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ABSTRACT

A simple method with low cost of encapsulation for organic light emitting diode (OLED) devices mounted
at laboratory was proposed to obtain considerable increase of the lifetime. In this study, it was used a
capsule formed by: glass slide as substrate, a layer of polyvinyl acetate glue diluted in methyl alcohol, a
layer of calcium oxide as secant and epoxy placed at the edges of capsule. The performance of this capsule
was analyzed using a thin film of polymer semiconductor called as PEDOT:PSS, that is sensitive to moisture
and oxygen from atmospheric air. The PEDOT:PSS thin layer was deposited between anode and cathode
electrodes using commercial indium tin oxide (ITO) thin film deposited on glass substrate. The capsule was
placed covering completely the PEDOT:PSS thin film, and the electrical resistance was measured by elapsed
days. This result revealed lowest electrical resistance compared with other methods, showing also good
performance as encapsulation process.
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RESUMO

Um método simples e de baixo custo para encapsulamento de dispositivos de diodo organico emissor
de luz (OLED) montados em laboratério foi proposto para obter consideravel aumento do tempo de vida.
Neste estudo foi usada uma capsula formada por: lamina de vidro como substrato, camada de cola de
acetato polivinil diluida em alcool metilico, camada com 6xido de calcio como secante e epdxi colocada
sobre as bordas da capsula. O desempenho dessa capsula foi analisado utilizando um filme fino polimérico
semicondutor chamado de PEDOT:PSS, que é sensivel a umidade e ao oxigénio do ar atmosférico. Acamada
fina de PEDOT:PSS foi depositada sobre eletrodos de anodo e catodo utilizando filme fino de ¢xido de indio
e estanho (ITO) depositado sobre substrato de vidro. A capsula foi colocada cobrindo completamente
o filme fino de PEDOT:PSS, e a resisténcia elétrica, medida pelo decorrer dos dias. O resultado revelou
mais baixa resisténcia elétrica se comparado com outros métodos, mostrando também bom desempenho
como processo de encapsulamento.

PALAVRAS-CHAVE: Umidade, Oxigénio, Encapsulamento, Degradacdo, Diodo organico emissor de luz,
PEDOT:PSS.

INTRODUCTION

Devices known as organic light emitting diodes (OLED) have been investigated largely in the last decade, due
to its easy method of fabrication and large potential of applications'?. For this reason, some studies have been
reported in the literature showing large variability of color emission obtained from different materials®®. In the
past, the first monochromatic OLED device was used in car stereo by Pioneer Company in 1997, and OLED
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device with a totally colorful display was used in a digital camera manufactured by Eastman Kodak Company,
model EasyShare LS633, in 2003°. This model was considered as the first digital camera manufactured in
mass with totally colorful organic display. From past to present, the industry of consumer electronics has
considerably increased the use of the OLED technology as displays for some devices as smartphones, TVs and
smartwatches’, but the lifetime of OLED devices is still a limit factor for its use by long time demonstrating a
necessary improvement of encapsulation technology (mainly for devices mounted at universities, colleges and
research institutes)3®.

In literature, efficient methods of encapsulation can be found involving complex techniques of microelectronic
using large and very expansive sophisticated equipments'®'2, Because of that, an efficient method of
encapsulation has an expensive cost. Then, an easy manual procedure with low cost for OLED devices
encapsulation was developed to be used at laboratory' 4. Some encapsulation methods used by companies
have been reported. However, there are no more details about them. An example of OLED encapsulation
developed by Osram Company is showed in Fig. 1, revealing a thin film of encapsulation, glass and glue,
but it does not point out all specific materials used'. This company reports the use of glass in the final step
of encapsulation.

Mettal\ic Cathode
\ —1— Glass
X

—1—Glue

Organic Layers

[ Thin Film
Encapsulation

ITO Anode
ITO: indium tin oxide.

