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Abstract Lamination of a thin film encapsulation (TFE) layer is re-
garded as one of the most promising methods that enable the reliable
operation of organic electronic devices by attaching the TFE layers
thereon directly using an adhesive layer. In this study, a low-tempera-
ture curable adhesive thin film with low glass transition temperature
(Tq) is newly designed and synthesized. Low Ty allows conformal contact
at the interface of the adhesive layer and the substrate subsequently
leads to the enhancement of adhesion, and thus the barrier perform-
ance of the lamination of barrier film increases. In order to fabricate a
low-Ty adhesive layer, glycidyl methacrylate (GMA) was copolymerized
with a 2-hydroxyethyl acrylate (HEA) monomer in the vapor phase via
initiated chemical vapor deposition. With a 5 um thick p(GMA-co-HEA)
adhesive layer, a strong adhesion was readily achieved by curing it at
60°C for 1 h, with the peel strength of 16.6 N/25 mm, and the water va-
por transmission rate of the glass-laminated encapsulation was as low as
3.4x 1073 g/m?-day under accelerating conditions (38°C, 90% relative
humidity). We believe the low-temperature curable thin adhesive layer
will serve as a powerful material for the lamination of organic electronic
devices in a damage-free way.

Key words: initiated chemical vapor deposition (iCVD), thin film encap-
sulation (TFE), low-T4 adhesive

Introduction

Organic electronic materials often exhibit outstanding de-
vice performance along with its mechanical flexibility,
which allows for a wide range of device applications with
excellent compatibility with various form factors such as fi-
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ber, textile, and patch.!-> Although the efficiency of the or-
ganic electronic devices increases continuously, the suscep-
tibility to water vapor and oxygen is still one of the biggest
hurdles to overcome to achieve the long-term reliable oper-
ation thereof.57 Therefore, it is critically important to secure
a high-performance encapsulation method to protect the
organic electronic devices from the penetration of water va-
por and oxygen.® Thin film encapsulation (TFE) is one of the
most widely investigated encapsulation methods especially
in the field of organic light-emitting diode (OLED) displays.
TFE consists of an alternating stack of inorganic and organic
thin layers directly deposited on the target devices. Gener-
ally, the inorganic layer is mainly responsible for blocking
the penetration of water vapor and oxygen, and it is essen-
tial to fabricate a defect-free inorganic thin film to guarantee
the excellent barrier performance. Rather than a single inor-
ganic layer, multiple alternating stacks of inorganic layer
with organic layer are well recognized to be much more effi-
cient in terms of the barrier performance to decouple the
defects thereof and to provide tortuous penetration path
for water vapor and oxygen.? However, the repetitive inor-
ganic and organic layer deposition steps are quite tedious
and cost-consuming and undesirable damages may also
arise from the high-energy deposition process of inorganic
layer to the organic electronic devices.

Instead of the complicated fabrication process of TFE and
its direct application to OLED displays, a simple encapsula-
tion can be achieved by laminating a pre-produced TFE with
an adhesive layer.19-12 Therefore, the damage to the OLED
device can be minimized as far as the lamination process
temperature is sufficiently low. Moreover, the method of
lamination of TFE is fully compatible with flexible devices
when employing a flexible barrier sheet and an adhesive
layer with low elastic modulus.!3 With this method, the neu-
tral plane can also be aligned near to the OLED device, which
is of central importance to ensure the reliable operation of
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flexible OLEDs. To laminate the encapsulation film on the
device, a UV-curable adhesive had been utilized widely for
the lamination of the barrier film on the target OLEDs.!415
Despite the simpleness together with the rapid curability of
the UV-curable adhesive, it has been reported that the cur-
ing procedure of the UV-curable adhesive may damage per-
ovskite solar cells or other organic electronic devices due to
the UV-related damage or the outgassing from the UV-cura-
ble adhesive.!° To avoid this problem, an optically clear ad-
hesive (OCA) with minimized outgassing during the curing
process is used widely in the production of OLED-based dis-
play products.®

However, the thickness of OCA is usually in the order of a
few tens of micron, which is quite thick for the applications
requiring high-resolution displays or micro-display, which

often suffer from light leakage from the side edge of each
pixel.!” Therefore, it is necessary to scale down the thickness
of the laminating adhesive layer without compromising the
adhesion strength and the damage-free nature of the curing
process.

