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Abstract 

The Long-term Stability of SiNx Thin Film 
Encapsulation Layers and Their Effects on 

the Optical Property on Organic Light 
Emitting Diode 

 
Min Ho Oh 

Department of Materials Science and Engineering 

College of Engineering 

Seoul National University 

 

The most widely used barrier for thin film encapsulation for OLEDs is the silicon 

nitride (SiNx) deposited at low temperature of 85  by plasma enhanced chemical ℃

vapor deposition (PECVD).  

In first study, we investigated the oxidation of SiNx barrier films in the 85 /85% ℃

RH condition and the effect of the optical property of barrier on the reflectance, 

absorption, and transmittance of multilayer.  

The SiNx films for the oxidation test were prepared with changing the NH3 and 

the H2 gas ratio during deposition process. For the as-deposited thin films, the 

refractive index with increasing NH3/total gas flow rate decreased from 1.93 to 1.81 

and the film density reduced from 1.996 to 1.895. On the other hand, with 

increasing H2 gas ratio, the refractive index increased from 1.80 to 1.90 and the film 
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density increased from 1.852 to 1.922.  

We estimated the changes in physical properties and chemical bonding structures 

of the SiNx films with the storing time in the condition of 85℃ and 85% RH. 

Both the stress and the refractive index of all samples decreased with a duration 

time in the 85℃/85%RH chamber. Those values changed largely with a larger NH3 

or a less H2 gas flow rate during the deposition process. The initial stress with 

increasing NH3 gas flow rate increased slightly from -153MPa to -163MPa, while 

the stress with increasing H2 gas flow rate increased from -102MPa to -213MPa. 

The stresses with NH3 gas flow rate decreased with oxidation test and the variation 

increased with a larger NH3 gas. The other hand, the stresses of films with H2 gas 

flow rate also decreased with oxidation time. But the variation was decreased with a 

higher H2 gas flow rate. The stresses of RH2=0 and 0.48 were changed from -

102MPa and -123MPa to nearly +100MPa, respectively, indicating a change from a 

compressive stress to a tensile. With RNH3=0.073 and 0.122, the refractive index 

decreased to 1.44 after 240hr, which is similar to the value of SiOx thin film. The 

[N-H] peak intensities of as-deposited films were enhanced with increasing NH3 gas 

flow rate, while the intensities after oxidation were more decreased in the films with 

a larger [N-H] peak. The [Si-H] peak position of as-deposited films with a larger 

NH3 gas ratio shifted to a longer wavenumber, indicating N-rich SiNx film. The [Si-

H] peak intensities increased with increasing H2 gas ratio, while [N-H] peaks 

decreased. FTIR spectra indicated that the [Si-N] or [N-H] bonds react with H2O to 

form a thermodynamically more stable [Si-O] and/or [Si-OH] bond. The higher 

binding energy component of N1s spectrum (XPS) of as-deposited films with a 

higher NH3 gas ratio corresponds to more [N-H] bonds. The [Si-H] and [N-H] 

bondings are crucial to the oxidation process. But the oxidation did not depend on 
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[Si-H] because [Si-H] bonding ratio was similar or slightly decreased with 

increasing NH3 gas ratio. By comparing [Si-H] bonding (FT-IR) and N1s spectrum 

(XPS) of the films before and after the oxidation represented that the [N-H] groups 

were a main reactive sites, not the [Si-H]. 

The surface roughness by AFM increased from 0.88 to 1.20. The SiNx films with 

increasing NH3 flow rate were well oxidized. Cross-section transmission electron 

microscopy showed that the oxidation reaction occurred layer-by layer from the 

film surface and the defect and/or void was the center of oxidation. 

The WVTR of 0.5um-thick film with RNH3=0.073 was 5*10-5g/m2-day, resulting 

in the diffusion coefficient of 9.645*10-15cm2/s. After 240hrs in the 85℃/85%RH 

chamber, the oxidation thickness measured AES data was about 84.8nm and the one 

calculated from the Deal-Grove model was 76.2nm, being predicted 110nm after 

500hrs. 

Secondly, the effect of thin film encapsulation structure on the device optical 

properties was studied. The transmittance of multilayered-thin film is affected by 

the interface reflectance and absorption. In this study, the effect of reflection and 

absorption was examined separately. The transmittance according to the refractive 

index and extinction coefficient of barriers showed that the light intensity was 

decreased when the extinction coefficient was 10-3 or more. The reflection variation 

according to the first barrier thickness represented a larger variation and a short 

period when the thickness was less than 1um. The buffer layer formed between 

barriers had little effect on the reflectance at a thickness of 2um or more. 

The effect of thin film encapsulation layer on the optical properties was 

investigated by inserting the light controlling layer between cathode and the first 

barrier, consisting of a high-/low- refraction layer. This layer showed the maximum 
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reflectance near the total thickness of about 200nm. The range of high-/low- 

refraction layer thickness which the reflectance became maximum was 

70~100nm/70~120nm for blue, 70~120nm/70~150nm for green, and 70~150nm 

/50~150nm for red. The reflectance represented maximum value when the total 

thickness of light controlling layer was about 190nm and the high-/low- refraction 

layer thickness was between 70~100nm and 120~90nm, respectively. We 

demonstrated that the maximum efficiency was obtained when the high and low 

refraction layer thickness were 70nm and 120nm, respectively.  

Finally, the optical property of the top barrier layer was investigated when the 

uppermost barrier was oxidized. If the buffer thickness was greater than 2um, the 

effect of the top barrier oxidation thickness on the optical properties was very small. 

However, when the buffer thickness was 1um and the barrier was 100nm, only 

about 30nm oxidation of the top barrier thickness induced the reflectance.  

In order to develop a flexible display, the thickness of thin film barrier is 

becoming thinner. Most research is focused on the barrier performance. However if 

the barrier is oxidized, the film composition, the bonding structure, and the film 

stress may be changed so that the optical characteristics and the mechanical stresses 

of device may be affected. This means that the barrier studies are needed in terms of 

performance and chemical and mechanical stability.  

 

Keywords : Plasma Enhanced Chemical Vapor Deposition (PECVD), 

Silicon Nitride, Barrier, Oxidation, Optical Property 
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1. Introduction 
 

1.1. Overview 

 

In recent years, OLED (Organic Light Emitting Diodes) are rapidly upcoming 

devices for display and lighting applications. OLED have been emerged promising 

display devices due to expectations for vivid color, low cost, low power 

consumption. It has expanded into the areas of TV, transparent display, as well as 

mobile display (Fig. 1.1). Recently, products employing bended forms, which are 

made of polymer substrate and thin film encapsulation, have started to appear in the 

mobile market. OLEDs consisted of polymer film substrates and thin film 

encapsulation instead of glass has received attention as materials that can realize 

thin, flexible, unbreakable, and rollable display. 

OLED is consisted of anode, cathode and organic emitting layer between them, 

in which the holes injected from anode and the electrons injected from cathode 

combine, and then emitting a light. The organic layers in OLED consisted of thin 

films, such as hole injection layer, hole transport layer, emitting layer, electron 

transport layer, electron injection layer. The OLEDs can be classified into bottom 

and top emission. It is called ‘bottom emission’ when the light emits through the 

TFE glass and ‘top emission’ when the light emits through the cover glass (Fig. 1.2). 

However, the potential industrial application of OELDs to large area panel full-

color displays and the flexible organic electronic displays has been limited by a 

short operation lifetime due to the degradation and short lifetime. Major degradation 

mechanisms have been suggested due to metal delamination, recrystallization of 

organic materials, reactions in metal and organic interfaces, metal migration, 

molecule-specific degradation, oxidation by water and oxygen, and so on (Fig. 1.3) 
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[1-5]. 

 

The major degradation mechanism of OLEDs is, 

(i) metal delamination  

(ii) recrystallization of organic materials  

(iii) reactions in metal and organic interfaces  

(iv) metal migration  

(v) molecule-specific degradation  

(vi) oxidation by water and oxygen - local oxidation of cathode 

 

Especially, the organic material and cathode metal constituting of OLED can be 

damaged when exposed to water and oxygen. The damage by water and oxygen is 

critical to OLEDs, because the user can recognize the defects and the abnormal 

phenomena. 
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Fig. 1.1 The trend of display application [’15 SID].
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2. Literature Review 

 

2.1 Encapsulation technology 

 

There are two types of failure mode, which are dark spot and shrinkage, 

respectively. The dark spot is a non-emitting area in the active area due to the 

damages, while it is called ‘shrinkage’ when the size of active area is reduced from 

the edge due to the lateral permeation (Fig. 2.1) 

The degradation of OLEDs has been reported in literature by various researchers. 

The degradation of small molecule organic materials, migration of ionic species, 

electrochemical reactions at the electrode/organic interface, dark spot growth, and 

the effect of water vapor and oxygen have been reported. In general, dark particles 

deposited during the fabrication led to the formation of pinholes in the cathode. 

Water vapor passes through the pinholes and diffuses into the cathode/organic 

interface, producing hydrogen gas by reacting with the cathode. Under the pressure 

of the gas, the bubbles formed. Through the bubbles, water can be transport much 

faster than by diffusion. Finally, the bubbles burst and give rise to additional entry 

ports for water vapor (Fig. 2.2) [1]. 

The most commonly used encapsulation method employs UV-cured epoxy seal 

as a perimeter seal together with a strong desiccant inside the device. The 

encapsulation method is achieved by glass and metal lid. The epoxy adhesive is 

introduced around the edge of the device using a syringe. A clean metal or glass lids 

covers at the top of the devices. An inert nitrogen gas is filled in the sealed volume. 

All processes have to be proceeded in the environment, in which the content of 

water and oxygen is controlled below 10ppm. In addition, desiccant materials such 
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as Ca and barium were used to absorb water vapor diffusing from the epoxy 

adhesive and removing any existing water.  

However, this method is inadequate for the top emitting OLED because the 

emitted light is cutoff by opaque getter which resides on the cover glass. Moreover, 

a narrow perimeter of the desiccant is insufficient to eliminate the moisture 

completely from a sealed OLED device.  

The second method is to attach two glasses with inorganic sealing materials. 

There is a requirement for new encapsulation technology for a top emitting device, 

which is an inorganic frit seal, instead of epoxy sealant, as a sealing material. The 

inorganic frit material is coated on the perimeter of cover glass. The inorganic frit 

material is melted by laser irradiation after sealed with the backplane. The water 

vapor and oxygen cannot penetrate through the inorganic frit seal. 

In the first method, moisture and oxygen permeate through the sealant and the 

getter materials in enclosure adsorb them so that OLED elements are not affected. 

The second method, in comparison, can obtain higher durability because water 

vapor and oxygen cannot penetrate into the inorganic sealing materials. Glass can 

be used to form curved devices with large curvature radius, but has limits in the use 

in bendable/flexible devices. 
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2.2 Water Vapor Transmission Rate 

 

The purpose of permeation barrier is to keep the organic electronics from the 

exposure to the water vapor and oxygen. Therefore, it is necessary to control the 

permeation rate through the barrier film. The permeation rates of oyxgen and water 

vapro across the barrier layers are characterized in terms of the oxygen transmission 

rate (OTR) and the water vapor trasnsmission rate (WVTR).  

There is a wide range of permeation barrier requirements for different devices 

and applications (Fig. 2.3). For the normal food packaging technologies, the 

encapsulation barrier requirements are not as stringent as the electronics devices and 

a single polymer film is sufficient to provide to the required efficient packaging. 

Generally, devices such as OLEDs that use chemically reactive electrodes have the 

highest sensitivity to moisture, and degradation is observed at the organic layer / 

electrode interface. WVTR is defined as the amount of water molecules diffusing 

through a unit area of the barrier film per unit time under conditions of the test and 

expressed as g/m2-day. OTR is defined as the volume of oxygen diffusing through a 

unit area of the barrier film per unit time under conditions of the test and expressed 

as cm3/m2-day. The thin film encapsulation refers to the barrier layers that can 

protect the OLED from moisture and oxygen. Therefore, the devices require 

protective layers with extremely low water vapor and oxygen permeability. Thin 

film encapsulation requires water vapor transmission rate (WVTR) and oxygen 

transmission rate (OTR) lower than 1ⅹ10-6 g/m2-day and 1ⅹ10-5 cm3(STP)/m2-day, 

respectively [7]. 

The level of transmission rate corresponds to the amounts passing through the 

soccer field over a month (Fig. 2.4). 

Typically commercial systems are useful for the measurement of thin films. 
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Permeation of oxygen and water vapor was measured with standard devices from 

MOCON (Fig. 2.5 (a)) [MOCON Inc.] The permeated species are detected by a 

coulometric sensor. Typically commercial systems are useful for the measurement 

of thin films. Permeation of oxygen and water vapor was measured with standard 

devices from MOCON (Fig. 2.5 (a)) [MOCON Inc.] The permeated species are 

detected by a coulometric sensor. However, the commercially available systems do 

not meet the sensitivity requirements for the low permeation rates needed for 

OLEDs, which are limited to a sensitivity in the order of 10-5 g/m2-day for water 

vapor. The effective transmission rates for H2O throughj barrier films using the Ca 

test are as low as the order of 10-7 g/m2-day. The Ca test has the advantage of 

discriminating between bulk permeatin and defect-based permeation, which can be 

observed as spots on the Ca film. However, it does not dicriminate between oxygen 

and water permeation.  

HTO (hydrogen-tritium-oxygen) tracer method (Fig. 2.5 (b)) [8]. HTO is the 

source of tritium that can diffuse through the films either as molecular HTO or 

possibly as tritium atoms. However, this method needed further study because of 

the fact that the absorption of HTO can be affected by the water vapor from the 

outside atmoshphere. Also, the test ws dangerous, because of the radioactivity of the 

radioactive tracer and unavailability in some experimental situations. 

To measure reliable water permeation, the other method is known as the tritium 

transmisstion rate measurement, using the radioactive  

Another approach is known as the Ca test (Fig. 2.5 (c)). The Ca corrosion test is 

a widely known method for measuring ultra-low permeation rate barrier films. 

Calcium is a conducting and opaque metal which becomes non-conducting and 

transparent after oxidation. It rapidly oxidizes in air due to the highly negative 
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Gibbs free energy of formation of Ca oxides making it very sensitive for detecting 

the presence of oxygen and water vapor. Since the oxide is a dielectric and 

transparent, both of them are possible to monitor the consumption of Ca by either 

measuring the change in electrical conductance or in optical transparency. Hence, 

the measurement of Ca conductance or transparency changes versus time provides 

an indirect method to determine the oxidation and corrosion rates of Ca [9]. 
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The permeation rate through the film can be calculated by the following equation. 
 

P = −nM	(H O)M	(Ca) δρ
lb d(1 R)dt  

 

Where δ is the density of Ca, l and b are length and width, respectively, of Ca 

layer, and ρ is the resistivity, indicating that the permeate rate is proportion to 

differential of the condutance curve 1/R versus measurement time t. Ca react with 

water following reaction. 

 

2Ca + O2 → 2CaO 

Ca + H2O → CaO + H2 

Ca + H2O → Ca(OH)2 

 

The effective WVTR can be determined by monitoring the time rate of change of 

the eletrical conductance of Ca. 

 WVTR	 gm /day = −nδ ρ
d(G)dt lwM	(H O)M	(Ca) Area	(Ca)Area	(Window) 

 

This method are highly sensittive, becasue the oxidation can be monitored by 

measureing the resistivity of Ca compounds as well as tracking the transparency.  
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2.3 Thin Film Encapsulation 

 

Fig. 2.6 shows the trends in developments of encapsulation technologies. Two 

methods for rigid OLED are used to seal the substrate and the cover glass.  

The most commonly used encapsulation method employs UV-cured epoxy seal 

as a perimeter seal together with a strong desiccant inside the device. The getter 

materials can adsorb water and oxygen. The getter is necessary because the epoxy 

seal is not a good moisture barrier. However, this method is inadequate for the top 

emitting OLED because the emitted light is cutoff by opaque getter which resides 

on the cover glass. Moreover, a narrow perimeter of the desiccant is insufficient to 

eliminate the moisture completely from a sealed OLED device.  

The second method is to attach two glasses with inorganic sealing materials. 

There is a requirement for new encapsulation technology for a top emitting device, 

which is an inorganic frit seal, instead of epoxy sealant, as a sealing material. The 

inorganic frit material is coated on the perimeter of cover glass. The inorganic frit 

material is melted by laser irradiation after sealed with the backplane. The water 

vapor and oxygen cannot penetrate through the inorganic frit seal. 

In the first method, moisture and oxygen permeate through the sealant and the 

getter materials in enclosure adsorb them so that OLED elements are not affected. 

The second method, in comparison, can obtain higher durability because water 

vapor and oxygen cannot penetrate into the inorganic sealing materials. Glass can 

be used to form curved devices with large curvature radius, but has limits in the use 

in bendable/flexible devices.  

However, these typical encapsulation techniques with rigid materials have some 

problems in application in flexible devices. Moreover, flexible encapsulation 
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approaches such as ultra-thin film glass, barrier-coated flexible lids, and vacuum-

deposited thin films are more effective. Accordingly, high performance thin film 

encapsulation technology should developed to realize long-time driving OLED 

display.  

