CHIN.PHYS.LETT.

Vol. 22, No. 10 (2005) 2684

Thin Film Encapsulation of Light-Emitting Diodes with Photopolymerized

Polyacrylate and Silver Films
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A thin film encapsulation of organic light-emitting diodes (OLEDs) is investigated with a multi-layer stack of

polyacrylate-Ag-polyacrylate-Ag-polyacrylate-Ag-polyacrylate (PAPAPAP). It is shown that the fabrication of
polyacrylate films by a wet process does not affect the electroluminescent (EL) characteristics of the devices and

polyacrylate films together with the silver layers can perform to minimize oxygen and water diffusion into the
organic light-emitting device. The structure of polyacrylate(20 um)-Ag(200 nm)-polyacrylate(20 pm)-Ag(200 nm)-

polyacrylate(20 um)-Ag(200 nm)-polyacrylate(20 um) is demonstrated to enhance dramatically the lifetime of

OLEDs.

PACS: 78.60.Fi, 81.15. Ef, 81.65. Rv

Since the development of organic light-emitting
diodes (OLEDs) operating at reasonably low voltages,
organic electronics has attracted great interest due to
lower costs and new potential applications, such as
large-area flat displays.['—3] However, short lifetime is
still a critical factor. There have been many proposed
mechanisms for the decay in luminance, but the domi-
nant degradation mechanism is consistently known as
the exposure of the organic-cathode interface to at-
mospheric oxygen and water.[*?! This leads to the ox-
idation and delamination of the metallic cathode.!!
In order to isolate OLEDs from atmospheric oxygen
and water, encapsulation of OLEDs is a key tech-
nology necessarily to extend the lifetime. The typ-
ical encapsulation for OLEDs based on glass sub-
strates uses a glass or metal cap with a desiccant
inside.[”l Although this encapsulation is simple and
quite efficient, it is heavy and cannot be bent, thus
severely limiting the applications of OLEDs, and it
cannot be applied to flexible organic light-emitting
diodes (FOLEDs), which are built on a flexible plas-
tic substrate. For thin, light and flexible encapsula-
tion of OLEDs, many thin film encapsulation methods
have been developed recently.[8~15] Researchers/8—10]
have reported a thin film encapsulation technique for
OLEDs named as Barix™, which is based on the
flash evaporation and sputtering deposition process.
Lifka et al.l'" and Assche et al.l'?l show the thin film
encapsulation based on the plasma enhanced chem-
ical vapour deposition. Although these encapsula-
tions are quite effective to prevent the devices from
the water and oxygen, the encapsulation process is
also quite complicated. In this study, a thin film

encapsulation for OLEDs is developed with a novel
multi-layer stack of polyacrylate—Ag—polyacrylate—
Ag—polyacrylate-Ag—polyacrylate (PAPAPAP).

The polyacrylate film was fabricated by spin-
coating, and the Ag film was deposited by thermal
evaporation, so the encapsulation with the stack of
PAPAPAP is quite easy to be carried out. The life-
time of OLEDs with the encapsulation with the stack
of PAPAPAP was greatly prolonged in air.
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Fig. 1. Schematic diagram of the OLED with encapsula-
tion of a PAPAPAP stack.

Figure 1 shows a schematic diagram of the OLEDs
with the stack encapsulation. The following process
was used to fabricate the devices. Indium-tin-oxide
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(ITO)-coated glass substrates with a surface resis-
tance of 10-20§2/sq were cleaned in ultrasonic baths
of acetone and methanol. N,N-diphenyl-N,N-bis (1,1-
biphenyl)-4,4’-diamine (NPB) was the hole trans-
porting layer and tris(8-hydroxyquinoline) aluminium
(Alq) was the emitting layer.
alloy or mixture of magnesium and silver with a ratio
of 10:1. The layers of NPB, Alq and metallic cath-
ode were all deposited by vacuum deposition (below
1073 Pa). Light cure adhesive (Loctite 352), which
was monomers of acrylic acid and methacrylate ester,
was purchased by Loctite Co., Ltd. The process of
the stack encapsulation was as follows: step 1, under
a base chamber pressure below 1073 Pa, the layer of
Ag was deposited onto the metallic cathode with a
thickness of 200 nm; step 2, the device was transferred
to a nitrogen glove box, and a layer of monomers of
acrylic acid and methacrylate ester was spin-coated
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Fig. 2. AFM images of surfaces of (a) the PET substrate

(rms roughness 3.963nm) and (b) the polyacrylate film
(rms roughness 0.2599 nm) by the spin-coating method.

on the Ag layer of the device at 3000rpm for
30s. After photopolymerization of the monomers,
the polyacrylate layer was formed with thickness of
about 20 um. Polymerization was initiated using a
high-pressure mercury (Hg) lamp with intensity of
7mW/cm? at 366 nm. Then steps 1 and 2 were re-
peated four times. At last, the multi-layer stack
of encapsulation is polyacrylate-Ag—polyacrylate—Ag—
polyacrylate—Ag—polyacrylate.