Herein, a copolymer of glycidyl methacrylate (GMA) and
2-hydroxyethyl acrylate (HEA), (p(GMA-co-HEA)), is de-
signed as a thermally curable low-temperature adhesive
layer, and realized as a thin film via synthesis in the vapor
phase (Figure 1a). GMA is a monomer containing a reactive,
thermally curable epoxy functionality, whereas the HEA
monomer contains a hydroxyl functional group, which can
initiate a ring-opening reaction of the epoxide group at low
temperature (60 °C). The curing reaction of p(GMA-co-HEA)
involves only an addition reaction, and thus it does not gen-
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Figure 1 (a) Chemical structures of GMA, HEA, and p(GMA-co-HEA) synthesized via the iCVD process. (b) FT-IR spectra of the GMA monomer (green),

HEA monomer (purple), pGMA (black), pHEA (blue), and p(GMA-co-HEA) (red). Zoomed-in image of the FT-IR spectra of pGMA (black), pHEA (blue), and
P(GMA-co-HEA) (red) in the range of (c) 1000-700 cm™" and (d) 3700-3100 cm™". (e) T4 of p(GMA-co-HEA) measured by DSC. (f) TGA of p(GMA-co-

HEA).
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erate any gaseous by-product during the thermal curing
process. The copolymer film was synthesized via an initiated
chemical vapor deposition (iCVD) process, where the GMA
and HEA monomers form a homogeneous mixture in the
gas phase, leading to the synthesis of a homogeneous co-
polymer film of p(GMA-co-HEA) conformally on the surface
of the target substrate. With only 5pm thick p(GMA-co-
HEA) layer, a strong adhesion as well as excellent barrier
performance could be achieved.

Results and Discussion

The detailed deposition conditions for pGMA, pHEA, and p
(GMA-co-HEA) copolymer films are summarized in Table 1.
Figure 1b shows Fourier transform infrared (FT-IR) spectra
of the GMA monomer, pGMA, HEA monomer, pHEA, and p
(GMA-co-HEA).'8 The C=C stretch peak of the vinyl bond at
1410 cm™ in the spectra of GMA and HEA monomers disap-
peared in the spectra of the polymer thin films (pGMA,
pHEA, and p(GMA-co-HEA)), which confirms that the poly-
merization was successfully achieved via the iCVD process.
In the spectra of pPGMA and p(GMA-co-HEA), the absorbance
peaks at 759, 847, and 907 cm™ associated with the epoxide
ring were observed (Figure 1c)."® The broad peak corre-
sponding to the hydroxyl peak around 3400 cm™ in HEA
was detected in the spectra of p(GMA-co-HEA) and pHEA as
well (Figure 1d). Existence of both the epoxide group from
GMA and the hydroxyl group from HEA indicates that co-
polymerization of GMA and HEA was successfully achieved
without the loss of the core functionalities during the poly-
merization. To check the T, of p(GMA-co-HEA), differential
scanning calorimetry (DSC) analysis was performed
(Figure 1e).2° Compared to the T, of pPGMA (55.3 °C) reported
in our previous study,?! the T, of p(GMA-co-HEA) was far
lower; 3.4°C, mainly due to the addition of the soft HEA seg-
ment to the copolymer film. The low T, of p(GMA-co-HEA) is
highly advantageous in that it can form a good conformal in-
terface with various types of TFE layers and substrate mate-
rials. Figure 1f shows thermogravimetric analysis (TGA) data
of p(GMA-co-HEA). p(GMA-co-HEA) exhibited good thermal
stability up to 236 °C with only 5% of mass loss.?