Different methods are applied in manufacturing thin films. Chemical vapor 

deposition (CVD) as well as atomic layer deposition and molecular layer deposition 

(ALD/MLD) are most frequently used methods.  

Actually, a lot of studies on the barrier performance have been reported (Table. 

2.1). Many researchers have focused on the improvement of the barrier performance. 

Therefore, there are many reports for evaluating the WVTR and the OTR measured 

by the above-mentioned methods. As seen this table, we can find that there are a 

large differences between the WVTR values with tools for the same materials. This 

means that we have to refer the transmission rate for estimating the barrier 

performance because these are dependent on the test methods. 

Several chemical vapor deposition methods such as atmospheric pressure 

chemical vapor deposition (APCVD), plasma enhanced chemical vapor deposition 

(PECVD), and low pressure chemical vapor deposition (LPCVD) have been 

developed to deposit thin films (especially SiNx films) as the encapsulation layer. 

APCVD has a lot of advantages such as good step coverage, uniformity, and 

relative low cost. However, this process works at high temperature. So, the PECVD 

was adopted to lower the deposition temperature. PECVD is a type of deposition 

technology, allowing industrial-scale deposition of good quality insulating films 

such as silicon nitride and silicon oxide with good adhesion. The most important 

advantages of PECVD are that it can be performed at low deposition temperatures, 

especially under 100 . The deposition temperature of OLEDs is limited below ℃
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100 .℃  

The performance of barrier layers can be measured by WVTR, wet etch rate, and 

defect density [10-14]. Most studies on thin film encapsulation focused on 

improving initial barrier performance and evaluating the reliability. Therefore, the 

relationship between stress, refractive index, and composition of the barrier 

properties were the main issues [15-18]. Research on thin film encapsulation has 

mainly progressed in two directions: 

One is lowering the water vapor permeability by developing new materials, and 

the other is optimizing the thin film structure by stacking inorganic and organic 

layers alternatively to increase the diffusion path [19-23].  

Thin film barriers are mostly inorganic materials such as; AlOx, AlOxNy 

deposited by sputtering [24-26] AlOx by atomic layer deposition (ALD) [27-32], 

and SiNx or SiOx by plasma enhanced chemical vapor deposition (PECVD) [33, 34].  

ALD has the advantage of allowing the deposition of very dense films at low 

temperature ( < 100℃), and thus appears to be a promising technique suitable for 

preparing encapsulation layers on top of organic electronics devices. S.W. Seo et al. 

reported nano-laminated composite films comprised of alternating layers different 

materials by ALD at 80℃. The Al2O3 layer acted as a better moisture barrier than 

ZrO2 at the same thickness. The time of 130hrs at 85  and 85% RH corresponds to ℃

the average WVTR of about 1.1x10-4 g/m2day at ambient condition. The time to 

complete oxidation of the Ca layer increased with increasing number of interfaces 

[35]. Nanolaminate films can also be grown by combining Al2O3 ALD and alucone 

MLD and excellent diffusion barrier properties can be achieved with nanolaminate 

films [36].  

Another research showed that the alternating nanolayer structure suppresses the  
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formation of both microscopic voids and nanocrystals. They reported the ultra low 

permeation rate of 4.7×10-5 g/m2-day for water and 1.6×10-2 cm3/m2-day for oxygen 

(70℃/70% RH), using the 130nm thick nanolaminates prepared by repeated 

deposition of AlOx/ZrOx [37-39]. 

The combination of ALD deposited AlOx with another inorganic film, PECVD 

deposited SiNx, or polymeric organic film, parylene, resulted in better barrier 

properties. The intrinsic WVTR values of barriers consisted of the AlOx (PEALD) 

and SiNx (PECVD) was in the 10-6 g/m2-day range [40] and in the range of 5×10-5 

g/m2-day, which was calculated by means of the Ca test. [41].  

While the WVTR of SiNx/SiOx multilayer structure was in the range of 5.8×10-2 

g/m2-day when measured by MOCON instrument [42]. 

The WVTR of films consisting of SiOx (PECVD) and AlOx (sputtering) was 

investigated [43]. The SiOx/SiNx stacks by PECVD as the barrier structure instead 

of the organic/inorganic multilayered structure on the PC substrate were 

investigated to prevent adhesion problems that may occur between the organic and 

inorganic interfaces. The achieved WVTR value for the optimum barrier structure 

reduces 3.12×10-6 g/m2-day and keeps below 3.54×10-5 g/m2-day after the cyclic 

bending (SiNx + 6 SiOx/SiNx pairs) [44, 45]. 

The ALD deposited AlOx thin film for the barrier and the parylene film for the 

buffer layer enhanced the lifetime although the barrier thickness is reduced [46]. 

PECVD at low temperature is the most favorable tool, considering its scale-up 

capability and processing time. D. S. Wuu et al. investigated the properties of SiO2 

films by PECVD as a barrier. They suggested that the WVTR increased with the RF 

power level, resulting from the higher residual stress and increased defects. They 

insisted that the film formed at higher RF power may also be more hydrophilic due 
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to the rougher surface and this enhanced the penetration of water. They suggested 

that the gas and water vapor transport in barrier films 

 

(1) unhindered transport through ‘macrodefects’ (> 1nm) 

(2) hindered transport through ‘nanodefects’ 

(3) hindered transport through the amorphous lattice (interstice < 0.3nm) [47]  

 

There are literatures on the effects of SiH4/NH3 gas ratio and discharge 

frequency on WVTR [48], the relationship between deposition temperature and 

power on the mechanical properties and Si-N composition ratio [49, 50], the 

relationship between deposition temperature and film stress [51] and film defects 

[52, 53]. However, most papers concentrated on the barrier properties and the 

improvement of WVTR of as-deposited film. Since the main purpose of thin film 

encapsulation is to prevent the OLED from being damaged by moisture and oxygen, 

detailed study on long-term stability of barriers in severe high temperature and high 

humidity conditions are needed.  

Inorganic/organic hybrid encapsulation film is known to be superior compared to 

single inorganic layer in the barrier performance in OLEDs, mainly of two reasonss 

(Fig. 2.7). 

 

(1) the organic layer in nanolaminates functions as a type of resistive interlayer  

that appears to lengthen the diffusion path for water permeation 

(ii) nanolaminates inhibit the propagation of the defects through the multilayer 

structure.  
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Both these characteristics are beneficial as they improve the associated WVTR 

values [54]. 

The liftetime of OLED encapsualted with multilayer is much longer than that 

with single layer [55-57]. The inorganic oxide alyers (AlOx) act as diffusion barriers 

to water and oxygen while the polymer layers decouple defects in the oxide, 

resulting in the half lifetime of the encapsulated display was 200hrs [58]. The 

composite barrier consisted of alternating layers of polyacrylate films deposited by 

flash evaporation and then cured by UV light and an inorganic oxide showed the 

WVTR of 4×10-6 g/m2-day [59].  

The multilayers are usually prepared with using two or more deposition process 

because they are consisted of different inorganic and/or organic materials. However, 

combining the different deposition techniques makes the deposition system more 

complex and the development of an integrated system difficult for deposition of 

organic/inorganic multilayered coatings. A graded ultrahigh barrier (UHB) coating 

using PECVD can stop defects from propagting through the coating thickness. The 

coating consists of a graded single hybrid layer made up of inorganic and organic 

materials. The inorganic process utilizes a combination of silane, ammonia, and 

oxygen gases to create a materials composition ranging between silicon nitride and 

silicon oxide. While the organic process includes a combination of organosilicon 

precursor and Ar gases to create a Si-containing organic material [60]. 

P. Mandlik et al. suggested a multilayer thin film encapsulation deposited with 

single process of low temperature PECVD. They used just one precursor to deposit 

a barrier and a buffer layer, which is hexamethyldisiloxane (HMDSO) [61]. S.M. 

Park et al. investigated that the deposition characteristics of SiOCH and plasma-

polymerized methylcyclohexane (pp-MCH) thin films and pp-MC/SiOCH/p-MCH 



 

- 25 - 

 

multilayer structures in a PECVD chamber at low temperature [62]. With these 

studies, the buffer layers are formed with the plasma polymerization of PECVD. 

The very thin oraganic or hybrid layer can be prepared by the process of plasma 

polymerization. 
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There are a few reports about polymer encapsulation using coating process. 

CytopTM which an extremely hydrophobic perfluorinated polymer, appears 

promising as a potential candidate for one of the two alternating layers in printable 

organic/inorganic multilayer encapsulation. The polymer barriers resulted in 

improvement of half-life compared to with a device without an encapsulatin 

polymer, but the half lifetime was just 6hrs [63]. Non-hydrolytic sol-gel derived 

siloxane based organic-inorganic hybrid materials (hybrimers), wherein inorganic 

networks such as siloxane bonds can form by a simple condensation reaction 

without water, have been studied for a polymer encapsulation. The WVTR for this 

polymer, measured by Ca-test, was in the of 10-2 g/m2-day [54]. 

G. L. Graff et al. suggested the method to predict the permeability of gases in 

single and multilayer thin-film barrier stacks. Additionally, they proposed design 

criteria for untra-barrier films. 

 

(1) Permeation through thin film barriers is controlled by defects. Therefore, the 

defect size and spatial density in the thin films are the critical parameters to 

determine the barrier performance of both single and multilayer barriers. 

(2) The long diffusion path created by sandwiching thin polymer layers between 

inorganic barriers induces a large increase in lag times but a much less significant 

decrease in steady-state flux. The increased lag time is responsible for teh 

improvement in barrier performance 

(3) The long lifetime of OLED using multilayer barriers is possible due to lag 

time, not equilibrium diffusion effects.  

(4) Lowering the diffusivity and solubility of the polymer interlayers will 

improvce barrier performance. The property of polymer layer can be controlled by 



 

- 28 - 

 

the polymer selection (hydrophobic or organic/inorganic copolymer), physical 

modification ion bombardment or crosslinking), or chemical modification (reactive 

etch or plasma surface treatment). 

(5) The permeation can be reduced by thinning the polymer interlayers, but this 

must accomplished without compromising the smoothing properties (asperity/debris 

coverage) of the polymer [64]. 

 

There are key parameters for an effective encapsulation of OLEDs (Table 2.2). 

First of all, the WVTR and the OTR must be obtained. The water vapor 

transmission rate of 10-6 g/m2-day and an oxygen transmission rate below 10-5 

cm3(STP)/m2-day have to be achieved to avoid degradation of OLEDs. The organic 

materials consisting of OLEDs between anode and cathode are very weak to 

thermal energy. Therefore, all the processes for forming emitting layers are 

conducted under the temperature of 90℃, so that the thin films for the 

encapsulation have to be deposited under the temperature of 90℃. Almost all 

deposition process are vacuum and plasma processes. The organic materials for 

OLEDs can be damage by high ion and oxygen plasma. Therefore, the energy of ion 

bombardment have to be low. Generally, there are two types of layers consisting of 

thin film encapsulation, barrier and buffer, respectively. The barrier is to limit the 

penetration of water vapor and oxygen and the buffer is to release the film stress of 

barrier and planazrize the surface before forming the barrier layer. The inorganic 

barrier shows conformal coverage, while the organic buffer layer shows the planar 

coverage. The film must have moderate values depending on the substrated stress 

and be stable for a long time under severe environmental condition such as 85℃ 

and 85% of relative humidy. Most of all, the thin film encapsulation must satisfy the 
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specification of lifetime, so that there are some requirements such as low outgas 

concentration from organic buffer material and no changes in film compositions, 

stress, and optical properties including refractive index and transparency.  

As the limited performance of single layer thin film encapsulation is due to the 

high defect densities, the number of defects must be reduced or the effect of defects 

must be reduced. Multilayer or alternating layers of thin films are widely used to 

minimize the propagation of defects or pinholes from one single layer to the next 

single layer fim, improving the overall barrier performance of the structure. The 

propagation of defects are interrupted using either a multilayer structure of the same 

inorganic thin film or alternating layer structure of two or more different inorganic 

thin films or inorganic/organic thin films. The basic concept is to limit the 

propagation of pinholes and creates a tortuous diffusion pathway for the diffusing 

permeant molecules through the barrier.  
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Items Requirements 

Water and oxygen 
penetration 

- WVTR  <  1×10-6 g/m2-day, 
- OTR  <  1×10-5 cm3(STP)/m2-day 

Temperature - Low temperature below 90  not to damage to the organic materials of OLED℃  

Deposition process 
- Low ion bombardment 
- The organic materials can be damaged by sputtering with  high ion energy 

Coverage 
- Conformal coverage : inorganic barrier 
- Planar (gap-fill) coverage : organic (buffer) material 

Defect - Dense and pinhole-free 

Film stress 
- Moderate stress depending on the substrate stress 
- stable for long time (> 240hrs) under severe condition (ex. 85℃/85% RH) 

Reliability 
- low outgas from buffer material 
- no changes in film compositions and optical properties for long time  
(> 240hrs) under severe condition (ex. 85℃/85% RH) 

 

Table. 2.2 The key parameters and requirements for thin film encapsulation. 
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2.4 The properties of silicon nitride thin films 

 

The plasma phase chemistry starts from the dissociation of the feeding molecules. 

The initial stage of the dissociation reactions comes from the collision of feeding 

molucules with energized particles such as electrons, radicals, or ions. The degree 

of dissociation of these molecules is probably closely related to the bond strength of 

each molecules. In the SiH4/NH3/N2 system, the bond strengths are [Si-H] 

90.3kcal/mol (3.9eV), [N-H] 107.4 kcal/mol (4.7eV), and [N-N] 225.94kcal/mol 

(9.8eV) and the dissoication efficieny is in the order of SiH4 > NH3 > N2.  

The products of an NH3-SiH4 plasma consist of only two classes of molecules. 

One is a disilane and its unsatuated derivatives, Si2Hn, and the other is aminosilanes, 

SiH4-n(NH2)n. At low power, there is much more reaction to disilane and much less 

to tri-(Si(NH2)3) and tetra-aminosilane(Si(NH2)4). Disilane results from silance 

radicals reacting with each other and with silane, therefore, the plasma is generating 

silane radicals, while ammonia is acting as an inert diluent torard them [65]. 

At low SiH4 flow rate, the deposition rate rises in proportion to the Si(NH2)3 and 

at higher SiH4 flow, Si(NH2)3 falls off, disilane begins to rise, deposition rate rises 

less steeply, and silane consumption decreases. Higher pressure eliminates disilane 

and increases silane consumption and deposition rate. Higher pressure helps to 

promote the amination reaction by the increased silane consumption and suppressed 

disilane. Higher pressure at fixed gas flow provides more residence time as well as 

more time for deposition before the products are pumped away. These trends 

account for the increase in deposition rate. At sufficienty high power and pressure, 

the amination reaction dominates and disilane formation is avoided as long as silane 

flow is kept below the critical flow.  



 

- 32 - 

 

At higher SiH4 flow, Si(NH2)3 falls off, disilane rises, and silance consumption 

decreases, because there is not enough active ammonia available to consume all of 

the silane. The deposition rate decrease slowly with increasing NH3 flow due to the 

decrease in residence time or to an increase in Si(NH2)4/Si(NH2)3 ratio. Although 

Si(NH2)4 is the end product of the amination reaction, it may be that it is unstable in 

the plasma environment and easily loses its first NH2 to make the Si(NH2)3 radical 

dominant. In the Si(NH2)4 molecule and the Si(NH2)3 radical, the Si is surrounded 

by bonds to N. This structure forms the core of the [Si-N] network. And the 

hydrogen is bonded only to the N and not to the Si. Under amino-saturated 

conditions, both plasma composition and deposition rate are reasonably flat with 

variation in power and are only weak functions of pressure and ammonia flow rate.  

The overall chemistry of PECVD deposition of silicon nitride from NH3-SiH4 

under amino-sautrated conditions may be written in balance equation form as a gas 

phase precursor-forming reaction 

 SiH + 4NH 	 Si(NH ) + 4H  

 

Followed by a surface condensation reaction 

 3Si(NH ) 	 	Si N + 8NH 	 ↑ 

 

No H evolution is involved in the surface reaction. The ammonia has acted as 

carrier and encapsulant for the Si during transport and deposition, and then it has 

been returned to the plasma [66]. 



 

- 33 - 

 

A condensation mechanism is proposed in Fig. 2.8. An Si(NH2)3 radical adsorbs 

on an N site, most likely one from which H has desorbe. Some Si(NH2)4 will likely 

adsorb as well, with the first NH2 group being released in the process. Amino (NH2) 

groups from neighboring Si(NH2)3’s on the surface react with each other to evolve 

an NH3, leaving a Si and a N dangling bond which combine to develop the [Si-N] 

network. Further beneath the surface, the material can be thought of as a [Si-N] 

network with some of the bonds not yet formed, the Si halves being occupied by 

excess NH2 and the N halves by excess H. Condensation proceeds as long as these 

excess species can reach each other and combine to release NH3 [66]. 
 

 

 

 

Fig. 2.8 Cross-sectional structure model of the condensation of adsorbed 

Si(NH2)3 toward an [Si-N] entwtor with the evolution of NH3 [66]. 
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Recently, a simple three-phase model is proposed to relate the physical 

properties (stiffness, film stress, mass density) of hydrogenated nanoporous SiNx 

thin films to the volume fractions of hydrogen and pores [67]. 