Morphology of the polyacrylate film by spin coat-
ing has been investigated. It is clear that a smooth
surface of polyacrylate film is quite necessary for
the PAPAPAP stack. Figures 2(a) and 2(b) show
the surface morphology of a commercially available
polyethylene terphthalate (PET) substrate and the
polyacrylate film on PET by spin coating, respec-
tively. It is obvious that the surface of PET is some-
how rough, and there are some spikes higher than tens
of nanometres observed in Fig.2(a). A thin film of
the acrylic monomer was spin-coated on the PET at
3000 rpm for 30s, and was immediately cured to yield
a highly cross-linked polyacrylate film. The surface
morphology of the thin polyacrylate film was shown in
Fig.2(b). It was found that the fabrication and cur-
ing of the liquid monomer resulted in a flexible and
smooth polymer film, which is non-conformal to the
substrate. In Fig. 2, the rms surface roughness of PET
is 3.963 nm, but rms roughness of the thin polyacry-
late film on PET is 0.2599 nm. This indicates that the
formed polyacrylate film is quite smooth. The water
permeation rate of the highly cross-linked polyacry-
late film is quite high and is tens of g/m? per day,[16]
so we adopted the stack of polyacrylate films and in-
organic films to encapsulate the OLEDs, and Ag was
chosen to form the inorganic films owing to its easy
fabrication by thermal evaporation.

In order to evaluate the effect of the stack en-
capsulation with polyacrylate films and Ag films,
OLEDs without encapsulation, with encapsulation of
a polyacrylate-Ag—polyacrylate (PAP) stack and with
encapsulation of a PAPAPAP stack were fabricated
to compare their luminescence and degradation of
emission efficiency, respectively. Figures 3(a) and
3(b) show the current—voltage (I-V) and luminance—
voltage (L-V) characteristics to compare the electrical
and emissive behaviour of different devices. As shown
in Figs. 3(a) and 3(b), no notable difference in the L-
V or I-V behaviour was found among these three de-
vices. These show that when the photopolymerizable
blend is cured to form the polyacrylate film, both the
light-emitting material and the metallic cathode were
slightly affected by photopolymerization, and encap-
sulation process did not change the electrical and the
emission properties of OLEDs.

The operational lifetimes of the fabricated devices
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were measured from the initial luminance of about
1000 cd/m? to half of the initial value at a constant
dc current. For comparison, the lifetimes of devices
without encapsulation, with encapsulation of the PAP
stack and with encapsulation of the PAPAPAPA stack
were investigated, as shown in Fig. 4. The device with-
out encapsulation has a very short lifetime of about
2.5h under ambient conditions. This is because the
reactive metal (metallic cathode) and organic layers
are susceptible to moisture and oxygen, so the de-
vice could not withstand the ambient conditions for a
long time. The lifetimes of the devices with encapsu-
lation of the PAP stack and with encapsulation of the
PAPAPAP stack were about 24.5 hours and 107 hours
respectively, as shown in Fig.4. This shows that en-
capsulations with stack of polyacrylate films and Ag
films could be effective to protect the devices from
the moisture and oxygen, and to prolong the opera-
tional lifetime of the devices. The lifetime of OLEDs
with encapsulation of the PAPAPAP stack was almost
43 times longer than the bare device, and four times
longer than the device with encapsulation of the PAP
stack. Assuming that the operational lifetime is in-
versely proportional to the initial luminance,!” the
lifetime of OLEDs with encapsulation of the PAPA-
PAP stack was larger than 1000h at 100 cd/m?.
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Fig.3. (a) I-V and (b) L-V characteristics of OLEDs
without encapsulation (down-triangles), with encapsula-
tion of PAP stack (up-triangles), and with encapsulation
of PAPAPAP (circles).

As is well known, in addition to encapsulation,
the lifetime of OLEDs could be affected by many fac-
tors such as the structure of OLEDs, substrate treat-
ment (especially for the ITO coated substrate), dop-
ing in hole transport layer or emission layer and so
on.['®19] In our experiment, the structure of OLEDs
was ITO/NPB/Alq/Mg:Ag, and the operational life-
time of this OLED with encapsulation of the PAPA-
PAP stack was larger than 1000 h, which was com-
parable with that of the OLED based on the similar
structure with the glass cap encapsulation.2?! More
importantly, the encapsulation of the PAPAPAP stack
is flexible, quite light and thin, and is suitable for flex-
ible OLEDs. Because the total thickness of encapsu-
lation is often less than 100 pum, the PAPAPAP stack
can also be used as the pre-encapsulation layers for the
glass cap encapsulation for more longevity of OLEDs
based on glass substrates.
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Fig. 4. Operational lifetime of OLEDs (1) without encap-
sulation, (2) with encapsulation of the PAP stack, and (3)
with encapsulation of the PAPAPAP stack.

In conclusion, we have demonstrated a thin film
encapsulation with a PAPAPAP stack for OLEDs, and
have shown the fabrication of polyacrylate films by
spin-coating. It is found that the encapsulation of
the PAPAPAP stack is efficient in protecting OLEDs
from the water and oxygen and is helpful to pro-
long its operational lifetime. The lifetime of OLEDs
with encapsulation of the PAPAPAP stack was 43
times longer than the bare device. More importantly,
the encapsulation layer of the PAPAPAP stack was
lightweight, thin and flexible, which has potential ap-
plications in encapsulation for flexible OLEDs or as
pre-encapsulation for conventional OLEDs.
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