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Abstract—A solution-processable approach to designing molecular silicasol-based barrier coatings for
organic electronics has been developed. The barriers are assessed by the optical calcium test and demonstrate
water-vapor permeation rates of about 1072 g m~2 day .. Silicasols are shown to be promising for the encap-
sulation of organic electronics devices, for which the resulting water-vapor permeation rates are sufficient

(e.g., for organic field-effect transistors).
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INTRODUCTION

Organic electronics is a field of science rapidly
developing due to a promising potential for the design
of cheap and flexible devices which can be produced
only by solution processes [1]. A growing number of
works in this field are dedicated to the industrial pro-
duction of organic electronics devices, such as organic
thin-film transistors (OTFT) [2, 3], organic light-
emitting diodes (OLED) [4, 5], and organic solar cells
[6, 7]. The charge carrier mobility in OTFT forming
the basis of flexible chips has exceeded the corre-
sponding values in amorphoussilicon [8, 9]. However,
one of the key factors restricting the spread of new-
generation of light, flexible, and transparent (opto)elec-
tronic devices based on organic compounds is the
problem of their degradation [10, 11].

Depending on the device type and architecture and
materials used, the degradation problem is manifested
in different ways and consists of deterioration in the
values of key characteristics up to the total loss of func-
tionality. For example, organic field-effect transistors
are characterized by drops in the charge carrier mobil-
ity [12] and the on-off ratio [13], as well as by an
increase in the threshold gate voltage [11]. Such deg-
radation is caused by several factors, including the
sensitivity of organic conductors and semiconductors
to moisture and oxygen [14]. To provide desired pro-
tection of devices, several approaches have been
applied, including the chemical modification of the
semiconductor in order to control the level of highest
occupied molecular orbital (HOMO) to decrease the

possibility of their oxidation with air or water [15, 16].
Another approach, the kinetic barrier method, has
gained the widest acceptance for n-type transistors. In
such devices, the main charge carriers are electrons
and, upon exposure to an external field, the semicon-
ductor molecules form anions capable of reducing
water and oxygen diffused into the semiconductor
layer. The protection method consists of the search for
organic semiconductive structures in the films of
which diffusion into the active layer of the device is
limited [17, 18]. The third approach consists of a depo-
sition of an additional functional layer on a device
where such a layer is a barrier coating preventing gas
diffusion. Such protection is the most versatile and
can be used for all types of organic electronic devices.

A great number of approaches to the design of bar-
rier coatings have been developed to date. The deposi-
tion of glass- or metal-based coating on such devices
to form an inert gas-filled laminating volume is the
simplest method [19]. However, this approach is sig-
nificantly limited, since it makes it impossible to
design flexible devices using roll-to-roll processes.
A promising alternative is the use of thin (20—40 nm)
layers of metal and transition element oxides and
nitrides, such as aluminum oxide (Al,O;) [20], silicon
nitride (Si;N,) [21], and silicon dioxide (SiO,) [22]. It
is important that the increase in the thickness of such
a coating does not allow significantly increasing its
barrier properties. This is due to the presence of nano-
meter- and micron-sized defects formed at the initial
step of film growth in the region of contact with the
underlying functional layer. Such defects do not dis-
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Fig. 1. Fragment of the hypothetic structural formula of molecular silicasol (a) and chemical formula of (3-aminopropyl)trime-

thoxysilane (APTMS) (b).

appear during film growth, but they form diffusion
channels in the coating [23]. In addition, the processes
for film fabrication include plasma treatment, ion
sputtering, and chemical vapor deposition. This
implies the treatment of the device surface with chem-
ically and physically active components (plasma,
chemical precursors, and solvents), which adversely
affects the structure and properties of the underlying
active layers of a device [24, 25]. Yet another approach
consists of the use of a completely organic protective
coating [26—29] providing its deposition above the
active layer without a structural disturbance of the
organic (semi)conductor. Such coatings demonstrate
low barrier properties. Hybrid coatings where inor-
ganic layers alternate with polymer ones were pro-
posed as a compromise between the organic and inor-
ganic coatings [30, 31]. This approach implies the
alternation of vacuum and nonvacuum processes for
film deposition, which increases the cost of films. In
terms of ensuring a low cost of the final device, the
most promising coatings are those prepared using only
solution processing.

The aim of the present work was to develop a new
solution-processable approach to the design of molec-
ular silicasol-based barrier coatings that in the future
can be used for the protection of flexible and transpar-
ent organic electronic devices.