 

- phase I : Dense SiN (hydrogen and pore free) made up of [Si-N] and [Si-Si] 

bonds. Proportions of theses bonds depend on the film stoichiometry. [N-N] bonds 

are known for being absent of such films. The film stiffness is supposed to be 

mainly driven by this phase. 

 

- phase II : Hydrogen atoms bonded to Si or N atoms. Hydrogen atoms terminate 

atom chains and do not transmit mechanical stress from one to another. This means 

that hydrogen should not participate to the global film stiffness. 

 

- phase III : Pores and nanoscale cavities are usually found in amorphous thin 

films due to the long-range disorder of atom chains and to the induces bond angle 

misfit. 

 

Compressive films lead to pore volume fractions as low as 2.6% in average (~17% 

in average for tensile films). The [Si-H] bonds are almost absent from compressive 

films by the steric effect associated to the large dimension of [Si-H] that prevents 

these bonds to form during the processing of compressive films. On the contrary, 

tensile films display much larger [Si-H] bond concentration (25% in average, up to 

65%) confirming that the steric effect is much less important in tensile films. This 

discrepancy between tensile and compressive films results from the large radius of 

hydrogen (RH) calculated in tensile films, which actually corresponds to the 
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coexistence of hydrogen atoms occupying large volumes (when bonded to Si) and 

hydrogen atoms occupying smaller volumes (when bonded to N), while the small 

RH calculated in compressive films correponds to the smaller volumes occupied by 

the [N-H] bonds. Small pore volume fraction suggests that free volumes are 

negligible in compressive films, which means that nanopores and/or free volumes 

surrounding hydrogen atoms are virtually absent.  

A discontinuous behavior has been observed in stiffness evolution against 

negative volume fraction at the transition between tensile and compressive stress. In 

tensile films, H-atoms coexist with porosityto display a behavious consistent with a 

pore-like behaviour. During the process of tensile films, the available free volumes 

are large enough to allow hydrogen to build-up large bonds, finally leading to 

mechanically relaxed single-bonded hydrogen atoms. This means that hydrogen 

atoms in tensile films are unable to transmit mechanical load. On the contrary, 

hydrogen atoms behave differentl in compressive films. During the processing of 

compressive films, the bonding of hydrogen atoms is highly constrained by the 

surrounding atom organisatin (Fig. 2.9). As a result, the free volumes are too small 

to allow any kind of hydrogen bonding, so that the electron cloud of a bonded 

hydrgogen senses neighbouring atoms, leading to an extra contribution of hydrogen 

to the global film stiffiness. Free volumes in compressive films are almost absent 

and the hydrogen impact on film density is no more consistent with a pore-like 

behaviour. The much smaller hydrogen radius observed in compressive films by the 

bond type ([N-H] bonds induce much less steric constraints that [Si-H] bonds do).  

In the low power condition, the plasma potential is low and the ion 

bombardment effect on surface reactions is negligible. The deposition rate and film 

structure is controlled by the supply of precursors in the plasma phase and surface 
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reactions. Under the condition of critical power, the depostion rate increases with 

increase of power, reulting from the increase of dissociation efficiency. At the high 

power level, several film property changes suggest further enhancement of the 

condensation reaction. Theses changes include the lower linear deposition rate, 

higher refractive index, lower etch rate, and lower H content, although the density 

did not increase noticeably. 

The higher power could be assisting condensation either by increasing the 

reactivity of the aminosilane precursors or by increasing the ion bombardment 

activation of the precursor condensation reactions at the growing surface. 

With the increase of power, SiHn and NHn radical , the plasma potential and the 

hydrogen concentrations increases. When a small amount of hydrogen is added into 

the SiH4/NH3 plasma, it can increase the Si/N ratio in the deposited film. The 

increase of the ion bombardment energy can enhance the etching mechanism, which 

expain why the deposition rate decreases and the refractive index increases with the 

increase of power when it is over the critical power [67]. 

At high power, most of the silane is being consumped, disilane disappears, and 

deposition rate saturates. At higher power and with a sufficient excess of ammonia, 

the reation to aminosilanes takes over, consuming 98% of the silane and preventing 

disilane formation. The higher power needed for this reaction indicates that 

ammonia requires more electron energy to activate than does silane [65]. 

With the SiNxHy from NH3-SiH4 system, the film composition can vary with 

deposition conditions from what amounts to N-doped amorphous Si as x → 0 to 

excess in N when x>1.33. x increases with NH3/SiH4 flow ratio and increasing of 
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Fig. 2.9 Schematics of the behaviors of hydrogen in tensile (left)  

and compressive (right) films [66].  
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RF power. For excess N films x decreases with increasing temperature and N 

bonding shifts from [N-H] toward [Si-N]. The ratio of H bonded to N over that 

bonded to Si ([N-H]/[Si-H]) increases with NH3/SiH4 and x. Refractive index 

decreases with increasing NH3/SiH4 and with increasing [N-H]/[Si-H]. Etch rate in 

HF solutions increases with NH3/SiH4 and with [N-H]/[Si-H]. The general trend is 

that increasing the NH3/SiH4 ratio and the power lead to higher x and higher [N-

H]/[Si-H] which results in lower refractive index and in higher etch rate. The high 

NH3/SiH4, high power plasma condtions result in hihg x, low [Si-H], maximization 

of Si(NH2)3 and elimination of Si2H6 in the plasma. When deposited under the lower 

power or lower NH3/SiH4 conditions lead to less Si(NH2)3 and more Si2H6 in the 

plasma, lower x and increased [Si-H]. These results are a consequence of the 

increased concentration of SiHn radicals in the plasma, which react both with each 

other to form Si2H6 and with the film surface to incorporated Si-H and excess Si. 

Both H content and excess N decrease with increasing temperature, inducing an 

increase in mass density. Density increase causes a refractive index increase and is 

responsible for the decrease in deposition rate [65]. 

The tensile stress increases with temperature. The film densification occurs in a 

chemical condensation zone which extends below the surface. Elimination of 

volatile species (NH3) from this zone occurs due to thermal energy input from the 

heated substrates and this creates dangling Si and  N bonds separated by voids 

within which stretched [Si-N] bonds form. These bonds can not relax as they would 

at the surface because they are constratined by the surrounding structure so the 

stress is frozen in. Chemical condensation does not occur for lower deposition 

temperature. 

RF power and chamber pressure are the main variables that affect aminosilane 
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formation density and ion movement in the plasma, and subsequently influence 

aminosilane interaction with the film growth surface. Higher RF power enhances 

aminosilane formation in the plasma, and in combination with lower chamber 

pressur, enchances ion bombardment oh the substrate. The enchancement of ion 

bombardment in turn increase the packing density of the aminosilane on the 

substrate, leading to an increase in film density. stochiometric Si3N4 can be formed 

at high enough substrate temperature, but that this stoichimetry is compromised at 

the lower temperatures. The lower temperature films are belived to contain a greater 

fraction of hydrogen, from incomplete dissociation of Si(NH2)4, in which case it 

may be more appropriate to describe the products as SiNxHy. Under such conditions 

the Si:N ratio would be expected to diminish, reducing the film density [65, 68]. 

There is a monotonic decrease in deposition rate with increasing deposition 

temperature. Film density and refractive index increase monotonicall with 

increasing deposition temperature. Etch rate in buffered HF at room temperature 

decreases with increasing temperature [65]. 

The SiNx film can be etched by the hydrogen plasma. The film deposited at low 

power is easy to etch with the high power hydrogen plasma, while the film 

deposited with higher power is very difficult to attack with the hydrogen plasma. 

After the hydrogen plasma exposure, the buffered HF etch time of the film 

increased although its thickness decreased. The refractive index of the hydrogen 

etched film was increased to greater than 2.5, which showed that the exposed 

surface became more silicon rich than the previous film. The Si/N ratio on the 

hydrogen exposed surface was found to be higher than that before the exposure. The 

hydrogen plasma preferentillay removes the [N-H] rather than [Si-H] group [67]. 
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IR spectra shows that the [Si-H] bonding in the film deposited under conditions 

which gave a disilane-rich mass spectrum is typically found in PECVD SiNx but is 

absent in the films grown under the amino-saturated conditions, in which H appears 

bonded only to N. The absorptions from [N-H] and [N-H2]both decrease with 

increasing deposition temperautre. There is a monotonic decrease in percent H with 

increasing temperature.  

The [Si-H] peak shifted from 2235cm-1 for the Si-poor layers to 2160cm-1 for the 

Si-rich layers. The decrease in wavenumber increases due to N incorporation and 

bonding to the Si in [Si-H] groups. Si-neighbours are replaced by the more 

electronegative N atoms, causing a decrease in the [Si-H] bond length and therefore 

a shift of the oscillation to higher frequency and wavenumbers, respectively. 
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2.5. Working principles of OLEDs 

 

2.5.1. OLED structures 

 

In principle, an OLED can consist of only one organic layer sandwiched between 

two electrodes, i.e., the anode and the cathode. However, a multilayer OLED made 

of several different functional organic layers is superior in terms of efficiency and 

lifetime because the properties of the individual layers can be tuned through the 

proper choice of materials. The positively biased anode is required in order to inject 

holes into the hole transport layer (HTL), similarly, electrons are injected from the 

cathode into the electron transport layer (ETL). The emission layer (EML) 

comprises one or more dyes emitting light in different regions of the visible 

spectrum. High-efficiency OELDs often contain several additional layers like 

separate blocking and injection layers. An external voltage source of typically a few 

volts is applied to the device so that the two types of charge carriers are injected 

from the opposite electrodes, i.e., electrons from the cathode and holes from the 

anode, and drift towards each other. When the initially free electrons and holes meet, 

they form strongly bound electron-hole pairs (excitons) in the emission area, which 

then may decay radiatively and emit photons. In detail, the whole process can be 

separated into four fundamental steps [103].  

 

(1) injection of electrons and holes at the electrodes 

(2) transport of charge carries through the organic layers 

(3) formation of bound electron-hole pairs (excitons) 

(4) radiative exciton decay and emission of light 
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2.5.2. Electroluminescence efficiency 

 

In most of the conventional small molecule organic materials only the radiative 

decay of singlet excitons is responsible for generating light and the energy of triplet 

excitons is wasted because of the slow radiative decay and generates delayed 

fluorescence. Thus the internal quantum efficiency gint (the ratio of the total number 

of photons generated within the organic emitter to the number of injected electrons) 

of fluorescent OLEDs is only 25% [104]. It has been demonstrated that the internal 

quantum efficiency of OLEDs can be achieved near 100% by means of harvesting 

both singlet and triplet molecular excitation states using electrophosphorescent 

materials, which is nearly fourfold increase in efficiency as compared to singlet 

harvesting fluorescent organic materials [105, 106]. The external quantum 

efficiency ηext(ratio of the total number of photons emitted by the OLED into the 

viewing direction to the number of electrons injected into organic emitter) of an 

OLED device is related to the internal quantum efficiency ηint and the external 

coupling efficiency ηcoupling (the ratio of the total number of photons coupled out in 

the forward direction to the number of injected electrons) by the following relation 

[107, 108] 
 

η =	η η = 	γη ϕ η  

 

The internal quantum efficiency of OLEDs is mainly affected by the non-

radiative electron hole recombination loss and the singlet–triplet branching ratio 

[104, 107, 108]. Most of the electro-phosphorescent OLED materials have very 

small non-radiative loss. On the other hand, despite achieving near 100% internal 
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quantum efficiency, the external coupling efficiency (ηext coupling) of the conventional 

OLED device remains very low. Only a fraction of the light will in the end be able 

to leave the device to the outside world. The reason is that light is generated in a 

region of the OLED stack with higher refractive index than the glass substrate and, 

obviously, ambient air. Assuming isotropic emission in the organic layer and a 

perfectly reflecting cathode, the fraction of generated light escaping from the 

substrate is [107, 109]  

 

η 	 = 	 1
ξn  

 

where n is the refractive index of OLED material and ξ is a constant that depends 

on the dipole alignment and the geometry of the OLED device. For most of the 

organic materials n is about 1.7 and taking the value of 2 for ξ, the internal coupling 

efficiency is only about 20% [110]. 

The light is generated from thin organic emitting layer spontaneously in all the 

directions and propagates via various modes, that is, external modes (escape from 

the substrate surface), substrate-, and ITO/organic wave-guided modes due to total 

internal reflection (TIR) as depicted in Fig. 2.10. 

For incidence angles larger than critical angle TIR occurs as can be seen from 

Fig. 2.10 and because of which ~ 30% light is trapped inside the glass substrate and 

~ 50% light is propagated though ITO-organic wave-guided modes shown by dotted 

lines. Viewed from the emitter position the light escape cone has an opening angle 

of some 30o with respect to the surface normal and the energy contained in it 

typically amounts to less than 20% of the total energy. This is followed by the 
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contribution of substrate modes, where total internal reflection at the glass-air 

interface is the limiting process. 

This contribution is comparable in energy also at around 20%. For higher 

emission angles the light cannot even reach the glass substrate, but is wave-guided 

in the organic layers (including the transparent indium-tin oxide electrode) and in 

the end lost by residual absorption or edge emission. Finally, the emitter can couple 

to the evanescent field of surface Plasmon polaritons (SPPs) traveling at the 

interface between the metal electrode and the organic layers. Quantitative 

calculations, treating the emitting molecules as classical electrical dipoles, reveal 

that in planar OLED stacks typically around 50% of the light is trapped in 

waveguided and Plasmon modes. 
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Fig. 2. 10. Schematic of multi-layer OLED structure and optical ray diagram of 

light propagation via various modes [110]. 
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For the purpose of applications in general illumination and flat-panel displays, 

light emitted from the substrate surface (external modes) is only 20% of the total 

emitted light from inside the OLED device. [103, 110]. 

According to classical ray optics theory about 80% of generated light is lost in 

wave-guided modes due to glass substrate and ITO/organic material (Fig. 2.10) 

which means that the majority of the light is either trapped inside the glass substrate 

and device, or emitted out from the edges of an OLED device. The external 

quantum efficiency ηext of OLED is given by as follows [107],  
 

η =	 q λI (λ)dλhcfI R(λ)dλ 

 

where q is electronic charge, λ is wavelength, Idet(λ) detected photocurrent, h 

Planck’s constant, c speed of light in vacuum, f is OLED-to detector coupling factor, 

IOLED is current and R(λ) is the detector responsivity. 

 

 

2.5.3. micro-cavity structure 

 

An OLED can be regarded as one-dimensional micro-cavity because the total 

thickness of organic films in the device is of the order of wavelength of light. There 

are two types of micro-cavities in OLED, that is, weak and strong micro-cavities. 

Weak microcavity is formed with the conventional OLED structure due to the metal 

cathode and high refractive index anode (ITO) while a strong micro-cavity OLED 

structure usually consists of a metal mirror on one side and a highly reflective 

dielectric multilayer structure on the other side. Lee et al. [111] studied the effect of 
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micro-cavity on the light extraction efficiency of OLEDs. They have demonstrated 

that the substrate wave-guided modes of an OLED structure strongly depend on the 

optical cavity length of the device due to weak cavity effect. It was found that the 

ratio of the extracted mode to the substrate-guided modes varies from 22% to 55% 

depending on the location of recombination zone. They predicted that more light is 

trapped in the substrate and organic/ITO layers if the distance between the 

recombination zone and the cathode exceeds the quarter wavelength value.  

A strong micro-cavity determines the electric field mode distribution, which in 

turn modify exciton spontaneous emission life-time and the quantum efficiency and 

hence electroluminescence spectrum and intensity is enhanced [95-100]. The 

spontaneous emission intensity is enhanced in the forward direction due to multiple 

beam interference between the light reflected from the two reflectors. Further, since 

the photon density of state is redistributed only certain wavelengths that satisfy the 

cavity resonance modes are emitted and a significant spectral narrowing also takes 

place. Such spectral narrowing with enhanced forward EL emission can lead to the 

generation of high purity multiple color generation widely applicable for OLED 

flat-panel displays.  

In top-emitting OLEDs the strength of the optical interference effects depends 

critically on the reflectivity of the metal cathode, and accordingly, controlling the 

cathode reflectivity is a further degree of freedom in tailoring the emission 

characteristics. The thickness variation of the cathode metal is one possibility to 

change the reflectivity. However, this approach has the disadvantage of increasing 

absorption losses for thicker metal cathode. A preferred concept, known from the 

optics of metal coatings, utilizes a thin dielectric layer on top of a thin metal film to 

modulate the transmittance of the cathode. 
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The general functional behavior of the efficiency curves and also the I-V 

characteristics are not influenced by the deposition of the dielectric layer. This 

indicates that the electrical properties of the OLED, including the charge balance 

factor, are not affected by the capping layer. In other words, the number of 

generated excitons in the OLED is identical: however, the number of photons 

detected externally in the solid angle considered is significantly affected by a 

modification of the optical structure. Adjusting the dielectric layer thickness can be 

used to design the spectral characteristics, the angular intensity distribution and the 

angular dependence [101]. 