Table 1 Deposition conditions for pGMA, pHEA, and p(GMA-co-
HEA)

Polymer Flow rate (sccm?) Pressure Process
GMA® HEAc  TBpod  (mTorr) temperature
(°0)
pGMA 0492 0 0.439 140 27
p(CMA-co-HEA)  0.492  0.391 0.439 140 27
pHEA 0 0.391 0.439 140 27

aStandard cc per minute, Pglycidyl acrylate, <2-hydroxyethyl acrylate, and dtert-
butyl peroxide.

Since p(GMA-co-HEA) contains an epoxide group, it can
be crosslinked readily by applying thermal energy to trigger
the thermal curing process. However, active materials in or-
ganic electronic devices are susceptible to high temperature,
usually greater than 100°C,>324 and the post-curing temper-
ature should be kept lower than 100 °C. The epoxide group
can undergo a self-crosslinking reaction, but the onset tem-
perature of the ring-opening reaction from the epoxy ring
only is generally too high for organic materials to endure -
often greater than 150 °C.2° Fortunately, the hydroxyl group
in HEA expedites the ring-opening reaction of the epoxide
ring substantially, which allows low-temperature curing of
the copolymer adhesive layer as low as 60°C. To measure
the adhesion strength after curing p(GMA-co-HEA), the T-
peel test was conducted to polyethylene terephthalate
(PET) substrates laminated with each other via a 5-pum-thick
P(GMA-co-HEA) adhesive layer, as shown in Figure 2a.26
Figure 2b shows the peel strength of the PET sample lami-
nated at 60 °C with various curing times. Since a longer cur-
ing time allows for an increased crosslinking density of p
(GMA-co-HEA), the peel strength also increases accordingly
from 3.53 N/25 mm when cured for 10 min to 6.33 N/25 mm
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Figure 2 (a) A scheme of peel strength test method. (b) Peel strength
of the laminated PET substrates using 5 um thick p(GMA-co-HEA) cured
at 60 °C with respect to the curing time. (c) A scheme of Ca test method:
Ca film deposited on a glass substrate and laminated with glass lid
encapsulation by the 5-um-thick p(GMA-co-HEA) adhesive layer. (d) Peel
strength (gray) and WVTR (blue) of the glass substrates laminated using
p(GMA-co-HEA), followed by curing at 60 °C with respect to the p(GMA-
co-HEA) layer thickness. (e) An illustration of a Ca test sample with
definition of the bezel. (f) Lag time of a glass-laminated Ca test sample
with respect to the bezel width.
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and 16.6 N/25 mm after 30 min and 60 min of curing, respec-
tively. However, the peel strength of the 120 min-cured
sample seems apparently saturated to 17.0 N/25 mm, and
we assume 60 min curing is long enough to induce a suffi-
cient amount of crosslinking in the p(GMA-co-HEA) adhe-
sive layer.

In order to evaluate the barrier property of the p(GMA-
co-HEA) adhesive layer, a glass cover was laminated on the
Ca-test sample by using a p(GMA-co-HEA) adhesive layer as
shown in Figure 2c.?’ Since water vapor and oxygen cannot
penetrate through the glass, the thickness of the adhesive
layer turned out to be a critical factor for both adhesion
strength and barrier performance. With a thicker adhesive
layer, side penetration of water vapor and oxygen becomes
dominant. On the other hand, undesirable particles or sur-
face roughness on the substrate cannot be fully covered
tightly by a too thin adhesive layer, resulting in the forma-
tion of a void space, which can be another penetration path
of water vapor and oxygen. Therefore, it is important to keep
the thickness of the adhesive layer as low as possible, while
minimizing the formation of void space, which can be ac-
complished by using an ultrathin adhesive layer capable of
forming a conformal contact with the rough substrate sur-
face. The copolymer adhesive layer with low T, developed
in this study can enhance the performance of barrier film
lamination.