Figure 1: Method of organic light emitting diode (OLED) device encapsulation manufactured by Osram Company'.

Moreover, glass has bad permeation to the moisture and oxygen, and for this motive it is largely used as a barrier
protecting the active area of the OLED devices. The thickness of glass is very important, since it must offer sufficient
physical resistance'®'’. The Osram Company does not report the thin films used to the encapsulation method (Fig. 1),
but in literature two different materials deposited, as organic and inorganic films'®, are found.

The permeation in materials can be described by Eq. 1:

P=DS (1)
in which: P = the permeation coefficient; D = the diffusion rate; S = the solubility.

The permeation is generally represented by transmission rate (T), that is the amount of a gas which crosses
two parallel surfaces of a material by elapsed time. The permeability (G) is the transmission rate divided by the
difference of partial pressure (Ap) on each side of the film (organic or inorganic). The permeability coefficient is the
product of the permeability and the film thickness (d) (Egs. 2 and 3)™:

P=Gd 2)

P=(T/0p).d (3)

in which: G = the permeability; d = the thickness of the film; T = the transmission rate; Ap = the partial pressure;
d = the thickness film.

Figure 2 shows the lowest permeation of the oxygen and water vapor to the OLED devices compared with other
processes'.

Rev. Bras. Apl. Vac., Campinas, Vol. 40, €062 1, 2021



Santos ER, Yuki EY, Shu Hui W

102 =
= LCD/LED Display
kS PV Mddule |/ Sensitjve
IS 100 Food
€ Rroduction
A
R P B s
©
c 107 R " i
o Vaccum Insulating
)
IS
¢ 10
i QLED djsplays, Organic solar cells
&
< 10°
© Tios 104 107 100 102

Water Vapor Transmission [g/m?day]
LCD: liquid crystal display; LED: light emitting diode; PV: photovoltaic; OLED: organic light emitting diode.
Figure 2: Transmission rates to oxygen and water vapor for some applications, including commercial organic devices™.

The mechanism of permeation in inorganic film as a barrier is dominated by a concentration of defects. Due
to the difficulty of creating defect-free using thickness from 50 to 200 nm usually for encapsulation, researchers
found an option using multi-layer structures®. To improve the process encapsulation in OLEDs industry,
several intercalated layers are used with organic and inorganic materials forming multi-layer structures with
misalignment of defects and creating a tortuous path to difficulty the diffusion of degradation'. The lifetime
of OLED devices depends on the emitting material used and on the conditions of polarization, but blue light
emission has presented the lowest performance when compared with emission of other color?'.

Encapsulation method at laboratory using epoxy adhesive and glass lid

Four OLED devices have been mounted at the same time on each blade with geometry of 2.5 x 2.5 cm. A
method of low-cost encapsulation has been used at laboratory with epoxy (dried at 10 minutes) stripe at the
edge of a glass lid. This glass lid was put on the blade covering all active areas with geometry of 3 x 3 mm of OLED

devices?. Figure 3 shows an OLED device turned-on with epoxy and glass lid (with black drawn detail) covering
all OLED devices.

Epoxy

Glass lid

Active area of OLED
OLED: organic light emitting diode.
Figure 3: Blade with four OLEDs encapsulated with epoxy adhesive and glass lid covering all devices.

In this encapsulation process, the epoxy has spread near the active area causing damage, as evidenced by Fig. 4,
obtained with 20 x magnification by optical microscope. This considerable fact accelerates the degradation process
of the active area decreasing the performance of the OLED device.
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This encapsulation procedure needs to be performed inside the glove box system under inert atmosphere (with
nitrogen or argon) to avoid the exposure of the OLED devices to the oxygen and moisture from atmospheric air?24,

Epoxy

Epoxy on part
of active region

Square active region

OLED: organic light emitting diode.

Figure 4: Active area of OLED device turned-off with epoxy adhesive part on the emissive region.