Using the optical model, the device structure of the top emitting OLEDs could 

be optimized by matching of index match layer(IML). The thickness, the refractive 

index, the matching of the ML optical property and the device structure is a main 

design factor of the optimization. From this study, the higher the IML refractive 

index becomes, the thinner the optimum IML thickness becomes in turn [102]. 

 

2.5.4. Objectives 

 

The thickness of the barrier for OLED encapsulation is becoming thinner. Much 

research has been carried out to improve the barrier performance to prevent 

moisture permeation. However, the research on the changes of thin film propety 

with time and their effect on the device performance has hardly progressed. 

Therefore, in this study, we investigated the oxidation characteristics of SiNx 

barrier, which is widely applied as a thin film barrier, when stored in a high 

temperature and high humidity atmosphere. The stress and refractive index changes 

of the SiNx barrier as the oxidation progresses were investigated and the major 
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factors of the oxidation reaction were studied through the analysis of the chemical 

bond, binding energy, and morphology change. This study suggests that the 

chemical bond structrue and the film desity are key factors for obtaining the 

oxidation resistance of SiNx barriers. 

The top light emitting diode uses the cavity structure to optimize the light 

extraction characteristics. Conventionally, the light from cathode of OLED emits 

into the air with refractive index of 1, while there is a barrier layer on the cathode, 

which has a lager refractive index than air. Therefore, the structure, material, and 

thickness of the thin film encapsulation affect the optical characteristics and light 

extraction of the device. In this study, the absorption and reflection of the barrier 

layer and the buffer layer, which form the thin film encapsulation structure, are 

calculated according to the refractive index and thickness. Also, the change of 

reflection due to the thinning of the barrier thickness was confirmed, and the 

reflection characteristic as the oxidation proceeded was also studied. It has been 

confirmed that not only barrier performance but also film stress and oxidation 

stability are important in the development of thin film encapsulation technology. 
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3. Experiments 
 

3.1 Film Preparation 

 

SiNx barrier films were deposited on a wafer and a glass by PECVD at 85℃ 

using SiH4, NH3, N2, and H2 as reactant gases. The PECVD was equipped with a 

load lock chamber to prevent the exposure of processing chamber to air. All 

samples were prepared at 85℃ and the variation of temperature during depostion 

was controlled within ±1℃. The RF power was 0.68W/cm2 at 13.56MHz. The 

chamber was cleaned with remote plasma self cleaning system using NF3 gas after 

deposition of predetermined thickness, so that we could control the particles.  

For the study of oxidation and the improvement of barrier performance, the gas 

flow rates were changed while other deposition conditions sucha s pressure, RF 

power, spacing, and temperature were kept constant. 

 

3.2 Oxidation of SiNx barriers 

 

Oxidation experiments of the SiNx barrier proceeded at a constant temperature 

and humidity (Jeiotech Co.). The oxidation condition was 85℃/ 85% RH and the 

wafer and glass substrate were stored in a chamber. 
 

3.3 Simulation of SiNx barrier 

 

Multilayer structure reflection simulation was performed using a program 

published by filmetrics. Since the region where the light is generated is inside the 

OLED element, it is calculated on the assumption that there is no change in the 

emission region. Therefore, calculation was performed on the cathode electrode and 
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the thin film encapsulation structure. 
 

3.4 Film Characterization 

 

The ellipsometry (Woollam, M2000) was used to determine the thickness and 

refractive index of thin films on Si-wafers. Then the deposition rate was calculted 

from the average thickness and deposition time. The thickness of films were 500nm 

and the non-uniformity was within ± 5%. 

The mechanicla stress in the substrate/film system across the film thickness and 

the substrate manifests itself in the form of bending. The film stress was measured 

by stress gauge (FSM, 128G). 

The quantitative determination of the thin film stress, σf, via the thin film’s stress 

induced substrate bending is performed according to the Storney equation.  
 

σ = E6R(1 − ν )d dd  

 

Where Es, νs, and ds are Young’s modulus, Poisson ratio, and thickness of the 

substrate, respectively. R is the experimentally obtained substrate’s radius of 

curvature, and dv is the thickness of the thin film. 

If the stress is too high, the film induces defects in the substrate material or tends 

to peel off. High tensile stresses cause cracking of the film. Therefore, the low 

compressive stresses are usually preferred. 

The changes in stress were obtained by measureing the wafers before and after 

storing the SiNx coated wafers in a humidity chamber, operated at 85℃ and 85% 

relative humidity. The SiNx films did not peel-off during storage in the humidity 
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chamber. 

The thickness, depostion rate, refractive index, and film stress for the films of 

oxidation and improvement of barrier performance were deposited five times to 

confirm the repeatability and reproduciblity. 

Measurements of WVTR were carried out using MOCON, Inc. instruments. The 

thickness of films for WVTR was 200nm because the WVTR with film thickness of 

500nm showed the value more than the measuring range. 

The Fourier transform infrared spectroscopy (FTIR, Nicolet, iS10) spectra were 

recorded in the range of 400 ~ 4000cm-1. The chemical composition of thin films 

was analyzed by X-ray photoelectron spectrocopy (XPS, Sigma Probe) and Auger 

electron spectroscopy (AES, PHI/Perkin-Elmer).  

The cross-section images of thin films were taken by transmission electron 

microscopy (TEM, Tecnai, F20). The morphology and surface roughness were 

measured by atomic force microscopy (AFM, JEOL, JSPM-5200).  

 

 

 

 

 

 

 

 

 

 

 



 

- 53 - 

 

4. Results and Discussion 

 

4.1 Oxidation of SiNx barriers 

 

4.1.1 Introduction 

 

The thin film for encapsulation is required to be much denser to improve the 

barrier performance. In addition, as seen in previous chapter, it was crucial to obtain 

the stability for long time in the severe environment, such as 85  and 85% relative ℃

humidity. There were reports that additional gas such as Ar could help to increase 

the film density. Using the inert gas, the ion bombardment causes the increase of 

film density. 

The dilution of the NH3/SiH4 reactant with excess hydrogn leads to significant 

changes in the properties of plasma-deposited SiNx:H films resulting from changes 

in both composition and bonding. The observed changes in the physical properties 

and bonding indicate an increase in film density with increasing hydrogen partial 

pressure.  

The Si-N network was formed with the ammonia condensation reaction by 

combining the [N-H] bond and the amino bond, [N-H2], leaving the ammonia, NH3. 

The addition of hydrogen gas to the feeding gas accelerated the amino (NH2) 

removal, and then the condensation reaction increase, resulting in the increase of 

[Si-N] network. In the NH3/SiH4 plasma, the film growth proceeded via the 

absorption of an aminosiane radical on an avalable nitrogen site at the film surface. 

Neighbouring amino groups could then react with each other to evolve an ammonia 
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molecule, leaving a nitrogen and silicon dangling bond which combine to develop 

the [Si-N] network. This process causes a denser and more compact nitride film. 

Thin film barriers are mostly inorganic materials such as AlOx by sputtering, 

AlOx by atomic layer deposition (ALD), and SiNx or SiON or SiOx by plasma 

enhanced chemical vapor deposition (PECVD). PECVD at low temperature is the 

most favorable tool considering its large size scale-up capability and short 

processing time. There are literature on the effects of reactant gas ratio and 

discharge frequency on WVTR, the relationship between deposition temperature 

and power on the mechanical properties and composition ratio, and the relationship 

between deposition temperature and film stress and film defects.  

However, most papers concentrated on the barrier properties and the 

improvement of WVTR of as-deposited film. Research on thin film encapsulation 

has mainly progressed in two directions: One is lowering the water vapor 

permeability by developing new materials, and the other is by optimizing the thin 

film structure by stacking inorganic and organic layers alternatively to lengthen the 

diffusion path. Since the main purpose of thin film encapsulation is to prevent the 

OLED from being damaged by moisture and oxygen, more studies on long-term 

barrier stability in severe conditions such as high temperature and high humidity are 

needed. 

In this part, we examined the long-term stability of SiNx thin film, which is the 

most used barrier material for thin film encapsulation. Silicon nitride deposited by 

PECVD at low temperature has been applied to the mass-production of OLED.  

SiNx thin films with similar compressive stresses and WVTRs but different 

NH3/SiH4 gas ratios during deposition were used to investigate the changes of film 

properties during long-term storage in high temperature (85℃) and high humidity 
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(85%, relative humidity) conditions. 

 

4.1.2 The properties of as-deposited SiNx film 

 

Table. 1 gives the refractive index, WVTR, and atomic concentration measured 

by XPS. The film thickness was fixed because the refractive index and the film 

stress can be affected by the film thickness [106]. The refractive index of the 

samples decreased from 1.93 to 1.81 with increased NH3/SiH4 gas ratio because the 

amount of nitrogen and hydrogen incorporated in the film increased. The atomic 

concentration measured by XPS indicates that the ratio of N/Si increased because 

the Si 2p decreased and the N 1s increased with higher NH3/SiH4 gas ratio. With 

decreased NH3/SiH4 gas ratio, the refractive index increased due to the formation of 

a Si-rich film. Table 4.1 suggests that the barrier performances were similar, in the 

range of 0.046 – 0.065 g/m2-day, although there was slight variation in the 

refractive index. The films with similar barrier characteristics were chosen to study 

the long-term stability as a function of film composition. 

Increasing NH3 gas flow rate enhanced the film stress from compressive 

153MPa to compressive 163MPa. On the other hand, the film density decreased 

from 1.996 to 1.895. 

The data of refractive index, WVTR, and atomic concentration measured by 

XPS were summarized in Table. 4.2. The addition of H2 gas during deposition 

induced the increase in refractive index to 1.90 and film stress to compressive 

213MPa. Also, the film density was increased to 1.922. The WVTR was decreased 

to 0.042 g/m2-day, while the WVTR of SiNx film deposited without H2 gas addition 

was 2.4 g/m2-day 
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In addition, the wet etch rate decreased from about 3600nm/min to 900nm/min. 

These results imply that the film became much denser with the addition of hydrogen 

gas during deposition process. 

The refractive index increased when deposited SiNx films with a addition of 

hydrogen gas as a reactant. There is a linear relationship between the refractive 

index and the [Si-H] ratio and [Si-H]/[N-H] ratio, suggesting that [Si-H]/[N-H] ratio 

is the only a function of the Si/N ratio. At high ratio Si/N ratio, almost all the 

hydrogen atoms are bond to silicon [97]. 

The increase of NH3 flow rate results in a higher percentage of nitrogen-related 

species within the plasma. Therefore, the species dissociated from NH3 decrease the 

number of nucleation sites that are responsible for the film growth. This will 

decrease the deposition rate. 

Since NH3 is responsible for the inhibition of the adsorption of SiH4, a decrease 

of the NH3 flow rate is responsible for a decrease of the N/Si ratio and therefore a 

increase of the refractive index. The refractive index decreases with increasing 

NH3/SiH4 gas flow rate ratio due to the fact that the films become N-rich films as 

the amount of silane decreases. Increasing the NH3 gas flow rate introduces a large 

number of N atoms incorporated into the films, which gives rise to more [N-H] 

bond because the N atom is more electronegative than Si atom. 

The increase of NH3 resulted in a rise in the nitrogen content and intensify the 

non-uniformity within the deposited film and consequently increase the stress. 

The deposition rate as a function of the amount of hydrogen added to the 

reactant gases was found to be decreased. The decrease in the deposition rate 

suggests that the film density increases with the addition of hydrogen gas. The 

addition of hydrogen gas resulted in the increase of stress. The decrease in NH2 
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content and increase in compressive stress when H2 addition to the feeding gas was 

employed reveal that some interaction with the growth process of the film was 

occurring. The hydrogen dilution increases the hydrogen growth surface coverage, 

helping to relax the growth film surface while increasing radical diffusion lengths. 

This abundance of hydrogen at the growth surface enhances amino removal, 

complementing the condensation reaction. Hence, the tensile stress caused by the 

condensation reaction is reduced and the film structure becomes more compact. 

Amino removal leads to a denser, more compact nitride film structure [81]. 
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NH3/total 

gas ratio 

Refractive

index 

WVTR 

(g/m2-day) 

Stress 

(MPa) 

Density 

(g/cm3) 

0.034 1.93 0.054 -153 1.996 

0.057 1.87 0.065 -154 1.901 

0.073 1.86 0.046 -154 1.928 

0.122 1.81 0.058 -163 1.895 

 

Table. 4.1. The effect of NH3 gas ratio on the physical properties of  

as deposited SiNx barrier films 
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Fig. 4.1. Effects of NH3 gas flow ratio on the refractive index, 

WVTR, film stress and density of as-deposited SiNx barriers. 
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H2/total 

gas ratio 

Refractive

index 

WVTR 

(g/m2-day)

Stress 

(MPa) 

Density 

(g/cm3) 

0.48 1.80 0.159 -102 1.852 

0.58 1.82 0.095 -123 1.881 

0.65 1.86 0.045 -153 1.928 

0.69 1.90 0.042 -213 1.922 

 

Table. 4.2. The effect of H2 gas ratio on the physical properties of 

as-deposited SiNx barrier films 
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Fig. 4.2. Effects of H2 gas flow ratio on the refractive index, WVTR, 

film stress and density of as-deposited SiNx barriers. 
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4.1.3 The acceleration test of SiNx thin film barriers 

 

The change of refractive index and film stress while storing in the condition of 

85 /85% RH chamber were drawn in Fig. ℃ 4.3. We found that the refractive index 

and film stress became smaller as the storage time in the humidity chamber was 

increased. Also, the variations of refractive index and stress increased gradually 

with the increase in NH3/SiH4 gas ratio. The differences of refractive index and 

stress before and after the storage for 240 hrs in a humidity chamber are 

summarized in Table 4.3. The refractive index of the film with R=0.034 was 

reduced from 1.93 to 1.91, showing a variation of -0.8%, while the R.I. changed 

from 1.81 to 1.44, showing a variation of -20.6% for the film with R=0.122. The 

value of 1.44 corresponds to that of SiOx. The film stress with R=0.034 decreased 

by 0.8% from -153.3 MPa to -152.0 MPa, while the film with R=0.122 showed the 

change from -162.7 MPa to -98.0 MPa, having a 39.7% decrease. From Fig. 4.3, 

one can also find that the stress with R=0.073 rapidly increased after 200 hrs. 

Also, we found that the film stress changed with the amounts of hydrogen flow 

and duration time in the humidity chamber. The compressive stress with the ratio of 

hydrogen, 0 and 0.48, changed abruptly to the tensile stress and then were kept at 

constant vaule. The stress of the films above 0.65 of the hydrogen ratio represented 

about 30% and 10% decrease after 240hrs storage in the humidity chamber, which 

were likely to be stable. 

Both stress and rafractive index were decreased largely in the films deposited 

with a higher NH3 or a lower H2 gas flow ratio.  

The decreased refractive index of SiNx thin films with a higher N content 

exhibited that the SiNx film changed to SiOx film. Also, the stress of film with a 
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NH3/Total gas ratio 0.034 0.057 0.073 0.122 

Stress 

(MPa) 

0hr -153.3 -153.7 -153.7 -162.7 

240hr -152.0 -104.0 -96.0 -98.0 

Δ 0.8% 32.3% 37.5% 39.7% 

Refractive 

index 

0hr 1.93 1.87 1.86 1.81 

240hr 1.91 1.75 1.69 1.44 

Δ 0.8% 6.5% 8.9% 20.6% 

H2/Total gas ratio 0.48 0.58 0.65 0.69 

Stress 

(MPa) 

0hr -95.0 -122.9 -155.0 -213.1 

240hr +87.0 +92.0 -112.0 -196.0 

Δ 186% 175% 27% 8% 

Refractive 

index 

0hr 1.80 1.82 1.86 1.90 

240hr 1.44 1.44 1.69 1.88 

Δ 20.0% 20.9% 8.6% 1.1% 

 

Table. 4.3. Film stress and refractive index of SiNx films with NH3 and H2/tota gas flow ratio 

after acceleration test for 240hr in the condition of 85℃/85%RH. 
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Fig. 4.3. The changes of film stress and refractive index with a storing time in the 

85  and 85% RH chamber. For fig. (a) & (b), NH℃ 3/total gas flow rate : ■ 0.034, ● 

0.057, ▲ 0.073, ▼ 0.122 ; For (c) & (d), H2/total gas flow rate : ■ 0.48, ● 0.58, ▲ 

0.65, ▼ 0.69  
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larger change in the refractive index decreased significantly, changing from 

compressive to tensile. The relationship between the stress of SiNx and hydrogen 

content have been reported. They reported that the [N-H] bonding ratio compared to 

the [Si-H] bonding ratio had a linear relationship with film stress. The film stress 

decreased with a formation of defect due to the change of hydrogen content, 

especially changing from compressive to tensile [104]. 