EXPERIMENTAL

A freshly prepared molecular silicasol was used as
the basis for the preparation of barrier coatings; the
fragment of its hypothetic structural formula is shown
in Fig. 1a. Molecular silicasol [32] is a form of silica
that can be dissolved in an anhydrous solvent, which

NANOTECHNOLOGIES IN RUSSIA  Vol. 11

in the present work was THEF. Silicasol appears as indi-
vidual nanoparticles with a size from several nanome-
ters to dozens of nanometers, which is defined by its
synthesis conditions. A distinctive feature of molecu-
lar silicasol is the adjustability of the ratio between its
rigid polycyclic core and the more flexible edge, which
results in a change in its state of aggregation from lig-
uid to glassy solid [33, 34]. In the present work, we
studied sufficiently rigid particles with a size of about
60 nm prepared according to the procedure published
earlier [32]. Upon the deposition of nanoparticles
onto the substrate surface, followed by keeping it in
ammonia gas, individual particles can be cross-linked
to form a single layer with a nanometer thickness. This
approach provides the desired balance between the
flexibility of a coating and its barrier properties.

The flexible substrate was a Teonex® Q65FA poly-
ethylene naphthalate film (DuPont Teijin Films) with
a thickness of 125 um. This type of substrates was cho-
sen because PEN is widely used in different applica-
tions of organic electronics [35]. The surface was pre-
treated by two methods: the first one uses treatment in
the direct current plasma according to our procedure
described earlier [36]. The second method consists of
chemical modification of the substrate by the func-
tional layer of (3-aminopropyl)trimethoxysilane
(APTMYS) (Fig. 1b) by gas-phase deposition [36]. The
molecular silicasol-based barrier coating was depos-
ited by spin coating at a rotational rate of 1000 rpm for
2 min and by dip coating.

The surface structure of barrier coatings was stud-
ied using an NT-MDT Solver NEXT atomic force
microscope under semicontact conditions. Bruker
NCHV-A cantilevers with a typical resonance fre-
quency of 320 kHz, a curvature radius of 10 nm, and a
stiffness of 42 N/m were used.
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Fig. 2. (Color online) Schematic diagram of the optical calcium tests (a) and photographs of the samples with different protective
coatings (b): (/) glass, (2) PEN + barrier coating, and (3) PEN. Photos were made immediately after the deposition of calcium

(top row) and 72 h after being kept in air (bottom row).

The barrier properties were assessed by the optical
calcium test [37], whose diagram is shown in Fig. 2a.
The calcium layer with a thickness of 300—600 nm was
deposited on the PEN surface with a barrier coating
deposited on the opposite side. The resulting samples
were attached to a glass with an ITO layer (20 X 20 mm)
using a Done Deal DD6643 superglue in the argon
atmosphere. Then, the dependence of the optical
transmission of the calcium layer upon keeping in air
was studied. The relative humidity was 60—70% and
the temperature was 22°C. Calcium is oxidized

(Fig. 2b) under the action of permeating water vapors
and oxygen to form a transparent oxide. The gas per-
meability of the coating can be calculated by the
kinetic equation of calcium layer oxidation

NGO _
Ny

I_Smt/mHzo, (1)
where N(?) is the number of calcium molecules at a

time, S'is the area of coating, my, ¢ is the weight of the
water molecule, 7is time, and o is the gas permeability
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Fig. 3. (Color online) Results from the AFM study of silicasol-based coating without the pretreatment of the substrate surface:
(a—d) surface morphology in different sections of the coating and the corresponding surface profiles; (e, f) surface morphology
of the coating treated with ammonia and the corresponding surface profile.
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Fig. 4. (Color online) Results from the AFM study of sili-
casol-based coating without pretreatment of the substrate
surface at small sizes of scanning region (2 um): (a) film
morphology, (b) corresponding surface profile, and (c) phase
image.

of the coating. N(f) was estimated by a calculation of
the area of calcium visible on the photograph.

The calcium test was calibrated by gluing the ITO-
containing glass to the deposited calcium. Calcium
being between two glasses remained nontransparent
for 4—5 weeks, which suggests an impermeability of
the samples obtained and the applicability of this
method to assess the gas-permeation rate of barrier
coatings.