Encapsulation method at laboratory using epoxy adhesive, glass lid with cavity and secant
powder

Another encapsulation method as degradation barrier has been used with glass lid cavity and also with calcium
carbonate (CaCO3) powder as secant®. In the glass lid, there is a cavity to the deposition of secant, and this capsule
is pressed on all active regions of OLED devices. Inside the little cavity, some material is necessary to hold the secant
powder, and in this case it was used a double-sided tape. Then, the glass lid with the secant and epoxy at the edges was
put on the active areas. Figures 5A and 5B show the schemes involving this complete process developed by Daniela
Diodato de Magalhdes?. The cavity on glass lid was carried out using hydrofluoric acid (HF), involving a slow process.

@) Secant (b) Epoxy Active region

Glass lid

Glass lid

\
Adhesive tape

OLED: organic light emitting diode.

Figure 5: (a) Structure containing: glass lid with cavity, secant with double-sided tape; (b) active region of OLED device
completely isolated from atmospheric air.

The results found by Daniela Diodato de Magalhdes showed good advantages to the encapsulation method

of OLED devices mounted at laboratory, allowing extended lifetime and improving the emission of light, but this
process also revealed the necessity to find an easier alternative method?®.

MATERIALS AND METHODS

In this work, a different structure of encapsulation was proposed using glass lid, epoxy and calcium oxide (CaO)
powder as secant?®. This structure was tested to cover a polymeric thin film susceptible to chemical attack by
moisture and oxygen from atmospheric air.
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Firstly, a CaO layer was deposited on glass by spin-coating technique. After that, at the edges of glass lid an epoxy
stripe was deposited.

The materials used in the structure were: glass blades (with geometry of 2.5 x 2.5 cm), glue composed by polyvinyl
acetate (PVA), methyl alcohol, epoxy (dried by 10 minutes), CaO powder, pipette, nitrogen gas, double-sided type,
hard disk disassembled with nominal speed of 5,400 rpm (as spinner) and source power.

Three main objectives were required in the assembly of the structure: to obtain a thin film of PVA glue on the
glass blades, to cover the PVA layer with secant material (CaO) and to prevent the physical contact of secant with
the polymeric layer.

Preparation of the structure

Initially, commercial PVA with 5 mL was diluted in 20 mL of methyl alcohol and deposited on glass lid using a
hard disk (obtained from a microcomputer), to form a layer with good uniformity?’. Firstly, the surface of disk was
moistened and covered by plastic foil. Figures 6A and 6B show this process.

Figure 6: (a) Surface moistened; (b) surface covered by plastic foil.

The plastic foil was cut at the edges of metallic disk (Fig. 7a), then the disk was placed into a flask and a double-
sided tape was placed on the motor shaft (Fig. 7b).

Figure 7: (3) Cut of plastic foil at the edges of disk; (b) double-sided tape on the motor shaft.

Then, glass blade (previously cleaned with current water and common detergent) was placed on the motor shaft
(held by double-sided type) (Fig. 8a), and the PVA solution was deposited through a pipette covering all surface of
glass (Fig. 8b).
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PVA: polyvinyl acetate.
Figure 8: (a) Glass blade on the motor shaft; (b) deposition of solution (PVA and methyl alcohol).

The deposition of PVA solution must be fast, due to the fast evaporation of methyl alcohol. Then in the spin-coating
technique the speed of 5,400 rpm by 5 seconds was used. After that, the same rotation was used by 30 seconds
(limited by electronic circuit board of hard disk) for the deposition of CaO powder. It was spread on the PVA thin film
with glass substrate in movement, and the powder excess was projected-off the surface of the glass blade. Three or
four depositions were sufficient to obtain good uniformity from the CaO layer. Figure 9A shows the appearance of the
final process and Fig. 9B the nitrogen gas jet that was applied to remove the excess of material on the glass blade.

CaO: calcium oxide.
Figure 9: (3): Thin film formed; (b): nitrogen jet to remove the CaO excess.