Fig. 4. 4 provides the FTIR spectra for a series of SiNx films grown under 

different NH3 or H2/total gas flow ratio. In Fig. 4.4, we can clearly find that for all 

the as-deposited SiNx films, [Si-N-Si] stretching mode (835 – 841 cm-1), [Si2N-H] 

rocking (1172 – 1178 cm-1), [SiN-H2]bending (1533 cm-1), [Si-H] stretching (2146 – 

2154 cm-1), and [Si2N-H] stretching (3351 cm-1) absorption peaks was much 

stronger than all the other oscillation modes, which is in good agreement with the  

results in literature for pure silicon nitride films. The IR spectra shown in Fig. 4.4 

showed that the [Si-N] peak increased while [N-H2], [Si-H], and [N-H] peak 

decreased with increasing the hydrogen flow rate. We found that the Si-H bond 

increased with the addition of hydrogen to the reactant gases, compared to the 

hydrogen-free deposited SiNx film. In addition, the [Si-O] peaks were observed due 

to the natural surface oxidation by moisture and oxygen. The [Si-O] peak of film 

deposited without the addition of hydrogen gas was largely enhanced compared to 

the film deposited with the addition of hydrogen gas as a reactant. 

The frequency of the [Si-H] stretchng mode in IR absorption of the films 

increases with increasing compressive stress. The relationship between the fim stres 

and the frequency of the [Si-H] and [N-H] stretching mode. The position of the [Si-

H] stretching mode shifts toward high frequency with increasing compressive film 

stress, while that of the [N-H] stretching mode shifts toward low frequency. The 



 

- 66 - 

 

shift observed in the [Si-H] mode is larger than that in the [N-H] mode [110]. 

The major asymmetric absoption near 840cm-1 has been ascribed to four 

different states of the [Si-N] stretch mode assigned to 800, 835, 950, 1015cm-1 and 

an absorption around 1180cm-1 due to [N-H] bending mode. With increasing 

hydrogen flow ratio at the fixed SiH4/NH3 flow ratio, one can find the decrease in 

deposition rate, refractive index and etch rate but the total hydrogen content 

increases. A relatively small amount of hydrogen resulted in an increase in the Si/N 

raio, increasing the silicon content, bonded hydrogen content, and [Si-H]/[N-H] 

bond ratio [111]. 
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Fig. 4.4. The FT-IR spectra of as-deposited SiNx films with NH3 and H2 gas flow 

rate. NH3/total gas flow rate  ━ 0.034, ━ 0.057, ━ 0.073, ━ 0.122 ; H2/total gas 

flow rate  ━ 0.48, ━ 0.58, ━ 0.65, ━ 0.69 
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The IR absorption peaks of the films after storage for 240 hrs in the humidity 

chamber are shown in Fig. 4.5. [Si-O-Si] rocking (461 – 471 cm-1) and [Si-O-Si] 

stretching (1072 – 1084 cm-1) peaks were detected for all samples after storage in 

the humidity chamber. Also [Si-O-Si] bending (802 cm-1) and [Si-OH] stretching 

(957 cm-1) peaks started to appear for the films of R=0.122. When R is increased, 

the intensity of [Si-O] rocking and [Si-O] stretching peaks increased, while the 

intensity of [Si-N], [Si-H], and [N-H] stretching peaks decreased. After storage in 

the humidity chamber for 240 hrs, the intensity of [N-H] rocking, [N-H2] bending, 

and [N-H] stretching were reduced and [N-H2] bending peaks disappeared from all 

the samples. The peak around 1450 – 1454 cm-1 is an intermediate [Si-N=O] bond 

[107]. The FTIR spectra indicate that the SiNx barrier films were oxidized by water 

and oxygen. The FTIR results suggest that the larger the NH3/SiH4 gas flow ratio, 

the faster the oxidation proceeds. Silicon nitride films can be oxidized by water 

vapor at a high temperature. [Si-N-Si] and [Si-N-H] bonds react with water and 

form a thermodynamically more stable [Si-O-Si] and/or [Si-OH] bond. 

For the film R=3.2, the reason why Si-H stretching peak disappeared is that [N-

Si-H] bond turns into a thermodynamically more stable [Si-O-Si] and/or [Si-O-H] 

bond reacting with H2O molecules [107].  

In the infrared spectrum, for the same chemical bond or the same oscillation 

mode of analogous configuration of chemical bonds, the bond length is always 

related to the wave number of absorption peak position. The oscillation of chemical 

bond with shorter bond length (more bond energy) needs absorbance of infrared 

wave with larger wave number (more more absorbing optical energy). The 

excessive silane or ammonia could not bring more [Si-N] bonding to synthersize 

silicon nitride, but only [Si-H] or [N-H] bonding [95]. 
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The dissociation of [N-H] bond is more difficult than the [Si-H] bond in the 

same condition of plasma discharge. As a consequece, much lower ratio of silane to 

ammonia other than 3/4 was required to obtain silicon nitride fim with 

stoichiometric ratio.  

The [Si-H] peak shifted from 2235cm-1 for the Si-poor layers to 2160cm-1 for the 

Si-rich layers. This can be described with a model based on the different 

electronegativities of silicon, nitrogen, and hydrogen (respectively 1.8, 3.02, and 

2.01). 

The film deposited with N2 instead of NH3 contains less total hydrogen and 

usually very little [N-H] bond, because between 80~90% of the total hydrogen in a 

SiNx film is from NH3. Incrasing the NH3 gas flow rate introduces a large number of 

N atoms incorporated into the films, which gives rise to more [N-H] bond because 

the N atom is more elelctronegative than Si atom. The concentration of [Si-N] 

bonds increased since weak Si-Si bonds are replaced by strong [Si-N] bonds with an 

increasing number of N atom incorporated into the film. As for [Si-N] stretching 

mode of the [Nn-Si-H] bonds, an increasing n resulted from more NH3 gas flow 

leads an increased peak wave number of the Si-N frequency [108]. 

The oxidation of SiNx film by water vapor and oxygen proceeds as below: 

 

Si3N4 (s) + 3O2 (g)  2SiO2(s) + 2N2 (g) 

Si3N4 (s) + 6H2O (g)  3SiO2 (s) + 4NH3 (g) 

  

As confirmed in the changes in the FTIR absorption peaks, the concentration of 

nitrogen in a silicon nitride film decreases and the oxygen concentration increases 

because [Si-N] or [N-H] bonds react with water vapor and oxygen to form [Si-O]  
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Fig. 4.5. The FT-IR spectra of SiNx films after the acceleraton tests at the 

condition of 85  and 85% RH chamber for 240hrs℃ . NH3/total gas flow rate ━ 

0.034, ━ 0.057, ━ 0.073, ━ 0.122 ; H2/total gas flow rate ━ 0.48, ━ 0.58, ━ 0.65 
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bonds [95, 109]. 

The [Si-H] peak intensity decreased and the [N-H] peak intensity increased with 

a higher NH3 gas ratio. While the [Si-H] peak intensity increased with increasing H2 

gas ratio, but the [N-H] peak intensity dercreased. 

With increasing NH3 gas flow rates, the [Si-N] peak intensity and [Si-N] bond 

density were reduced and more [N-H] bond was formed than [Si-H] bond.  

The addition of H2 gas to the deposition process induced the increase in film 

density, showing the increase of [Si-N] peak intensity. The [Si-H] bond would 

increase with an addition of H2 gas to the deposition process but it would be 

reduced with an excess H2 gas. The [Si-H] bond decreased when the ratio of H2 to 

SiH4 was above 10, showing the increase of [Si-N] bond and film density[110]. 

Fig. 4.5 represented the IR spectra after 240hrs duration in the 85  and 85% ℃

relative humidity chamber. It was clear that the Si-O peaks dramatically increased 

while the [Si-N], [Si-H], and [N-H] peaks decreased and disappeared. The [Si-H] 

and [N-H] peaks were not found in the films with the ratio of hydrogen flow, 0 and 

0.74. The hydrogen addition to the feeding gas decreased.  

The peak intensities of [Si-N], [Si-H], and [N-H] decreased while the [Si-O] 

peak intensity increased drastically with a higher NH3 or a lower H2 gas flow ratio.  

The mass density of films with a variation of NH3 gas flow rate was little 

different but the one with changing H2 gas flow rate showed a little ifference. We 

found that the film as a function of NH3 gas exhibited a bond density difference 

compared to mass density, while the film with varying H2 gas showed the mass 

density difference compared to the bond density. These differences resulted in the 

oxidation rate of SiNx thin films. The oxidation could be caused by density and 

bonding configuration of SiNx films. 
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The peaks of wavelengths between 2800 and 3700cm-1 represent Si-OH and H2O, 

indicating the penetration of H2O molecules into the inner film. 

The [N-H] peak at 3352cm-1 was broaden due to the increase of [Si-OH].  

The peak positions of SiNx thin films were summarized in Table. 4.5. The Si-N 

peak position of as-deposited films with increasing NH3 gas flow rate showed the 

blue shift from 835cm-1 to 841cm-1. However, the peak position of films storing at 

the condition of 85 /85% chamber for 240hrs showed the opposite. ℃  

The [Si-N] peak positions of initial films showed blue shifts, but shifted to the 

shorter wavenumber, which suggested the film became Si-rich. The blue shift of 

[Si-N] peaks showed the silicon-rich films. 

With the films varying NH3 gas flow rate, the shift to a large wavenumber of Si-

H stretching peak position indicated the reduction of nitrogen content in the film. 

Also, the wavenumber decrease of [Si-N] peak position showed that the SiNx film 

changed to Si-rich [130].  
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vibration type / 

NH3/total gas ratio

Peak wavenumber (cm-1) 

0 hrs 240 hrs 

0.034 0.057 0.073 0.122 0.034 0.057 0.073 0.122 

Si-O-Si rocking - - - - 471 465 463 461 

Si-N stretching 835 837 839 841 833 829 825 - 

Si-O-Si stretching - - - - 1072 1078 1078 1084 

N-H rocking 1172 1178 1176 1178 1169 - - - 

Si-H stretching 2146 2150 2152 2154 2146 2148 2152 - 

N-H stretching 3351 3351 3351 3351 3350 3352 3352 3352 

 

Table. 4.4. Infrared vibrations observed in the sample before and after the reliability test at the condition of 85  and 85% RH. ℃
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As confirmed in the changes in the FTIR absorption peaks, the concentration of 

nitrogen in a silicon nitride film decreases and the oxygen concentration increases 

because [Si-N] or [N-H] bonds react with water vapor and oxygen to form Si-O 

bonds [95, 109]. 

The changes in Si 2p bonds and binding energies were measured by XPS (Fig. 

4.6). The positions of binding energy showed that there were [Si-Si] (99.5eV), [Si-

N] (101.9eV), and [Si-O] (103eV) bonds in the as-deposited films. However, after 

240hrs in the humidity chamber, the [Si-Si] peak disappeared, and the [Si-N] peak 

was reduced to be small enough to disappear. While most of the peak areas are 

corresponded to [Si-O] bonds. Fig. 4.6. represented the peaks for the gas flow ratio 

of NH3/total gas flow rate=0.034, but all samples showed the same results.  

The changes in binding energies of all samples were shown in Fig. 4.6. The [Si-

N] peaks decreased with increasing NH3/total gas flow ratio, While the intensities of 

[Si-O] peaks increased. We found that the binding energies of Si-O peak were 

shifted from Si-Ox (102.7 eV) to SiO2(103.4 eV). The film deposited with the flow 

ratio of NH3/SiH4=0.122 changed completely to SiO2 film. 

The [Si-Si], [Si-N], and [Si-O] bonding appeared in the as-deposited film, but 

the [Si-N] bonding peak decreased to very small amount after the reliability test. 

The type of Si 2p and binding energy were shown in Fig. 4.7. With the addition 

of hydrogen, the XPS spectra showed the peak at 396.5 eV, originating from the N 

bonded to the Si ([N-Si] peak), 99.0 and 99.6 eV from the Si bonded to the Si ([Si-

Si] peaks), and 101.5 eV from the Si bonded to the N ([Si-N] peak). These indicate 

that small addition of hydrogen gas to the nitrogen gas do not enhance the nitrogen 

decomposition and consequently surface nitridation. However, with increasing 
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hydrogen addition, the [N-Si] and [Si-N] peaks inreased and the [Si-Si] peaks 

dereased and totally disappeared.  

These indicate that [Si-O] peaks increased and the intensities became much 

larger when the amounts of an increase in the addition of hydrogen gas enhances the 

nitrogen decomposition and thus enhances the surface nitridation of the thin films. 

The intensities of [Si-O] peak increased with a higher NH3 or a lower H2 gas 

flow ratio. For SiOx, the peak positition is 102.7ev with x<2 and 103.4eV with x=2. 

It can be seen that when the SiNx film is completely oxidized, it became a SiO2 film 

and it could exist in the form of SiON in the process. 
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Fig. 4.6. Binding energy of Si2p by XPS before and after oxdizing in the 

humidity chamber for 240hrs. NH3/total gas flow ratio = 0.034. 
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Fig. 4.7. Binding energy of Si2p by XPS after oxdizing 

in the humidity chamber for 240hrs 
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From the FT-IR and XPS results, it was found that the SiNx film reacted with 

moisture and changed into a SiOx film. The rate of oxidation reaction was different 

according to NH3 and H2 gas flow rate. Therefore, the [Si-H] and [N-H] bond 

structures before and after the oxidation test are shown in Figure 4.8, showing the 

different oxidation rate. Figure 4.8 (a) shows the [Si-H] bond structure according to 

the NH3 gas flow rate. In Figure 4.8 (a), the peak intensities of [Si-H] are similar, 

but the peak position shifts from 2146.4 cm-1 to 2156.0 cm-1. Figure (b) shows the 

peaks in the [Si-H] bond structure after the oxidation test for 240 hours. As the RNH3 

increases from 0.034 to 0.122, the intensity of the [Si-H] peak decreased. Especially, 

under the condition of RNH3 = 0.122, the peak of the [Si-H] bond structure 

disappeared. On the other hand, the [N-H] bond showed an increase in NH3 flow 

rate immediately after the deposition, but became smaller after oxidation evaluation 

and completely disappeared at RNH3 = 0.122.  
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Fig. 4.8. Comparison of [Si-H] and [N-H] bonding peak position (FT-IR) of SiNx 

films with NH3/total gas flow rate before and after oxidation. 
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(a) As-deposited films            (b) After oxidation 
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Fig. 4.9. Comparison of [Si-H] and [N-H] bonding peak position (FT-IR) of SiNx 

films with H2/total gas flow ratio before and after oxidation. 
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Fig. 4.10. N1s spectra (XPS) of as-deposited SiNx films. 
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process enhanced the surface roughness from 0.80nm and 1.14nm to 1.30nm and 

1.53nm, respectively. These results were consistent with the morphology taken by 

TEM. This was explained by the emission of N2 and NH3 by the oxidation of SiNx 

film reacted with water vapor and oxygen. 

The surface roughness became larger with increasing the amounts of hydrogen 

flow during deposition process. This can be explained by the excessive H radicals, 

leading to etch the film. No change in the roughness of SiNx film deposited without 

the addition of hydrogen gas was found. 

The increase of the NH3 flow rate leads to a deposition rate decrease and the 

increase of the surface roughness due to the variation of the chemical [N-H] and 

[Si-H] bond concentrations. Moreover, the deposition rate decreases when the [N-H] 

bond concentrations increased which is correlated with higher NH3 flows, [N-H] 

bonds are formed from NH3 dissociation which happens at higher energy than [Si-H] 

bonds formed from SiH4 dissociation. A high concentration of hydrogen and a high 

roughness can lead to lower refractive index due to hydrogen incorporation. The 

refractive index can be not only correlated with hydrogen concentration but also 

with SiNx stoichiometry and films roughness [34]. 

AFM surface roughness measuremetns as a function of SiH4/NH3 flow ratio 

indicate a low RMS roughness for the low flow rate and a strong development in 

roughness for the films deposited at high flow rate. The silane partial pressure is a 

parameter that is related to the roughness development. The high surface roughness 

suggests the inclusion of gas phase generated dust particles. Possible reaction 

pathways for gas phase formation of dust involve neutral SiH4 reacting with ionized 

clusters [34]. 

The surface roughness is related with the barrier performance. For the low 
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SiH4/NH3 flow rate, the measured WVTR is not dependent on the flow ratio, while 

for high flow rate, the WVTR remains small and then increased with increasing the 

high flow rate ratio. 

This is consistent with the observed reduced mass density of the layers and a 

very high surface roughness as measured with AFM. While surface roughness is not 

necessarily related to the permeation rate, the increase in roughness is attributed to 

the inclusion of gas phase nucleated paricles. Boundaries of such particles 

embedded in the film matrix can act as permeation pathways [102]. 

The cross-section images of film R=0.057 taken by TEM are shown in Fig.4.12. 

This indicates the morphology change as a function of storage time. Figure 4.12(a) 

and (b) show top and bottom images of the as-deposited film, exhibiting the 

morphologies of typical amorphous SiNx films. 

However, the top and bottom images after the storage in the humidity chamber, 

shown in Fig. 4.12(c) and (d), were different from each other. 

The SiNx barrier approximately 70-80nm from the top surface was found to be 

porous due to corrosion. This thickness corresponds to the depth calculated from the 

saturation concentration of nitrogen by AES (88nm). Some white areas with 

elliptical shapes could be found below 80nm. These are SiOx grains caused by the 

oxidation of SiNx film. It is believed that these grains grew as the oxidation 

proceeded and then combined together to form pure SiOx film. 

The surface roughness of the film increased in the well-oxidized samples.  