The peel strength and water vapor transmission rate
(WVTR) of the p(GMA-co-HEA) adhesive layer with various
thicknesses are shown in Figure 2d. A 5-pm-thick p(GMA-
co-HEA) layer exhibited the highest peel strength of 16.6 N/
25 mm, and the lowest WVTR of 3.4 x 1073 g/m?-day under
the accelerating conditions of 38 °C and 90% relative humid-
ity (RH) was achieved by laminating a glass cover on the Ca
test sample. Reducing the thickness of p(GMA-co-HEA) to
2.5um and 1 pum causes deterioration of both adhesion and
barrier properties. On the other hand, the WVTR value
seems to be saturated at a higher adhesive thickness, while
the peel strength decreased gradually, because the cohesion
failure from the soft adhesive layer becomes dominant with
a thicker adhesive layer. Compared to other adhesive layers
applied for barrier film lamination as shown in Table S1, p
(GMA-co-HEA) developed in this study with minimized
thickness and mild curing conditions can guarantee a reli-
able operation of electronic devices consisting of various or-
ganic materials. Since the side-penetration of water vapor
and oxygen significantly affects the barrier property of the
laminated encapsulation, barrier property variation along
with the size of the bezel width was also analyzed. As shown
in Figure 2e, the bezel of the Ca test sample was defined as a
width between the Ca pad and the edge of the glass sub-
strate. A wider bezel delays the permeation of water vapor
and oxygen, by providing a longer penetration path.
Figure 2f shows the lag time calculated from the Ca test sam-
ple with various bezel widths. The lag time, which is the

time until the Ca pad starts to be oxidized, was only 58.5 h
under the accelerating conditions of 38 °C and 90% RH with
the bezel of 6.5 mm, but the lag time increased considerably
to 198 h and 410 h with the bezel of 8 mm and 11 mm, re-
spectively.

Since the laminated barrier film covers the face side of the
organic electronic device, transmittance of the adhesive
layer must be maximized for application to optical elec-
tronics such as OLEDs or photovoltaics. Figure 3a shows the
transmittance of p(GMA-co-HEA) in the visible light region
(300-800nm).28 The average transmittance of the 5-pum-
thick p(GMA-co-HEA) layer was near 100% both before and
after curing at 60 °C compared with the glass substrate.

In addition, the compatibility of p(GMA-co-HEA) with
various barrier films such as a polyethylene naphthalate
(PEN) substrate coated with TFE or Al foil was also investi-
gated. To compare the barrier property of barrier film lami-
nation, direct deposition of TFE was performed as shown in
Figure 3b with 2.5 dyad TFE consisting of 20 nm thick Al,03
layer/100 nm thick pV3D3 organic layer.?® Lamination of
PEN, a transparent polymer substrate, was covered with 2.5
dyad TFE, to enhance its barrier property, and Al foil, illus-
trated in Figures 3c and 3d, respectively. Since p(GMA-co-
HEA) exhibits a low T; as mentioned above, p(GMA-co-
HEA) can be deposited to form a conformal contact with var-
ious substrate surfaces. Lamination of TFE-deposited PEN
and Al foil successfully covered the Ca-deposited glass sub-
strate and the barrier properties of each sample are sum-
marized in Figure 3e. The WVTR of TFE directly deposited
on the Ca pad was 7.6 x 10 g/m?- day. After lamination, the
WVTR values of PEN coated with TFE and Al foil were
6.5x1073 and 4.9 x 1073 g/m?-day, respectively. The WVTR
values after lamination of the barrier film were slightly
higher than the value from direct deposition of TFE by in-
serting an organic adhesive layer, but still the WVTR values
are quite low. Moreover, a p(GMA-co-HEA)-based soft but
low-temperature-curable adhesive layer not only enabled
the lamination of a rigid glass substrate, but also afforded
flexible and even transparent barrier films.