Then, a stripe of 2 to 3 mm of CaO was removed, as showed in Fig. 10, and a thin epoxy layer was applied at the
edges of glass blade forming a solid elevation (after cure time). In literature, some references recommend a creation
of distance between the active area of OLED device and encapsulation glass?®?°. In the last procedure, the residual
adsorbed moisture in secant layer was removed into vacuum oven with temperature at 60°C by 60 minutes.

Secant Layer

Barrier with Epoxy

Ca0: calcium oxide.
Figure 10: CaO powder removed at the edges and applied epoxy.
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Preparation of PEDOT:PSS thin films

To analyze the structure performances in relation to the permeation of moisture and oxygen from the atmospheric
air, PEDOT:PSS polymeric thin layers were deposited between anode and cathode electrodes of indium tin oxide
(ITO) thin films deposited on glass substrates, and this region was encapsulated with structure. For the formation
of pads, the ITO thin film was corroded with zinc powder, hydrochloric acid (HCl) and cotton. In deposition of
PEDOT:PSS thin films, the spin-coating technique with 1,880 rpm by 30 seconds was used, and the solvent (water)
was dried in an oven at 55°C by 20 minutes. To obtain the PEDOT:PSS layer only on the center of the sample,
connecting anode and cathode, it was corroded with cotton and deionized water. Then, the structure was put on
the PEDQT:PSS thin film, covering it completely. Figure 11A shows the geometry of the ITO on the glass substrate
obtained and Fig. 11B the PEDOT:PSS on the center of the sample deposited.

(a) 25 mm (b)  PEDOT:PSS
/

Glass

12 mm

25 mm

/l/
i

ITO 10 mm

ITO: indium tin oxide.
Figure 11: (a): ITO electrodes on glass substrates; (b): PEDOT:PSS deposited between electrodes.

Another important procedure carried out is related with the electrical cords connected by multimeter with
anode and cathode to obtain electrical resistance of the PEDOT:PSS layers. The cords were kept immobile during
experiments, to avoid possible changes in the values measured carried out by elapsed days. The analyses were
carried out using two different procedures involving seven samples.

In procedure 1, two samples were encapsulated inside glove box under nitrogen atmosphere and two were
not. Then, encapsulated and unencapsulated samples were measured from initial to seven days (with seven
measurements), and from initial to 25 days (with seven measurements).

On the other hand, in procedure 2, the first blade was encapsulated with structure; the second blade was
encapsulated, but without secant; and the third blade was not encapsulated. The samples were measured from
initial to seven days (with seven measurements). In the experiment carried out inside the glove box under nitrogen
atmosphere, the space created between the secant and the PEDOT:PSS thin film was filled by nitrogen gas, while in
the experiment carried out at ambient it was filled by atmospheric air (the atmospheric air presents 21% of oxygen
and variation from 0 to 100% of relative humidity depending on the globe region)°3'.

The electrical measurements for both procedures were taken at atmospheric air, and the temperature and relative
humidity of atmospheric air were measured during all analyses. Figure 12a shows the PEDOT:PSS thin film covered by
structure with cord connections of multimeter to anode and cathode and Fig. 12b the cross section of all arrangement.

ITO
@ Ca}) e (Cathode) ®) Epoxy  Secant (Ca0)
- (10 minutes)
a / e ITo
o - I (Cathod

(Anode) ITO

(Anode)

<
PEDOT:PSS

ITO: indium tin oxide; CaO: calcium oxide.

Figure 12: (a) Electrodes connected by multimeter to measure the electrical resistance; (b) cross section of arrangement with
capsule and deposition of the PEDOT:PSS between ITO electrodes.
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RESULTS

The results showed a better understanding of PEDOT:PSS behavior in particular aspects related to the degradation
by exposure to oxygen and moisture from atmospheric air directly influencing the electrical resistance of thin films.