We could not find any void and columnar structure in the cross-section images 

of as-deposited films. The TEM images suggested that the oxidation occurred in a 

layer-by-layer from the film surface. In Fig. 4.12 (c), we could see the white circle 

and oval shape. These are thought that H2O molecule penetrates into the film 
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defect and induce more oxidation near the void in the film, implying more [N-H] 

bond near the void in the film.  

The oxidation process was conducted as following steps. There are [Si-H], [N-H] 

and [Si-N] bonds. As shown before, we found the change of bond peak position and 

intenstiy with FT-IR and XPS analysis. Therefore, the oxidation reaction seem to 

proceed by the following mechanism.  
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From the above data, the [Si-H] & [N-H] bonding are crucial to the oxidation 

process. But the oxidation did not depend on [Si-H] because [Si-H] bonding ratio 

was similar or slightly decreased with increasing NH3 gas ratio. Therefore, [N-H] 

groups are reactive sites. The hydrogen molecules were removed by NH3 or H2O, 

leading to the porous and rough surface. 

Fig. 4.13 showed that the oxidation rate of SiNx film with a larger [Si-H] 

bonding ratio is higher because the [Si-H] bond reacts with H2O and forms the [Si-

O-Si] bond. While some researchers reported that the [N-H] bond react with H2O, 

forming the [Si-O-Si] bond. As summarized in table. 4.6, some papers about the 

oxidation mechanism of SiNx thin films have been reported. But most studies have 

focused on the interpretation and analysis about the bond structure reacting with 

water vapor. These results suggest that the oxidation mechanism can be different 

according to the experiment method and process window.  
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But it is clear that the SiNx thin film can be oxidized and accelerated under the 

condition of high humidity and temperature, whether it reacts with [Si-H] or [N-H] 

bond. In other words, only one bond do not participate in the oxidation process but 

all bonds in the SiNx film can be broken by water molecule. The best moisture-

resistant property in terms of stability of the SiNx film was found in the film with 

lower ratio of SiH4 to NH3. For longer exposure time, the [N-H2] peak was 

increased and the [Si-O] and [Si-Si] peak became sharper [18]. 

The ease of oxidation is proportional to the amount of (Si-H2)n chains around the 

voids. Films with a large amount of [N-H] bonds have few voids. SiNx films with a 

larger concentration of [N-H] bonds and a smaller concentration of [Si-H] bonds are 

not easily oxidized [131]. 

In this study, one of the interesting things was the changes of films stress, optical 

constant and morphology during the oxidation process of SiNx thin film. 

As seen before, the oxidized SiNx films show the stress change from 

compressive to tensile and the reduction of refractive index to 1.44 of SiOx thin 

films. also, the surface roughness measured by AFM increased and the cross-section 

image represented that the films changed to be rough and porous.  

The thin film stress can be affected by void and hydrogen in the film. Fig. 4.14 

shows the distance of molecules and void formation due to the hydrogen depoletion. 

The nitrogen and hydrogen can form N2, H2 and NH3 when react with H2O and then 

go out from the film, being far away from each molecule and forming voids. The 

larger space can induce the decrease of compressive stress and finally change the 

stress compressive to tensile.  
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Fig. 4.13. Relationship between the [Si-O-Si] and [Si-H] mode 

absorption coefficient with time [18, 131] 
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# Dep. condition Oxidation condition Summary Ref. 

2 
SiH4/NH3=0.77~2.0, 
0.8torr, 180℃ 

121℃/103kPa(PCT), 
85℃/85% 

- The best moisture-resistant property in terms of stability 
of the SiNx film was found in the film with lower ratio of 
SiH4 to NH3 

Thin Solid Films, 333, 
71 (1998) 

3 
SiH4=2~10, N2=50, 
R.T. ~ 260℃ 

Air 

- The oxidation proportional to the amount of (Si-H2)n 
chains around the voids. A larger concentration of N-H 
bonds and a smaller concentration of Si-H bonds are not 
easily oxidized. 

Jpn. J. Appl. Phys. 27, 
1401 (1988) 

4 
SiH4=1~4, 
NH3=15~120, 
1~10Pa, 300~500℃

air 

- NH3/SiH4>30 : no increase of the N content, porous, 
oxidation 
- NH3/SiH4<30 : no voids, low H content, low N-H, no 
oxidation 

J. Appl. Phsy., 93, 
2618 (2003) 

5 300℃ 121℃/2atm(PCT) 
- The N-H is an indicator for moisture resistance than 
refractive index 

CS Mantech confer. 
2014. 

6 
SiH4=150~390, 
NH3=0~6450, 
1.2~1.7torr, 380℃ 

640torr, 00~1000℃ - N-H bond plays a major role in the oxidation resistance
Appl. Surf. Sci., 39, 
25 (1989) 

7 
SiH4=3, NH3=58, 
0.4torr, 20~250℃ 

Air 
- The H2O molecules from air are responsible for 
oxidation with both the Si-N-Si and Si-N-H bonds 

Appl. Phys. Lett, 65, 
2229 (1994) 

8 
SiH4=5, NH3=50, 
0.75torr, 175℃ 

air, 1100℃ 
- The removal of N at low T(<500℃) is due to the 
dissociation of N-H bonds and the removal at higher T is 
a result of the oxidation process. 

J. Alloys and 
Compounds, 437, 332 
(2007) 

 
Table. 4.6. Literature survey on the oxidation of SiNx films
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The thin film stress generation is due to the hydrogen depletion and micro voids 

shrinkage. Hydgrogen is the major source of compressive stress in silicon nitride 

[104, 114]. After oxidation, most of hydrogen are removed and some small voids 

are formed. The molecules or atoms tend to move in order to reduce the spacing and 

this shrinkage process induces a tensile stress. 

The in-depth composition variations of SiNx barrier films oxidized by high 

temperature and humidity environment were analyzed by Auger electron 

spectroscopy as shown in Fig. 4.15.  

One can find that there was no nitrogen at the surface because all samples were 

oxidized. But nitrogen started to appear below the surface and the concentration was 

saturated after a certain depth, which varies for each sample. The time of saturation 

gives information about the oxidation depth, which was larger for higher storage in 

the condition of 85℃/85% RH for 240 hrs. 

The depth profile of oxidized SiNx films with increasing NH3 gas flow rate are 

shown in Fig. 4.15. As the oxidation progressed, the N component in the SiNx film 

escaped, so the oxide thickness was analyzed by the change of the nitrogen 

component from the surface to the depth direction. The oxidation thickness was 

compared with the time when the concentration of the nitrogen component rapidly 

increased. As shown in the figure, it was found that the oxidation rate was fast and 

thick as the NH3 ratio was increased. We found that the oxidatin rate was much 

more faster when more NH3 and less H2 gas added to the deposition process.  

The WVTR is related to the diffusion coefficient as follows: 

WVTR = 	 Dthickness	 × n  
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Where D is the diffusion coefficient and no is the surface concentration 

(=3g/cm3). With MOCON test, the WVTR of at a thickness of 200 nm under the 

condition of RNH3 = 0.073 was 5 * 10-2 g/m2-day. However, the WVTR of 500nm-

thick film measured by HTO method 5*10-5g/m2-day. The diffusion coefficient of 

RNH3=0.073 was calculated to 9.645*10-15cm2/s.  

The oxidation thickness can be calculated by a Deal-Grove model. The original 

Deal-Grove model is a model for the oxidation behavior of pure Si at temperatures 

above 700°C. However, according to the report (J. of Vac. Sci. & Tech. A33, 

031513 (2015)), it was possible to utilize the change of the physical properties of 

the barrier film and the prediction of the oxidation thickness in a high temperature 

and high humidity atmosphere. The Deal-Grove model for the thick film is as 

follows.  

 Oxidation	thickness = 	√B	 × time 

 B = 	2DC∗N  

 

Here, N is the number of oxidant molecules (=4.6*1022 /cm3), and C* is the  

equilibrium concentration of the oxidants (1.60*1022 /cm3).  

The oxidized thickness of the RNH3 = 0.073 film calculated from the composition 

profile measured with AES for 240hours was about 84.8nm. The oxidation 

thickness of the RNH3 = 0.073 film calculated using the Deal-Grove model was 

about 76.2nm. Based on this, it is estimated that the oxidation thickness of about 

500nm is about 110nm.  
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Fig.4.15. The composition profiles of SiNx films by Auger Electron 

Spectroscopy as a function of NH3 gas flow rates. The etch rate was 5.3nm/min 
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4.1.4 Summary 

 

Silicon nitride thin film barriers deposited by the low temperature PECVD 

varying with NH3 or H2 gas flow rate. We investigated the oxidation of silicon 

nitride thin film barriers by measuring the changes in the film properties such as 

film stress and refractive index before and after the storage in chamber with the 

condition of high temperature and high humidity 

With increasing NH3 gas raio, the refractive index decreased from 1.93 to 1.81 

and the film density reduced from 1.996 to 1.895. On the other hand, with 

increasing H2 gas ratio, the refractive index increased from 1.80 to 1.90 and the film 

density increased from 1.852 to 1.922. 

 There were no peaks related to the oxygen bonding. The FT-IR spectra of as-

deposited films represented that there were no bonding peaks including oxygen 

bond. The [Si-H] peak intensity decreased and the [N-H] intensity increased with a 

higher NH3 gas ratio. The [Si-H] peak position of as-deposited films with a larger 

NH3 gas ratio shifted to a longer wavenumber, indicating N-rich SiNx film. The [Si-

H] peak intensities increased with increasing H2 gas ratio, while [N-H] peaks 

decreased. The higher binding energy component of N1s spectrum (XPS) of as-

deposited films  with a higher NH3 gas ratio corresponding to more N-H bonds. 

Both the stress and the refractive index of all samples decreased with a duration 

time in the85 /℃ 85RH chamber. Those values changed largely with a larger NH3 or 

a less H2 gas flow rate during deposition process. With RNH3=0.073 and 0.122, the 

refractive index decreased to 1.44 after 240hr, which is similar to the value of SiOx 

thin film. FT-IR spectra of SiNx films after 240hrs in the condition of 85 /85% RH ℃

showed that the peak intensities of [Si-N], [Si-H], and [N-H] decreased while the 
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[Si-O]  intensity increased drastically with a higher NH3 or lower H2 gas ratio. the 

[N-H] peak intensity of as-deposited films was enhanced with increasing NH3 gas 

flow rate, while the intensity after oxidation was more decreased in the films with a 

lager [N-H] peak.  

The surface roughness by AFM was increased in the well-oxidized film. Cross-

section transmission electron microscopy showed that the oxidation reaction 

occurred layer-by layer from the film surface. 

The [Si-H] & [N-H] bonding were crucial to the oxidation process. By 

comparing [Si-H] bondign (FT-IR) and N1s spectrum (XPS) of the films before and 

after the oxiation represented that the [N-H] groups were a main reactive sites, not 

the [Si-H]. 

The WVTR of 0.5um-thick film with RNH3=0.073 was 5*10-5g/m2-day, resulting 

in the diffusion coefficient of 9.645*10-15cm2/s. After 240hrs in the 85 /85%RH ℃

chamber, the oxidation thickness measured AES data was about 84.8nm and the one 

calculated from the Deal-Grove model was 76.2nm, being predicted 110nm after 

500hrs. 
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4.2 The effect of Thin Film Structure on the Optical 

Property of TOLEDs 

 

4.2.1 Introduction 

 

Conventionally, an OLED is fabricated on a glass substrate. Organic thin-films 

are sandwiched by a transparent indium tin oxide (ITO) anode and a reflective metal 

cathode, which is also called bottom emission OLED, as shown in Figure 4.211(a). 

By applying a voltage (typically <10 V) to such a device, carriers are injected into 

the device and recombine to give light. Photons generated from the organic layers 

propagate through the glass substrate and radiate out to the air for light emission. 

Emission wavelength of OLED is determined by the organic material, as well as the 

device configuration. Because the conductivity of organic material is quite low, 

layer thickness of total organic thin films was limited to 100 to 200 nm for driving 

an OLED with reasonably low voltage (ex: <10 V). Considering the refractive index 

(n) of ITO and organic materials (typically 1.6 to 2.2 at visible region), an OLED 

can be regarded as a microcavity with the effective optical length comparable to the 

visible wavelength (from 380 to 780 nm), which results in a strong interference 

effect within such a device (including ITO anode, organic thin films, and reflective 

cathode). With fixed organic materials, the optical intensity of OLEDs can be varied 

with different layer thicknesses, depending on constructive or destructive 

interferences. Such an interference effect is sensitive to the viewing angle and 

wavelength. For display application, emission from normal direction may be most 

important. On the other hand, one may need to optimize the total flux of light 

emission. Besides, the optimized cavity structure for a certain wavelength (ex: 600 
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nm for red light emission) may be not the best choice for another wavelength (ex: 

470 nm for blue one), which results in difficulties in designing a broadband 

emission, such as white OLED. Optical loss in ITO and organic layers was typically 

called organic mode. Light may also couple to surface plasmon (SP) mode of metal 

cathode which relaxes the energy nonradiatively. Besides, as other EL devices, light 

was waveguided in the substrate, and it was called substrate mode. Thickness of 

glass substrate is typically several hundreds of μm for providing enough mechanical 

strength. Refractive index of glass substrate is about 1.5, which is smaller than 

organic and ITO, but larger than the air (n = 1). An alternative device configuration 

to completely remove the substrate mode is to use a reflective anode, and a 

transparent (or semi-transparent) cathode, so that the light emits from the cathode 

side to the air, which is called top-emission OLED, as shown in Figure 4.16(b). 

Fig. 4.16 (c) and (d) represent a transparent and tandem structure designing 

based on the Fig. 4.16 (a) and (b). The transparent OLED includes anode and 

cathode consisting of high transparent thin metal film. The purpose of tandem 

structure is the verification of the efficiency and lifetime of OLED but the driving 

voltage increases. In this way, the optical property of OLED can be designed for 

various types because it consists of organic thin films emitting light [115]. 

 

4.2.2. Microcavity and Fabry-Perot cavity 

 

The light is initially generated as a result of recombination of electrons and holes 

in the OLED molecules, and then takes a path through the OLED and is either 

emitted or lost. Outcoupling from the thin films is also an issue of critical 

importance. The light is emitted from within the stack, generally adjacent to a  
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metallic cathode (for bottom emitting devices) which reflects some of the light back 

toward the substrate. As a result of this, interference can occur, influencing the 

emission, particularly in the forward direction. As the OLED is a broad band emitter, 

this will have different effects on different regions of the emission spectrum, 

depending on the particular device architecture. Additionally any refractive index 

mismatch between the OLED layers and the substrate can further exasperate the 

problem. Emitted light may also become locked to surface plasmons, forming 

polaritons which stop the outcoupling of this light Increasing the light emission : 

spectral narrowing, spectral shift of the emitted light with a stronger cavity effect, 

the optical intensity depends on more on the viewing angle and the emission 

wavelength. A planar microcavity structure consists of a refl ective anode, a semi-

transparent cathode, and organic layers sandwiched in between. The anode and the 

cathode are parallel mirrors and they form a Fabry-Pérot resonator [116]. 

The emission efficiency is affected by the recombination zone. The light 

extraction efficiency of an organic light emitting devices is a strong function of 

device geometry. The substrate guided mode of an OLED structure strongly 

depends on the optical cavity length of the device due to the weak cavity effect, and 

the substrate extraction efficiency varies from 22% to 55% depending on the device 

geometry.  

The reflectance and transmittance characteristics of optical thin film are strongly 

dependent on the wavelength. The film and substrate materials are very effectivce 

on the reflectance and transmittance characteristics of the optical thin films. It is 

also found that the reflectance and transmittance characteristics are greatly affected 

by film thickness [117]. 
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To perform the functions for which they are designed, thin films must have the 

proper thickness, composition, roughness, and other characteristics important to the 

particular application. That’s why it is important to know the thickness, optical 

constants, optical and absorption properties as a function of wavelength. The 

influence of film’s materials, thickness and the substrate on the optical properties of 

the optical thin film is so high that an extensive study and analysis is still a 

necessary research issue to understand, control, optimize and develop them for 

particular application. 

The optimized device structure for one color may be not suitable for other colors. 

One may need three different device structures to optimize the optical 

characteristics. Because of the refractive index differences, there are some 

reflections at the interfaces. 

Whenever electromagnetic wave such as light crosses the interface between two 

different materials, the fraction of light is reflected by the inner surface while some 

amount of electromagnetic wave is refracted through the inner surface and finally 

transmitted.  

The total amount of reflectance of the film has been derived as follows [118-

122] ;  
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The total amount of transmittance of the film has been derived as 

 

2PQcosR2Q2P1
sn2

f
n2

0
16n

T
++

=
 



 

- 103 - 

 

Where,  

 

f
d

f
n

λ
4πR,

sn
f

n
sn

f
n

Q,

f
n

0
n

f
n

0
n

P =
+

−
=

+

−
=

 

 

no, nf, ns : the refractive indices of surrounding medium (air), film1, film2 

df : the film1 thickness 

λ : the wavelength of spectrum  

 

The magnitude of reflectance and transmittance of optical thin film vary 

periodically with wavelengths. Multiple oscillations occur on the reflectance and 

transmittance curves due to interferences among multiple reflected waves. As the 

wavelength increases, oscillation period of these characteristics changes/increases. 