RESULTS AND DISCUSSION

First, we studied the morphology of silicasol
deposited on the PEN surface without additional
treatment of the substrate. A dip-coated film was stud-
ied by atomic force microscopy (Fig. 3), which showed
a high inhomogeneity in different regions of the sub-
strate (Figs. 3a—3d). The typical roughness values var-
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ied from 70 to 200 nm and the surface appeared as a
layer of particles whose lateral size distribution in dif-
ferent sections of the substrate changed from 1 to
5 um. Upon cross linking this film with ammonia,
the coating inhomogeneity remained unchanged
(Figs. 3e, 3f). In addition, due to the large film thick-
ness in some regions of the sample, cross linking
resulted in a fragility of the layer, which, in turn,
resulted in the formation of macro cracks. Thus, the
increase in the homogeneity of the coating prior to its
cross linking becomes of current concern.

In order to study in more detail the structure of
coating surface, the AFM studies on scanned regions
with a size of 2 um were performed. Neither the 2D
height image of surface topology (Fig. 4a) nor its pro-
file (Fig. 4b) allows one to see its fine structure, while
the corresponding 2D phase image (Fig. 4c) shows
that microparticles consist of individual nanoparticles
with sizes from 50 to 100 nm. This size distribution is
close to that obtained for this solution of molecular sil-
icasol by small-angle X-ray scattering [32]. Thus, the
molecular silicasol film on the polymer substrate is
clusters of individual nanoparicles; the particle size
distribution is quite wide. The gaps formed in this
coating significantly decrease the effective film thick-
ness, which, over the long term, will have an adverse
effect on the gas permeation rate.

There are a number of surface pretreatment meth-
ods providing an increase in the surface adhesion,
such as keeping of a substrate in plasma or treatment
with a modifying agent, which results in a more homo-
geneous particle size distribution over the surface. The
efficiency of the abovementioned approaches was
studied systematically in the present work. Figure 5
shows the surface morphology of the silicasol layer
deposited on the plasma-pretreated substrate accord-
ing to the AFM data. The film is macroscopically
homogeneous with a roughness of RMS = 14 nm. One
important fact is that individual nanoparticles with
sizes from 50 to 100 nm were observed upon the study
of the film thin structure analogously to the plasma-
untreated sol film. Subsequent treatment of the film in
ammonia has a slight effect on the film structure on a
macroscale; however, the traces of nanoparticles in a
microstructure disappear, which results in a signifi-
cant planarization of the surface (RMS decrease to
8 nm) (Fig. 5d) and individual nanoparticles become
to be indistinguishable (Fig. 5f). This suggests that
individual particles undergo cross linking to form a
single coating. The homogeneity of the resulting film
implies that the film has high barrier properties.

Figure 6 shows the silicasol film deposited on the
(3-aminopropyl)trimethoxysilane (APTMS)-pre-
treated substrate. In contrast to the coating obtained
on the plasma-pretreated substrate, this coating has a
cluster structure similar to that obtained for the coat-
ing on the nonpretreated substrate with a cluster size
of 0.5—0.7 um. In addition, the pretreatment with
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Fig. 5. (Color online) Results from an AFM study of silicasol-based coating deposited on the plasma-pretreated substrate: surface
morphology prior to (a) and after (¢c) ammonia treatment, (b, d) corresponding surface profiles, and (e) phase signal prior to

ammonia treatment and (f) after ammonia treatment.
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Fig. 6. (Color online) AFM-studied morphology of the molecular silicasol film deposited on APTS-pretreated substrate prior to
(a) and after (b) ammonia treatment; (¢, d) corresponding surface profiles.

APTMS allowed significantly increasing the homoge-
neity of the coating (the particle size distributions in
different regions of the sample are identical), which
makes this film a promising basis for barrier coatings.
After being kept in ammonia gas, the film morphology
deteriorated; namely, some nanoparticles coagulated
into coarser ones (1—3 um). Based on the data, one
can conclude that ammonia pretreatment is not a
promising procedure to improve the coating quality in
the case when polymer is pretreated with APTMS.