The procedure 1 revealed for encapsulated and unencapsulated samples measured by different elapsed days
a considerable increase of electrical resistance for samples without encapsulation. Figures 13a and 13b show the
electrical resistance comparing encapsulated and unencapsulated samples measured by elapsed days. From the
first day, it was possible to verify an elevation of the electrical resistance for unencapsulated sample, while the
encapsulated sample showed the electrical resistance with linear aspect and this behavior shows good efficiency
of the structure proposed.

In Fig. 13(a) the room temperature was from 19.8 to 23.1°C and the relative humidity of atmospheric air was from
52 to 64%, and in Fig. 13(b) the room temperature presented was from 20.9 to 23.1°C and the relative humidity of
the atmospheric air was from 50 to 61%. Both low variations represent no significant influences on direct electrical
resistance obtained, once the degradation caused by oxygen of air was most aggressive to PEDOT:PSS.

The results of procedure 1 showed a difference in the range values of the electrical resistance obtained for all
samples analyzed by different conditions for seven and 25 days. This electrical characteristic can be attributed
by different distances used with the alligator clip on the ITO thin film and also the different geometry formed of
PEDOT:PSS on the surface of ITO anode and cathode.
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Figure 13: Procedure 1. (a) Electrical resistance vs. elapsed days for encapsulated and unencapsulated samples both measured
by seven times from 0 (initial) to seven days; (b) electrical resistance vs. elapsed days for encapsulated and unencapsulated
samples both measured by seven times from O (initial) to 25 days.

The procedure 2 revealed different behaviors of the electrical resistance for each sample measured in distinct
conditions. In this case, the unencapsulated sample showed similar behavior for samples of procedure 1, presenting
significant degradation of PEDOT:PSS layer and considerable increase of the electrical resistance. In the PEDOT:PSS
layer covered, the glass blade used as a barrier to degradation promoted no protection, but this performance was
smaller if compared with the sample used in the structure proposed. Figure 14 shows the performance of the
samples used in the procedure 2.

Itis very important to report that during the acquisition of results in the procedure 2 the average temperature
obtained was 21°C (+ 1°C) and the relative humidity of atmospheric air was 56% (+ 4%). This little variation
for both procedures (1 and 2) demonstrates some influences on the electrical resistance, especially for
unencapsulated samples.

The procedure 2 also revealed a very expressive increase of the electrical resistance for unencapsulated sample,
as occurred in the procedure 1. The results compared between the sample encapsulated only with glass and the
sample encapsulated with structure showed variation in the electrical resistance values that can be attributed to
the secant use. The fact of the sample was encapsulated represents a good performance when compared with
unencapsulated samples, as observed in Fig. 14.
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Figure 14: Procedure 2: electrical resistance vs. elapsed days of the samples measured using three different methods.

CONCLUSIONS

Considerable increase of lifetime for OLED devices mounted at laboratory can be achieved applying some
technigues of encapsulation, and in this work an easy method was demonstrated. The encapsulation process
makes the OLED mounted at laboratory be polarized by sometimes showing the real potential of materials used
and the real performance achieved by the device. OLED devices without encapsulation are possible only to obtain
two or three polarizations with considerable decrease of electrical current and luminance and increase of the
threshold voltage caused by degradation of the organic materials used.

In this work, it was proposed an encapsulation method analyzing PEDOT:PSS polymeric thin films that are very
sensitive to the chemical attack caused by moisture and oxygen from atmospheric air. The method to decrease
the degradation process was composed by low-cost materials: glass, epoxy, glue and CaO as secant to form the
structure. These materials together showed to be the most effective method of encapsulation when compared
with unencapsulated samples or another method that only uses glass with epoxy. The analyses revealed lowest
electrical resistance of PEDOT:PSS thin films encapsulated with complete structure by elapsed days. For this reason,
this encapsulation method is suggested to be applied in the assembly of OLED devices in laboratory.
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