The reflectance and transmittance characteristics of optical thin film are greatly 

affected by film thickness. Also the amount of thickness effect on the reflectance-

transmittance characteristics is significantly different in different film materials. 

Thus the reflectance and transmittance characteristics of multilayer thin film are 

strongly dependent on the wavelength of electromagnetic spectra.  

By choosing appropriate film material, the desired R and T characteristics of thin 

film can be obtained.  

The outer layer in the bottom-emitting OLED corresponds to the thick substrate, 

which should be treated as optically incoherent because its thickness (~1mm) is 

much lareger than the coherent length of the OLED light emission. Because the 

thick substrate is incoherent, the change in the substrate thickness will not affect the 

electric fileld intensities. Instead, the incoherent multiple reflections inside the thick 

substrate cause the reduction of the optical power extracted into air.  
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Although the application of the Fabry-Perot formalation is only limited to the 

radiation mode, the Fabry-Perot formalation is still very useful and widely used 

modeling method to opimize the multilayer structure of OLEDs, where only the 

consideration of the radiation mode is sufficient to maximize the output intensity 

under the micro-cavity effect [123-125]. 

Typically, a top-emitting OLED consists of a reflective anode, a few organic 

layers, and a transparent or semi-transparent cathode for out-coupling light. The 

strong Fabry-Perot interference in the microcavity formed with the opaque anode 

and the semi-transparent cathode, combined with a thin dielectric layer to modulate 

the cathode reflectivity, has been shown to achieve a significant enhancement in 

light output intensity. In such a structure, the output intensity is controlled by the 

following factors: 1) the emission characteristics of the organic materials; 2) the 

wide-angle interference, which results from the interference between the direct 

emission and the emission reflected from the opaque anode once; and 3) the 

multiple beam interference, which results from the interference between the back-

and-forth-propagating beams within the microcavity. The wide-angle interference is 

determined only by the dipole position and the anode reflectivity, while the 

multibeam interference is determined by the cavity optical length, anode and 

cathode reflectivity. 

The emission spectrum in the normal direction of a Fabry-Pero cavity can be 

described by the following equation [126, 127]: 

The emission intensity in the normal direction 
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x : the effective distance between recombination zone and the cathode 

R1 : the reflectivity of the cathode 

R2 : the effective reflectivity of the anode 

T2 : the effective transmittivity of the anode 

L : the total optical length  

- L & x : no intensity change, max. peak wavelength shift, frequency change 

- R1, R2, T2 : no peak shift, no frequency change, intensity change  

 

Therefore, we can estimate the emission intensity from the reflectance 

calculation of multilayers. 

Recently, a few papers have been reported that the transmittance of thin film 

encapsulation was a major factor for affecting the optical properties of OLED, 

resulting in the decrease of light extraction. 

This study suggests that the optical properties of TOLED can be affected by the 

TFE structures. Not only the optical properties of thin films such as refractive index, 

extinction coefficient, and transmittance, but also the number of layers and the 

thickness of each layer play a major role in designing of thin film encapsulation 

structure [128].  

The authors studied the effects of thin film barrier on the barrier performance 

and optical property, which can be adjusted by designing the film thickness by ALD 

and ML. The light exytraction with a maximum transmittance of cathode did not 

show the peak efficiency. They demonstrated that the maximum light extraction 

could be obtained, depending on the interference effect affected by the refractive 

index of thin films. In conclusion, they insisted that the light extraction can be 

optimized by conrolling the thickness, refractive index and structure of thin film 
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encapsulation. 

In Fig. 4. 18, the optical and barrier properties of thin-film encapsulations for 

top-emitting organic light-emitting diodes were investigated using TFEs fabricated 

by stacking multiple sets of inorganic-organic layers [129]. It was demonstrated that 

maximum light emission does not occur at the highest cathode transmittance, but 

rather, is dependent on the interplay between different interference effects that are 

governed by the refractive index of the capping layer. This shift of the spectral 

characteristic as a function of both TFE thickness and refractive index can also be 

simulated by the optical model. By varying the TFE nanolaminate layer stacking 

structure, the interplay between the optical interferences can be controlled. It was 

found that, by fine-tuning the optical thickness of the TFE, the light extraction 

properties could be improved. Careful tuning of these parameters and the relative 

thickness of the inorganic-organic materials in the encapsulation layers are 

important considerations for the optimization of the barrier protection and the 

transmittance for top-emission organic electronics. The electroluminance spectra 

exhibit a different functional dependence on the TFE structure. The EL spectra 

slightly depend on the detailed optical architecture. 

The authors studied the optical property and barrier performance of thin film 

encapsulation for TOLED (top emitting organic light emitting diode). From Fig. 

4.18, they measured the variation of transmittance of thin film encapsulation 

consisting of multilayers, comparing to the TOLED covered by the glass. The 

transmittance decreased at a certain wavelength with increasing film layers, 

showing a dip valley. These sharp valley was caused by the interference of 

multilayered structure. The multilayer structure showed the interference effect 

because the thin film consisting of multilayer have different refractive indices.  
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The thickness and layer have to be increased to improve the barrier property 

while the optical property can be deteriorated by the thin film structure. Therefore, 

the authors suggested two thin film encapsulation structures for improving both 

barrier performance and optical property. And they insisted that the inteference 

effect can be decreased by reducing the refractive index difference between layers.  

They investigated the optical and barrier properties of thin-film encapsulations 

for transparent organic light-emitting diodes. To improve the barrier property of 

OLEDs, the number of dyads and the thickness of polymer layer in the TFE 

structure are required to be increased. It is, however, demonstrated that a sharp dip 

appears in the transmittance of TFE films due to the interference of light caused by 

organic/inorganic multi-layered configuration, resulting in a dip in the top emission 

spectrum of OLEDs. Due to the organic/inorganic multi-layered configuration with 

different refractive index, however, the TFE structure inevitably brings in the 

interference of light. Consequently, the OLED light emitted through the TFE layer 

may be different from that through the conventional glass encapsulation.  

The number of dyads and the thickness of the polymer layer are desired to be 

reduced. However, this would degrade the gas barrier property of OLEDs. To 

satisfy both optical and barrier properties, we can consider two different TFE 

structures. One structure can have the larger number of dyads but smaller thickness 

of the polymer layer. The other structure can have the smaller number of dyads but 

thicker polymer layer. They suggested that the latter configuration is more 

preferable within the frame of mass production and transmittance. If the difference 

of refractive index between the inorganic and organic layers in TFE films is small, 

the optical interference effect of TFE films can be suppressed. Therefore, the 

development of organic materials with the same refractive index as the inorganic 
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layer might be the way to achieve. 

The researchers [130] investigated that the transmittance decreased with 

increasing the number of thin film for encapsulation. They improved the efficiency 

by controlling the refractive index. It was reported that they enhanced the optical 

transmittance of a multilayer barrier film by inserting a refractive index grading 

layer. To eliminate the Fresnel reflection while maintaining high transmittance, the 

optimized design of grading structures with the RIGL was conducted using an 

optical simulator. we achieved averaged transmittance in the visible wavelength 

region by 89.6%. It is found that the optimized grading structure inserting the 

multilayer barrier film has a higher optical transmittance (89.6%) in the visible 

region than that of a no grading sample (82.6%). Furthermore, luminance is 

enhanced by 14.5% (from 10 190 to 11 670 cd/m2 at 30 mA/cm2) when the grading 

structure is applied to organic light-emitting diodes. Finally, the results offer new 

opportunities in development of multilayer barrier films The transmission intensity 

was decrease when the thin film encapsulation formed on the TOLED. The 

transmittance of thin film is determined by the transmittance, absorption and 

reflection of the film. In this study, we investigated the effect of thin film 

transmittance on absorption and reflection. The effect of light reflection on the 

structure, thickness and refractive index of thin film encapsulation was analyzed. As 

the thickness of the thin film barrier decreases, the influence on the optical 

characteristics was confirmed by calculation of multilayer reflection values. Finally, 

the effect of the thin film on the optical properties of the device, when the refractive 

index of the film changes due to oxidation, was analyzed. 
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4.2.3. The effect of thin film encapsulation on the optical property of 

OLEDs 

 

As explained before, the TOLED uses the microcavity structure and the 

efficiency can be maximized by optimizing the thickness and refracive index of thin 

films. The thin film encapsulation can have an effect on the optical property of 

TOLED because it consists of thin films and affect on the cavity structure. To 

investigate the effect of thin film encapsulation on the light extraction of TOLED, 

we designed the film structure as follows. 

As shown Fig. 4.20, we deposited the thin film encapsulation with multi-layers 

on the semi-transparent cathode. The most effective layers on the light extraction 

are the first and the second layers on the cathode because the layers are close to the 

emission zone of organic layers. Therefore, we controlled the thickness and 

refractive index of those two layers. The first layer have a high refractive index and 

the second one have a low refractive index.  

The lower refractive index of the second layer is better, but we used SiOx thin 

films with the refractive index of 1.46 by PECVD. Fig. 4.21 showed the 

transmittance and extinction coefficient as a function of the refractive index of the 

first SiNx layer deposited by PECVD at 85℃. We found that the transmittance 

drastically decreased with increasing the refractive index. Especially, we could 

obtain the films with under the refractive index of 2.0  having transmittance of 

nearly 100%. But the films with above the refractive index of 2.3 showed the 

tranmittance of 90% or less. Also, we confirmed that there is an inverse relationship 

between the transmittance and the extinction coefficient.  
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Fig. 4.21. The relationship between refractive index, extinction coefficient and 

transmission of silicon nitride thin films deposited at 85  by PECVD.℃  
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Fig. 4.22. The relationship between optical constants 

: refractive index vs. extinction coefficient vs. transmittance 

  



 

- 115 - 

 

The relative efficiency of white color with an extinction coefficient of 1st SiNx 

thin films with a high refractive index was represented in Fig. 4.22. It was certain 

that the relative efficiency was high when the refractive index increased. We found 

that the relative efficiency decreased with increasing the extinction coefficient, 

regardless of the refractive index. This is due to the effect of transmittance decrease. 

We could also find that the efficiency began to decrease when the extinction 

coefficient was more than 10-3 and sharply decreased with above 10-2.  

In general, the thin film encapsulation is consisted of multilayers. This is because it 

is difficult to completely cover shapes such as particles or valley patterns when a 

single film barrier is applied. Each layer is thinner than 1 um or a few um thick. In 

the case of a top-emitting OLED using a cavity structure, cavity characteristics can 

be influenced because it is formed on the metal cathode. The refractive index, the 

thickness and the absorption of the thin film encapsulation layer affect the optical 

characteristics of the entire device. 

First, we investigated the influence of the first layer thickness of thin film 

encapsulation on the optical characteristics. To determine the effect of the film 

thickness and refractive index, the absorption of the film was set to 0 and the 

reflection value was calculated. Fig. 4.23 shows the change of reflection depending 

on the thickness and refractive index of the first layer. The important wavelengths in 

the display are the blue, green, and red color. Therefore, each color was separated 

into wavelength regions. The center wavelengths for each color are 460nm for Blue, 

530nm for Green, and 620nm for Red. When referring to the color purity of an 

OLED, it is generally said that the FWHM is about 40 nm. Therefore, the sum of 

the reflection values in the range of 40 nm based on the center wavelength is 

calculated and displayed in a graph. 
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(a), (b) and (c) show when the refractive indices of the barrier are 2.0, 1.7 and 

1.45, respectively. Overall, reflections with increasing thickness tend to increase and 

decrease repeatedly. Fig 4.23 (a) represented that the thinner the thickness, the 

larger the change width and the shorter the cycle. The thicker the thickness, the 

smaller the change width. It was changed by 30% or more until the thickness was 

1000 nm, but there was no great change thereafter. If the thickness is thin, the order 

of the reflectance value between Blue, Green and Red is not apparent. When the 

thickness is 1000 nm or more, the reflection is large in the order of Blue <Green 

<Red. Fig. 4. 23 (b) and (c) showed that the change was small when the thickness 

was thin, and decreased when the thickness was thin, which was similar to the 

tendency of high refractive index. The lower the refractive index, the smaller the 

change width and the shorter the change period. This means that a high refractive 

index can be sensitive to thickness variations. Because the barrier is an inorganic 

film, it is difficult to thicken due to stress, cracks and process ability. As shown in 

the figure below, the condition that maximizes the optical property under the 

condition of no absorption of the film becomes the region where the reflection 

becomes the maximum. Therefore, considering the thickness limit, it is considered 

that the optimum structure can be selected at a thickness of about 200 nm at which 

the reflection value becomes maximum. 

The thin film encapsulation formed of the multilayer film inserts the buffer layer 

between the barrier layers. The buffer layer plays a role of stress relaxation of the 

barrier, particle coverage and surface planarization. Therefore, the buffer layer is 

thicker than the barrier.  

Fig. 4.24 is the result of calculation of the reflection change according to the 

thickness of the buffer layer. The refractive index of the barrier was 2.0 and the 
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thickness was 700 nm. In the case of the buffer layer, when the thickness is as thin 

as 2000 nm or less, the reflection value increases or decreases, and then the similar 

value is maintained. Unlike the barrier, there are not many cycles of change, and the 

magnitude of the reflection value as a whole maintains Blue <Green <Red order. 

Therefore, it can be expected that the buffer layer will not affect the optical 

characteristics when the thickness is 2um or more. 

Until now, it was the interpretation of thin film encapsulation layer consisting of 

barrier and buffer layer only. Fig. 4.25 shows the reflection characteristic when the 

optical controlling layer is inserted between the first barrier and the cathode 

electrode. The light control layer is composed of a high refractive index layer and a 

low refractive index layer. The reason why the structure is inserted between the 

cathode and the barrier layer is that the closer to the emissive zone, the greater the 

effect on the resonance. Since the reflection is expected to be highest when the 

thickness of the first layer is about 200 nm, the reflectance values were calculated 

according to the thickness ratio of high and low refraction when the total thickness 

of the light control layer was 200 nm. The total reflectance value was in the order of 

Red> Green> Blue, but the range of change was Blue> Green>Red. The blue color  

exhibited a minimum value at about a thickness of 50 nm ~ 150 nm in terms of high 

refractive index and showed the maximum value near a thickness of 70~120nm. 

The range of maximum values varied depending on the low refractive index. The 

high refractive index, which showed the maximum value as the low refractive index 

became larger than 30 nm, became thinner, and thickened again when it exceeded 

150 nm. Green and Red tended to show a similar tendency, but the thickness 

showing the maximum value showed a difference. As shown in the figure, the range  
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Fig. 4.23. Effects of barrier thickness on the reflectance. The extinction 

coefficient of each layer was assumed to be zero. 
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Fig. 4.24. Effect of buffer layer thickness on the reflectance. The refractive index 

and the barrier thickness were 2.0 and 1000nm, respectively. 
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of thickness of high/low refractive index were BLUE 70~100nm/70~120nm / 

GREEN : 70~120nm/70~150nm / RED : 70~150nm/50~150nm , respectively. 

When the total thickness of the optical control layer was 150 nm, 170 nm and 190 

nm, reflection values according to the thickness ratio of high and low refraction 

were shown in Fig. 4.25. As shown in the figure, the reflectance increases as the 

thickness ratio of the high-refractive index increased. The thickness ratios 

representing the maximum reflectance values of Green and Red were similar, while 

Blue exhibited a maximum value at a thinner ratio of the thickness of the high 

refractive index.. Therefore, from the viewpoint of light extraction efficiency, it is 

necessary to have a high reflectance value as long as Blue are maximized. 

Therefore, the maximum reflection value can be expected to be in the range of 70 

nm / 120-100 nm / 90 nm for the high and low refractive layers, respectively. Based 

on the calculation results, the relative efficiency was measured by depositing OLED 

elements and thin film encapsulation. The relative efficiency was calculated based 

on the structure without thin film encapsulation. the efficiency becomes lower when 

the thin film encapsulation layer is formed on the cathode because the cavity effect 

decreases rather than the glass encapsulation Fig. 4.26 (a) shows the efficiency of 

the light control layer due to the change in thickness of the high refractive index 

layer (b) shows the efficiency according to the low refractive index. As shown in (a), 

when the thickness of the high-refraction layer increased, the efficiency increased, 

and showed the maximum value and then decreased. Also, it could be seen that as 

the thickness of the low refractive index increased at the same high refractive index, 

the efficiency increased and then decreased. Fig. 4.26 (b) showed that As the 

thickness of the low refractive index increased, the efficiency increased and 

decreased.  
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Fig. 4.25. Effects of light-controlling layer thickness on the reflectance. The 

refractive index of each layer was 2.0 and 1.45, respectively. 