Conclusions

In conclusion, a low-temperature curable thin adhesive layer
capable of forming a conformal adhesion interface to various
substrates was newly developed. A homogeneous copoly-
mer was synthesized in the vapor phase from two mono-
mers of GMA and HEA, which showed quite low Tg of 3.4°C.
The hydroxyl functional group in HEA initiated a ring-open-
ing reaction of the epoxide functionality at a lower temper-
ature and p(GMA-co-HEA) exhibited good adhesion proper-
ties when cured at a low temperature, 60 °C, not to damage
the organic active materials in organic electronic devices.
Laminated encapsulation was successfully demonstrated
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with a 5-um-thick p(GMA-co-HEA) adhesive layer with the
peel strength as high as 16.6 N/25 mm and the WVTR from
the glass lamination of 3.4x1073g/m?-day. Furthermore,
the p(GMA-co-HEA) was highly transparent in the whole
visible light region and also applicable to lamination of vari-
ous barrier films with good wettability. This result strongly
suggests that the p(GMA-co-HEA) layer can enhance the
performance of the lamination of the barrier film, which will
provide a versatile strategy to ensure reliability and flexibil-
ity for the encapsulation methods of the organic electronic
devices.
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sion rate (WVTR). The 50 nm thick Ca (Junsei Chemical, 99.5%)
was deposited with the deposition rate of 0.7 A/s via a thermal
evaporator (Daeki Hi-Tech Co., Ltd.) installed in a N,-filled glove
box on the glass substrate. The Ca test samples were stored in a
thermohygrostat (JSRH-R70CPL, JS RESEARCH INC.) under the
accelerating conditions of 38°C and 90% RH. After the Ca thin
film is oxidized after contact with the water vapor or oxygen, it
becomes transparent. Therefore, the barrier property could be
monitored in the oxidized area visually. The change of Ca area
was analyzed by a digital camera (Nikon P300) and Image]
v.1.46 (National Institutes of Health). The WVTR could be calcu-
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lated as: WVTR (g/m2-day) = n - 8¢, (M(H20))/(M(Ca)) - h - dA/dt,
where n represents the molar equivalent of the Ca oxidation
reaction with a water molecule (n=2) and Jc, is the Ca density
(1.55 g/cm3). Here, M(H,0) and M(Ca) are the molecular weights
of the water molecule and Ca, respectively. h is the height of the
Ca film, and dA/dt is the slope of the graph plotting the Ca-
oxidized area versus time.

The transmittance of 5pum thick p(GMA-co-HEA) deposited on
1 mm thick glass slide was also obtained by using a spectroscopic
ellipsometer (J.A. Woollam Co., Inc.).

For the organic layer and inorganic layer of TFE, poly(1,3,5-
trimethyl-1,3,5-trivinylcyclosiloxane) (pV3D3) and Al,03 were
deposited, respectively. pv3D3 was deposited via iCVD by using
V3D3 (Gelest, 95%) as a monomer and tert-butyl peroxide (TBPO,
Aldrich, 98%) as an initiator. V3D3 and TBPO were heated to 40°C
and 30 °C, respectively, and fed into a custom-built iCVD system.
During the polymer deposition, the process pressure, substrate
temperature, and the filament temperature were maintained at
600 mTorr, 50°C, and 140°C, respectively. To deposit the Al,03
film via atomic layer deposition (ALD), trimethyl aluminium
(TMA, 99.999%, EG Chemical Co. Ltd.) and deionized H,0 were
injected sequentially into the ALD chamber. To deposit Al,03 at
90°C, a single ALD cycle consisted of TMA pulse for 0.5s, Ny
purging for 15, H,0 pulse for 0.5, and N, purging for 15s. To
accelerate the nucleation step, TMA was injected for 2s and
purged for 30s in the initial three cycles. The total chamber
volume of the reactor was 9210 cm3, and base pressure was
maintained lower than 0.1 Torr.
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