheet resistance as a function of exposure time, for 20 bilayer
PEI/GO assemblies, to various thermal reduction temperatures (see
legend). The standard deviation for the five measurements taken for
each data point is smaller than the size of the markers for the points.

min thermal reduction at 175 °C was applied to these 10 and
20 bilayer assemblies, both exhibited OTR values below
detection. Reduction of the GO decreased 10 bilayer film
permeability from 15 to <7.0 X 10722 cm?/Pa/s,”’ a value
comparable to the lowest regorted dry oxygen film permeability
measured for an LbL film.”

Under humid conditions, prereduced and reduced assemblies
show a wide disparity. With 20 bilayers deposited, the OTR of
GO/PEI exhibited little improvement over bare PET,
decreasing by less than a factor of 2. When thermally reduced,
the humid OTR of the resulting rGO/PEI assemblies decreased
to 0.98 and 0.022 cc m™> day ' atm™" for 10 and 20 bilayer
films, respectively. Although the OTR barrier observed in dry
conditions was not fully realized in humid conditions, these
assemblies reduced oxygen transmission substantially better
than bare PET. GO-based assemblies have displayed a
propensity for dry oxygen barrier applications,” but humid
oxygen barrier has been difficult to achieve due to the
hydrophilic nature of the assemblies that leads to swelling
and increased permeability.””*® Compaction of PEI/GO
assemblies upon reduction effectively increased the nano-
platelet concentration, and hydrophilic GO was transformed
into hydrophobic rGO, which likely inhibits film swelling.

Nanocoatings with high conductivity and low oxygen
permeability are very desirable for electronics packaging
applications.”> Ambient processing from aqueous solutions
provides a simple and cost-effective route to graphene oxide-
based thin films with these properties. Relatively low temper-
ature (<200 °C) treatment in air affords the ability to improve
electrical sheet resistance and decrease film permeability. The
increased hydrophobicity of the reduced thin film results in
decreased permeability that is retained at high humidity.
Collectively, the exceptional functionality and flexible nature of
these coatings, along with the ease with which they are applied,
makes them ideal for use in a variety of electronics packaging
and encapsulation applications.
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Experimental procedures for formation of graphene oxide and
layer-by-layer assemblies, as well as spectroscopic information
and descriptions of methods used to characterize these thin
films. This material is available free of charge via the Internet at

http://pubs.acs.org/.
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