  



 

- 122 - 

 

 

(a) 150nm

0/150 20/130 40/110 60/90 80/70 100/50 120/30 150/0
32

34

36

38

40

42
Total thicknesss = 150nm

R
e

fl
ec

ta
n

ce

high/low R.I. thickness

 B(440/460/480)
 G(510/530/550)
 R(600/620/640)

 

 

(b) 170nm 

0/170 20/15040/13060/110 80/90 100/70120/50140/30 170/0
32

34

36

38

40

42
Total thicknesss = 170nm

 

 

R
e

fl
ec

ta
n

ce

high/low R.I. thickness

 B(440/460/480)
 G(510/530/550)
 R(600/620/640)

 

 

(c) 190nm 

0/190 20/17040/15060/13080/110100/90120/70140/50 190/0
32

34

36

38

40

42
Total thicknesss = 190nm

 

 

R
e

fl
ec

ta
n

ce

high/low R.I. thickness

 B(440/460/480)
 G(510/530/550)
 R(600/620/640)

 

 

Fig. 4.26. Effects of light-controllig layer thickness on the reflectance. 
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Fig. 4.27. Effects of thickness with high and low refractive index on the relative 

efficiency. The reference was a glass-encapsulated OLED. 
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The thickness of the low refractive index, which shows the maximum value 

according to the high refractive index thickness, was different. The large variation 

range according to the high-refractive-index thickness indicates that the high-

refractive-index thickness effect is large. The maximum efficiency is about 93% 

when the thicknesses of high and low refraction are 70 nm and 120 nm, respectively, 

[Fig. 4.27].  
So far, we have looked at the effects of absorption and reflection, respectively. 

The optical properties such as trasnmittance and absorption of SiNx film used as the 

barrier for thin film encapsulation varies depending on the hydrogen content. In 

general, the SiNx film increases in absorption as the refractive index increases. Fig. 

4.21represented that as the refractive index increased from 1.96 to 2.3, the 

absorption increased from 0.000 to 4.5 * 10-3 and the transmittance decreased to 

88%. In the case of absorption as described above, the efficiency does not have a 

uniform tendency to increase and decrease depending on the refractive index as 

shown in (b). 

The reflectances of the SiNx film with absorption was shown in fig. 4.29 and 

table 4.7. Absorption was increasing in all colors, while transmission was 

decreasing. However, as the refractive index increased, the Blue reflections 

decreased, but the Green and Red reflections increased. As I have seen before, it is 

because the reflection tendency of Blue and Green / Red is different depending on 

the thickness. The Blue Emission intensity was decreased and Green and Red were 

increased. It is difficult to predict the emission intensity by either reflection / 

absorption / transmission.. In addition, since the thickness range in which the 

reflection / absorption / transmittance is maximum differs for each color, it is 

necessary to optimize all the parameters for optical characteristics. 

One of the easiest approaches is to use a high-refractive-index thin film whose 

absorption is less than 10-3. 
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Fig.4.28. (a) Relationships between refractive index, extinction 

coefficient, and transmittance (b) effect of refractive index of films with 

absorption on the efficiency 
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Fig. 4. 29. Effects of refractive index of thin films with absorption on the 

reflectance. (a) Blue, (b) Green, (c) Red. 
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BLUE GREEN RED 

Reflectance ↓ ↑ ↑ 

Absorption ↑ ↑ ↑ 

Transmittance ↓ ↓ ↓ 

Emission intensity ↓ ↑ ↑ 

 

Table. 4.7. Effects of refractive index of thin films with absorption on the 

reflectance, absorption, and transmittance. 
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Thin film encapsulation is one of the most important technologies in flexible 

displays. To improve flexibility, the total thickness of the thin film bag should be 

reduced. Therefore, the technology of reducing thickness is developing, maintaining 

barrier performance. The ALD is one of the spotlighted technologies for reducing 

thickness. Studies have been made to obtain performance at a thickness of 100 nm 

or less. 

However, most of these studies have focused only on the barrier performance. It 

was confirmed that the mechanical and optical properties were changed by the 

barrier oxidation. Here, we examined the effect of barrier oxidation on optical 

properties.  

Fig.4.30 shows the change of reflection when oxidation occurs according to the 

thickness of the barrier and the buffer layer. (a) and (b) showed the case where the 

thickness of the barrier was 1 μm and (c) the case where the barrier thickness was 

100 nm. (a) showed the reflectance with proceeding oxidation of the top barrier 

layer, when the buffer thickness was 4 um which did not affect the reflectance. Even 

if the ratio of high and low refractive index due to oxidation was changed, the 

reflection value was not changed since the barrier and the buffer were thick. (b) 

showed the reflectance change due to the top layer barrier oxidation when the buffer 

thickness was 1um. There was no reflection change until the oxidation progresses to 

about 300 nm, but when the oxidation progresses further, the change was in the 

range of 1 to 2%. However, as shown in (c), even when the buffer thickness was 1 

μm, the results were different when the uppermost barrier thickness was 100 nm. 

When the surface of the barrier was oxidized more than 10 nm, the reflection 

changed rapidly appears. Since the variation range of each color was different, the 

emission intensity and the color coordinate could be changed as a result.  
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In conclusion, the study to reduce a barrier thickness should consider oxidation 

stability and optical stability as well as barrier performance. When the barrier is 

oxidized, changes in the film stress and adhesive force may occur, and mechanical 

properties may change, so that fracture such as cracking and peeling of the thin film 

may occur. Therefore, future barrier studies should be conducted considering both 

barrier performance, chemical, optical and mechanical stability.   
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Fig. 4.30. effects of the oxidized barrier thickness on the reflectance. (a) buffer = 

4um, barrier = 1um ; (b) buffer = 1um, barrier = 1um ; (c) buffer =1um, barrier = 

10nm 
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4.3.4. Summary 

 

The multilayered thin film encapsulation is formed on the cathode of top organic 

light emitted diode (TOLED). The TOLEDs consisting of anode, thin organic layer, 

and cathode use the cavity effect to extract light from the emission zone. The thin 

films used for encapsulation can affect the cavity because the films are very thin.  

Firstly, we studied the effect of refractive index and extinction coefficient of the 

first SiNx layer deposited on the cathode on the transmission. The transmission was 

increased with increasing the refractive index of SiNx and reduced with increasing 

the extinction coefficient. We found that the transmission started to decrease when 

the extinction coefficient was 10-3 or higher. Also, the decrease slope increased 

when the extinction coefficient exceeded 10-2.  

The first SiNx thickness effect on the reflectance was calculated when the 

extinction coefficient was 0. The variation of reflectance was large when the 

thickness was thin but decreased when the thickness was above 1um. It showed the 

maximum reflectance value when the thickness of the first barrier was about 200nm. 

The variation of reflectance with a thickness of buffer layer between barriers was 

within 3% when the buffer thickness was smaller than 2um, while the buffer had 

little effect on the reflectance when its thickness was more than 2um.  

A light controlling layer formed of high-/low- refraction layer was inserted 

between the cathode and the first barrier to study the effect of thin films constituting 

the encapsulation on the optical property of TOLEDs. The range of high- / low- 

refraction layer thickness which the reflectance became maximum was  

70~100nm/70~120nm for blue, 70~120nm/70~150nm for green, and 

70~150nm/50~150nm for red. The reflectance represented maximum value when 
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the total thickness of light controlling layer was about 190nm and the high- / low- 

refraction layer thickness was between 70~100nm and 120~90nm, respectively. We 

demonstrated that the maximum efficiency was obtained when the high and low 

refraction layer thickness were 70nm and 120nm, respectively. 

As the refractive index of the SiNx film increases, the extinction coefficient also 

increases. Therefore, one can not expect that the efficiency will increase in 

proportion to the refractive index. Even though the transmittance is decreased due to 

the increase of the absorption of films, the efficiency may increase as the 

reflectance increases in the cavity structure.  

The barrier formed on the uppermost layer may be oxidized by the influence of 

moisture and oxygen from atmosphere. Such changes in the film properties may 

affect the device optical characteristics. If the thickness of the buffer layer between 

the barrier layers is thicker than 2um, even if the top SiNx layer is oxidized, there is 

almost no influence on the light extraction of TOLED. However, thin film 

encapsulation has been actively researched to reduce the barrier thickness by the 

same process as ALD. It was found that when the buffer layer was thinner than 1um 

and the top SiNx layer thickness was 100nm, the reflectance variation width 

increased even if the oxidation of the uppermost SiNx layer thickness is about 30nm. 
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5. Conclusions 

 

Thin film encapsulation technology is being studied to improve barrier 

performance and reduce its thickness. However, many researchers have focused on 

improving barrier performance of as-deposited films.  

As seen in this study, the barrier reacts with moisture and oxygen with time in the 

atmosphere, resulting in the changes in the physical and chemical properties. The 

SiNx barrier reacts with water and oxygen to form a SiOx films. This conversion  

leads to the deterioration of barrier performance and induces the changes f 

refractive index and film stress. The main factors affecting oxidation are [N-H] 

bond and film density. Therefore, the lower [N-H] bond and the higher film density 

are required to reduce the thickness of SiNx barrier and ensure the oxidation 

resistance.  

There have been a few researches on the effect of thin film encapsulation on the 

optical property of OLEDs although it has a large effect on the optical 

characteristics. In this study, we examined that a better light extraction by 

controlling the refractive index, thickness, transmittance and absorption of barriers 

could be obtained. It was also found that the change in the physical properties due 

to oxidation of the uppermost barrier exposed to the atmosphere resulted in the 

change of optical characteristics.  

The more thinner thin film encapsulation is required for realizing flexible devices. 

The stability for oxidation and optical property for a long time should be considered 

when developing a thinner barrier. 
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한글 초록 

 

OLED 디바이스에서 박막봉지 기술은 수분과 산소로부터 유기 발광 

소자와 전극의 열화를 방지하는 것으로 플렉서블 디스플레이 구현을 

위해서는 반드시 필요한 기술이다. 대부분의 연구는 수분과 산소를 

차단하는 배리어 성능에 집중하고 있는데 본 연구에서는 배리어의 

산화와 광 특성에 미치는 영향에 대해 살펴보았다. 

저온 PECVD로 증착하는 SiNx 박막은 배리어로 사용되는 대표적인 

재료이다. 전체 증착 가스 대비 NH3와 H2 가스 비율에 따라 SiNx 

박막을 증착하였다. 85℃/85% RH의 고온고습 챔버 보관 시간에 따른 

배리어 막의 스트레스와 굴절률 변화를 측정하고 화학적 결합 및 물리적 

특성 변화 분석을 통해 산화 특성에 대해 연구하였다.  

NH3 가스 비율을 증가함에 따라 막의 증착 직후 굴절률은 1.93에서 

1.81까지 감소하고 막 밀도는 1.996에서 1.895까지 감소하였다. 반면 

수고 가스 비율이 증가할 때는 굴절률은 1.80에서 1.90으로 증가하고 

막 밀도는 1.852에서 1.922로 증가하였다. FT-IR로 분석시 증착 

직후에는 산소가 포함된 결합구조는 거의 보이지 않았다. NH3 비율이 

증가하면 [Si-H] peak intensity는 감소하고 [N-H] peak intensity는 

증가하였다. 또한 [Si-H] peak 위치가 장파장 쪽으로 이동하여 N-rich 

SiNx 박막이 형성되었음을 알 수 있었다. H2 가스 비율이 증가하면 [Si-

H] peak intensity가 증가하고 [N-H] peak intensity가 감소하였다.  

고온고습 챔버에서 보관하는 시간이 지남에 따라 모든 시료의 

굴절률과 스트레스가 감소하였다. 이러한 변화는 NH3 비율이 크거나 H2 

비율이 작은 시료에서 크게 발생했다. NH3 비율이 0.073과 0.122인 

막의 굴절률은 240시간 후 1.44까지 감소하여 SiOx 박막과 유사한 값을 
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나타냈다. 240시간 후 막의 FT-IR 분석 결과 [Si-N], [Si-H] 및 [N-

H] peak intensity는 감소하고 [Si-O] peak intensity는 급격하게 

증가했다. [Si-O] peak intensity는 NH3 비율이 크거나 H2 비율이 

작았던 막에서 크게 나타났다. NH3 비율이 클수록 증착 직후 막의 [N-

H] peak intensity가 컸는데 산화 후에는 훨씬 빠른 속도로 감소했음을 

알 수 있었다.  

산화가 진행되면서 표면 조도는 더 커졌다. 또한 TEM으로 단면을 

관찰한 결과 표면에 기공이 형성되면서 조도가 커졌으며 산화가 

표면으로부터 층별로 형성되고 있음을 알 수 있었다. 또한 defect이나 

void를 따라 침투한 수분이 defect을 중심으로 산화를 유발하고 있음을 

알 수 있다. 

RNH3=0.073인 막의 두께 0.5um인 막의 WVTR은 5*10-5g/m2-

day였는데 이는 확산속도가 9.645*1015cm2/s이다. 이를 바탕으로 

Deal-Grove model을 이용하여 240시간 후 산화 두께를 계산하면 

76.2nm인데 AES를 이용한 깊이 방향 조성 프로파일에서 계산한 산화 

두께는 약 84.8nm였다. 이는 500시간 경과 후에는 약 110nm 이상까지 

산화가 발생할 수 있음을 의미한다. 

공진구조를 이용하는 전면발광 OLED에서 박막의 굴절률과 두께는 

중요한 설계 인자이다. 박막봉지는 굴절률이 다른 재료로 다층막으로 

적층된다. 공진 구조 상부에 형성되는 박막봉지 층도 계면 반사와 흡수 

특성을 가지기 때문에 디바이스의 광 특성에 영향을 주게 된다. 

박막봉지는 다층 박막으로 TOLED의 캐소드 위에 형성된다. TOLED는 

애노드와 캐소드 사이 공진구조를 이용하여 광 추출 효율을 

극대화시키고 있는데 캐소드 위에 형성되는 다층 박막봉지도 박막이기 

때문에 공진에 영향을 줄 수 있다. 
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캐소등 위에 형성되는 첫 번째의 굴절률과 흡광계수에 따른 투과율을 

분석하였다. 투과율은 굴절률이 증가하면 증가하나 흡광계수가 증가하면 

감소한다. 특히, 흡광계수가 10-3 이상이 되면 감소하기 시작하여 10-2 

이상에서는 감소 기울기가 증가한다.  

캐소드 위에 형성되는 첫 번째 배리어의 흡광계수가 0일 때 두께가 

얇으면 계면 반사 변화폭이 크나 1um 이상이 되면 변화폭이 감소한다. 

첫 배리어의 두께가 약 200nm일 때 최대 반사값을 나타낸다. 배리어 

사이에 형성되는 버퍼 두께에 의한 계면 반사값 변화는 크지 않으나 

버퍼 두께가 2um 이하일 때 약 3% 수준 변화를 보였다.  

캐소드와 배리어 사이에 고굴절/저굴절로 형성되는 광 제어층을 

삽입했다. 계면 반사가 최대가 되는 고굴절/저굴절 막 두께는 BLUE 

70~100nm/70~120nm, GREEN 70~120nm/70~150nm, RED 

70~150nm/50~150nm 범위 내에 있을 것으로 추정된다. 광 제어층의 

총 두께와 고굴절/저굴절 막 두께 비율에 따라 계면 반사가 최대가 되는 

조건은 총 두께 190nm일 때 각각의 두께는 70nm/120nm 

~100nm/90nm 범위에 있을 것으로 추정된다. 각 두께별 실험 

결과에서는 고굴절/저굴절 두께가 각각 70nm/120nm일 때 효율이 

최대가 되었다.  

SiNx 막은 굴절률이 증가하면 흡광계수도 증가한다. 따라서 효율이 

굴절률에 비례하여 증가하지 않는다. 흡수가 증가하여 투과율이 

감소한다고 하더라도 캐비티 구조에서 반사가 증가하면 효율이 증가할 

수 있다.  

최상층에 형성되는 배리어는 수분과 산소 영향으로 산화가 발생할 수 

있다. 이러한 막 특성의 변화는 디바이스 광 특성에 영향을 줄 수 있다. 

배리어 사이 버퍼층의 두께가 2um 이상으로 두꺼우면 최상층 SiNx 막이 
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산화가 되어도 광 추출에는 거의 영향이 없다. 그러나 박막봉지는 

ALD와 같은 공법으로 배리어 두께를 줄이는 연구가 활발하게 진행 

중이다. 버퍼가 얇고 최상층 SiNx 두께가 100nm일 때 약 30nm만 

산화가 진행되도 계면 반사 변화폭이 커짐을 알 수 있었다.  

앞에서 살펴봤듯이 박막봉지 층의 굴절률과 두께에 따라 가시 광선 

영역 파장 범위에서 반사와 흡수 특성이 달라지게 된다. 박막봉지의 

배리어 성능이 가장 중요한 특성이긴 하지만 디바이스 사용 중 봉지층의 

굴절률이 변하게 되면 디바이스 광 특성이 달라지게 된다. 즉, 배리어가 

산화에 의해 굴절률이 변하게 되면 디바이스 성능에 변화가 생기는 

것이다. 따라서 오랜 시간 사용시에도 배리어의 굴절률과 투과율이 

안정적으로 유지될 수 있어야 한다. 

결론적으로 그 동안 배리어 연구는 투습도와 투산소도와 같은 배리어 

자체 성능 위주로 연구되었지만 디바이스의 기계적 안정성과 광 특성 

유지를 위해서는 수분과 산소에 강건한 재료가 필요하다는 것이다. 또한 

박막의 스트레스, 굴절률 및 투과율이 봉지 재료 설계에 중요한 물성이 

된다는 것이다. 
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