In the present work we also compared the methods
of coating deposition on the polymer substrate. Figure 7a
shows the surface morphology of spin-coated silicasol
film deposited from a solution in THF on the

NANOTECHNOLOGIES IN RUSSIA  Vol. 11 Nos. 9—-10

APTMS-pretreated polymer surface. The film is
highly homogeneous on a macroscale; however, it
contains nanopores with a radius of 50—100 nm. Sim-
ilar pores were observed upon the spin-coating depo-
sition of silica sol on the plasma-pretreated polymer
(Fig. 7b). The problem of formation of such pores is
well known and often solved by the deposition of a
coating from a high-boiling solvent. This approach
allows one to balance the kinetics of solvent evapora-
tion and film formation. The silicasol-based coating
was deposited from such high-boiling solvent as
diglyme (diethylene glycol dimethyl ether). Its surface
morphology (Fig. 7¢) is also highly homogeneous on a
macroscale; the pore density decreased by one to two
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Fig. 7. (Color online) AFM-studied morphology of the spin-coated silicasol film deposited on the substrate pretreated with
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(b, d, f) corresponding surface cross sections.

orders of magnitude. This coating must be more
promising in terms of barrier properties; for this reason
it was assessed by the optical calcium test along with
the best coatings obtained by other methods consid-
ered above.

Figure 8 shows the results from the optical calcium
test of coatings for gas permeating rates. All coatings,
as well as the coatingless substrate, showed that the
portion of unoxidized calcium depends linearly on the
time. Based on the experimental data, the gas perme-
ation rates ® were calculated approximating formula 1
by the least-squares method.
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Fig. 8. (Color online) Results from optical calcium tests of
coatings for gas permeation rates.
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The table gives a comparison between the properties
of silicasol-based coatings obtained by different meth-
ods. It should be noted that both methods proposed
for the surface pretreatment (plasma and APTMS)
provided a macroscopic homogeneity of the surface,
as well as low values of roughness, which suggests that
coatings have high barrier properties. Solution deposi-
tion allows one to design a coating consisting of indi-
vidual nanoparticles with sizes from 50 to 100 nm
regardless of the pretreatment method. Upon the sub-
sequent cross-linking of silicasol with ammonia, the
visible traces of nanoparticles disappear, which sug-
gests the formation of a continuous coating. The gas
permeation rate of silicasol deposited on the APTMS
layer was found to be almost twofold lower than that of
the plasma-pretreated coating (2.5 X 1072 g m~2 day~!
versus 4.6 x 1072 g m~2 day~!, respectively). This result
correlates with the results from the AFM study of the
coatings according to which the layer on the APTMS-
containing substrate is a homogeneous film with a
small number of defects. In the case of spin coating
method with different pretreatment techniques, no traces
of nanoparticles in the film structure were detected. The
use of a high-boiling solvent (diglyme) allowed us to
obtain a highly homogeneous coating with a measured
gas permeation rate of 2.1 X 1072 g m~2 day~.. This value
is close to that for the coating deposited on the
APTMS layer. It should be noted that all deposition and
pretreatment methods showed gas permeation rates have
the same order of magnitude (10-2g m~2 day~!) and the
best result was obtained by spin coating, which pro-
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Comparison between the properties of molecular silicasol-based barrier coatings obtained by different methods

i Water vapor
Coating type Roughness, h?n?ggzice?gi)f Cluster | Nanopartic permeatiorf rate,
nm coating size, um | le size, nm ¢ m2 day™"!
PEN 1-2 — - - 6.5 x 1072
Dip coating | PEN + Sol 70—200 No 1-5 50—100 —
PEN + plasma + Sol 15 Yes — 50—100 —
PEN + plasma + Sol + NH; 8 Yes — - 4.6 x 1072
PEN + APTMS + Sol 25 Yes 0.5-0.7 50—100 2.5 %1072
PEN + APTMS + Sol + NH; 50 Yes 1-3 - -
Spin coating | PEN + plasma + Sol 5 Yes — — —
PEN + APTMS + Sol 1.8 Yes — — -
PEN + APTMS + Sol (diglyme) 1.8 Yes — - 2.1 %1072

vided a threefold increase in the complete oxidation
time.

CONCLUSIONS

A novel approach to the design of barrier coatings
based on molecular silicasol was developed using
exclusively solution processing. Molecular silicasol was
shown to be a promising basis for barrier coatings on
organic electronics due to a combination of acceptable
water-vapor permeation rates with an ease of fabrica-
tion. Such coatings can be deposited using only solu-
tion processes, in contrast to a great number of already
existing approaches. The most homogeneous silicasol
films were assessed by the optical calcium test to show
water-vapor permeation rates of about 10~2 g m~2 day—..
The spin-coated molecular silicasol deposited on the
APTMS-pretreated surface from the high-boiling sol-
vent demonstrated the best results. Thus, silicasols can
be used to encapsulate organic electronics devices for
which the resulting water vapor permeation rates are
sufficient (e.g., organic field-effect transistors) [38].
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